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ABSTRACT

Context. Shocks are frequently detected by spacecraft in the interplanetary space. However, the in situ data of a shock do not provide
direct information on its overall properties even when a following interplanetary coronal mass ejection (ICME) is detected.

Aims. The main aim of this study is to constrain the general shape of ICME shocks with a statistical study of shock orientations.
Methods. We first associated a set of shocks detected near Earth over 10 years with a sample of ICMEs over the same period. We
then analyzed the correlations between shock and ICME parameters and studied the statistical distributions of the local shock normal
orientation. Supposing that shocks are uniformly detected all over their surface projected on the 1 AU sphere, we compared the shock
normal distribution with synthetic distributions derived from an analytical shock shape model. Inversely, we derived a direct method
to compute the typical general shape of ICME shocks by integrating observed distributions of the shock normal.

Results. We found very similar properties between shocks with and without an in situ detected ICME, so that most of the shocks
detected at 1 AU are ICME-driven even when no ICME is detected. The statistical orientation of shock normals is compatible with a
mean shape having a rotation symmetry around the Sun-apex line. The analytically modeled shape captures the main characteristics
of the observed shock normal distribution. Next, by directly integrating the observed distribution, we derived the mean shock shape,
which is found to be comparable for shocks with and without a detected ICME and weakly affected by the limited statistics of the
observed distribution. We finally found a close correspondence between this statistical result and the leading edge of the ICME sheath
that is observed with STEREO imagers.

Conclusions. We have derived a mean shock shape that only depends on one free parameter. This mean shape can be used in various

contexts, such as studies for high-energy particles or space weather forecasts.

Key words. Sun: coronal mass ejections (CMEs) — Sun: heliosphere — magnetic fields — solar-terrestrial relations

1. Introduction

Interplanetary shocks are formed when a solar wind disturbance
propagates significantly faster than the surrounding medium
(typically above the local fast MHD mode speed). Shocks in
the inner heliosphere are generally weak, as the fast-mode
MHD Mach number is typically between 1 and 2 (Volkmer &
Neubauer 1985). They are also less frequent than at larger solar
distance. Their occurrence frequency peaks in the range 2—5 AU
and decreases at larger distances, as reviewed by Neugebauer
(2013). There is also a strong correlation between the shock fre-
quency and the solar cycle.

Interplanetary shocks have two main origins. First, a shock
can originate in a fast solar wind stream with a typical speed
above 600 km s~!, which overtakes a slower stream with a speed
around 400 kms™! (e.g., see the reviews of Balogh et al. 1999;
Smith 2008). The interaction strengthens with solar distance and
forms a stream interaction region (SIR) that is edged by a for-
ward and a backward shock. At 1 AU, Jian et al. (2006) have

Article published by EDP Sciences

found that only 24% of SIRs have shocks. These shocks are still
in a phase of building up at 1 AU, and the shocks are small and
transient structures, as observed with multi spacecraft (Jian et al.
2009). The sources of fast streams are typically large and stable
coronal holes. They, therefore, build more stable interacting re-
gions, which then rotate with the Sun and are called corotating
interaction regions (CIRs), and are present, especially, at large
latitudes (see the reviews of Gosling & Pizzo 1999; Balogh &
Jokipii 2009).

A second source of shocks is transient in nature and is as-
sociated with coronal mass ejections (CMEs). These are de-
tected in situ by their enhanced magnetic field strength and
are correlated with a broad set of plasma signatures, includ-
ing a lower proton temperature and/or enhanced abundances of
some minority ions (see Richardson & Cane 2010, and refer-
ences therein). When detected in situ, they are called interplan-
etary CMEs (ICMEs). These ejecta are formed by plasma and
magnetic field ejected during a solar eruption. The front part
of ICMEs is typically faster than the encountered solar wind,
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so ICMEs are typically preceded by a sheath of compressed
plasma and magnetic field. Therefore, in the following, we dis-
tinguish the ICMEs from the sheath and their associated shocks.
Magnetic clouds (MCs) are a subset of ICMEs with an enhanced
magnetic field strength, a smooth rotation of the magnetic field
direction through a large angle, and a low proton temperature
compared to the expected one in the solar wind (see the reviews
of Gosling et al. 1995; Dasso et al. 2005).

Sheeley et al. (1985) found that at least 72% (49/68) of the
shocks observed in situ by Helios 1 spacecraft were associated
with CMEs observed with a coronagraph. Only 2% of the ob-
served shocks lacked an associated CME. Lindsay et al. (1994)
confirmed this by finding that at least 80% (36/45) of shocks at
0.7 AU are associated with a CME. At 1 AU and with in situ
data, Berdichevsky et al. (2000) found that only 43% (18/42)
of shocks are associated to ICMEs during a solar minimum pe-
riod (1994—1997). Analyzing seven years of data with Wind and
ACE, Oh et al. (2007) found that 79% (196/246) of shocks are
associated to ICMEs (MCs and ejecta), while 21% (40/246) of
shocks are associated to CIRs (or high speed streams, HSS).
Moreover, the shock frequency has a cycle dependence closely
related with the yearly mean sunspot number (see Fig. 2 of Oh
et al. 2007). A very similar frequency dependence is found for
ICMEs (Robbrecht et al. 2009; Boursier et al. 2009). The above
results were confirmed and extended by Lai et al. (2012), who
found that shocks associated to CIRs have a nearly constant fre-
quency during the solar cycle and are only as numerous as ICME
shocks during solar minimum, while ICME shocks are much
more numerous at other times (their Fig. 3). This tendency is
stronger in the inner heliosphere (their Fig. 4) and is not present
with STEREO data, as the data are provided only at 1 AU and
during a deep solar minimum.

Interplanetary structures can affect the transport of energetic
particles in the heliosphere (e.g., Masson et al. 2012, and ref-
erences therein). The presence of interplanetary shocks is typi-
cally associated with a transient variation of energetic particles
abundances. On the one hand, acceleration at an interplanetary
shock driven by ICME:s is one of the most possible mechanisms
involved in the production of gradual energetic particle events
(e.g., Vainio 2009). On the other hand, flux decrease of energetic
particles over a very large range of energies is also associated
with ICMEs and ICME-shocks. At lower energies, this effect is
observed in situ in the solar wind by spacecraft, while at higher
energies (cosmic rays) it is observed at ground level by neutron
monitors (e.g., Simpson 1954) or by water Cherenkov radiation
detectors (e.g., Dasso et al. 2012).

A classical two-step Forbush decrease (FD) of energetic par-
ticles is typically observed in agreement with the passage of an
ICME and its driven shock. The seminal ideas of a two-step FD
were presented by Barnden (1973a,b). Now, it is believed that the
first step (i.e., the first decrease in the energetic particles flux)
is produced by a diffusive barrier associated with the turbulent
region behind the shock (i.e., the sheath). The decrease starts
in agreement with the arrival of the shock and typically contin-
ues during many days with a very slow recovery, which is deter-
mined largely by the shock properties (Cane et al. 1994). Thus,
the effect associated with the first step (shock-step) is nonlocal
and strongly linked with the open problem of the global shape
of the interplanetary shocks. Instead, the second step is associ-
ated with the shock-driver itself (i.e., the ICME). This second
decrease starts just when the in situ observer enters inside the
ICME and finishes when the observer leaves it. Thus, the ef-
fect associated with the second step (ICME-step) is local, and
more linked with the connectivity of magnetic field lines inside
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ICMEs. A typical two-step FD can be seen in Fig. 1 of Cane
(2000).

However, recent statistical results presented by Jordan et al.
(2011) have shown that only 80 created FDs, and only 13 created
the expected two-step FDs among 233 ICME:s that should have
created two-step FDs. Advances in the knowledge of the gen-
eral geometrical shape of interplanetary shocks driven by ICMEs
(and also on the specific diffusive properties in the sheath region)
will help to clarify these controversial results. As such, they will
also help to determine when two-step FDs can be expected and
to answer other open questions on the effects of shocks on cos-
mic rays.

In the majority of cases, interplanetary shocks are crossed
only by one spacecraft. As such, the in situ data derived from
the analysis of the shock properties are only local and conclu-
sions from single observations are therefore limited. However,
because the twin spacecraft of the Helios mission were in the
ecliptic plane and always closer or much less than 130° in longi-
tude, a relatively large number of ICME shocks were detected at
both spacecraft. Adding data from IMP-8 spacecraft, de Lucas
et al. (2011) analyzed 132 shocks observed by a pair of space-
craft. They found that the probability to detect the same shock at
both spacecraft decreases roughly linearly with the longitudinal
separation of spacecraft, with a probability of 0.5 for a longi-
tudinal separation of 90°. This provides an implicit constraint
on the mean longitudinal extension of ICME shocks. Next, a
limited sample of ICMEs have been analyzed by the STEREO
twin spacecraft associated to other spacecraft, such as ACE,
MESSENGER, VEX, or Wind (Kilpua et al. 201 1; Farrugia et al.
2011; Mostl et al. 2012). These studies provide constraints on
the spatial extension and geometry of shocks in specific events.
So far, the largest number of spacecraft crossings remains the
event of January 1978 with five spacecraft crossings. Burlaga
et al. (1981) deduced a general shape for the shock and the MC
axis, which are still the expected typical shapes nowadays (Mostl
et al. 2012; Janvier et al. 2013). Berdichevsky et al. (2009) re-
analyzed the same event and concluded that there was a strong
speed gradient in longitude with a stronger speed around the
apex than on the flanks of the shock. However, we would need
many more observed cases with multiple spacecraft to better
quantify the properties along the shock surface and its shape.
This data will not be available before at least many years, so we
propose and develop a statistical method below.

The main aim of this study is complementary to the previous
article (Janvier et al. 2013), where we deduced the mean shape of
the magnetic cloud axis at 1 AU from the probability distribution
function of the local axis orientation by using a sample that con-
tains more than 100 MCs (detected on the ecliptic plane), which
is combined with geometrical considerations. In the present pa-
per, we determine the mean shape of the shock surface in front
of in situ-detected ICMEs at 1 AU on the ecliptic plane and also
analyze the shock properties as a function of their distance to the
shock apex. In Sect. 2, we first summarize the observations used
and define the main new variables. Then, we find associated pairs
of observed ICMEs and shocks. We then look into the details of
the statistics of the shock properties. In particular, we look at the
ICME properties for ICME-associated shocks. We also compare
sets of shocks associated with ICMEs with sets of shocks with
no in situ-detected ICME:s. In Sect. 3, we derive an analytical
model of the shock front, aiming at interpreting the main results
of Sect. 2 with the simplest model possible. In Sect. 4, we do
the reverse procedure, which is to derive a method that allows
the computation of the mean shock shape from the observed dis-
tribution of shock normals. In Sect. 4.3, we finally show that
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this derived mean shape is close to the front shape of an ICME
observed by STEREO-A imagers. Finally, in Sect. 5, we sum-
marize our results, conclude, and outline potential applications.

2. Observations
2.1. Set of observed shocks

In the present paper, we use the list of shocks studied in Wang
et al. (2010) in the continuity of the work of Wang et al. (2009).
This list consists of shock events that have been detected by
the ACE spacecraft, which is located in the solar wind, on the
ecliptic plane at 1 AU from the Sun. All the shock parame-
ters have been calculated using a shock-fitting procedure for
the MHD Rankine-Hugoniot relations as presented in Lin et al.
(2006). The list extends from February 1998 to August 2008,
and the authors have reported a total of 286 events. Among
them, 257 events are identified as shocks, while the remaining
29 events are identified with shock-like structures.

The list given in Wang et al. (2010) reports on different pa-
rameters: the local orientation of the shock normal vector fighock,
the speed normal to the shock V, in the rest frame (as used
for ACE data), the ratio of the downstream density over the up-
stream density p,/p;, and the fast-mode Mach numbers in the
upstream and downstream regions My, M.

Analyzing the distribution of the shock parameters for both
the shock and shock-like events, we found no interesting prop-
erties for the shock-like events, probably due to the small por-
tion of events (29 events out of the 286 detected by ACE).
Indeed, the distributions are more scattered for all four parame-
ters (02/p1, Vsn, My1, M f2) than for the shocks with no clear ten-
dency. Therefore, in the following, we only study the shocks,
since the nature of the shock-like events is dubious.

2.2. Angles defining the shock normal

The geocentric solar ecliptic (GSE) system of reference (with
unit vectors XGsg, Jgsg» 26se) is defined such that Xgsg points
from the Earth toward the Sun, §ggp is in the ecliptic plane and
in the direction opposite to the planetary motion, and Zgsg points
to the north pole.

The direction of a shock is classically defined by its normal
vector fighock (Fig. 1a) given by three coordinates ny, n,, and n,
in the GSE system of reference (Fig. 1b). Projecting #igpock On a
plane perpendicular to Xgsg, we introduce the angle i to quan-
tify the inclination between this projected vector fighock . and the

between §j ;g and the projection of fighocx on the
plane perpendicular to Xgsg.

direction §ggp (Fig. 1b). The value i = 0° corresponds to a nor-
mal vector in the ecliptic plane, and i ranges from —180° to 180°
with 90° and —90° corresponding to north or south orientations.

We also define the angle between the direction —Xgsg and
fishock- This angle is named the location angle A (similarly as in
Janvier et al. 2013) as it informs on the relative location of the
spacecraft crossing the shock structure from the apex. It quanti-
fies the departure from the radial direction: if 4 = 0°, it means
that the spacecraft crosses the shock right along its apex. A de-
viation from A = 0° indicates that the structure is crossed at
any point on a circle surrounding the apex. The larger the value
of A is (up to 90°), the further the spacecraft is from the apex.
However, A does not indicate the exact location on the shock
since that would require knowing the structure of the shock
surface.

As such, (4, 7) defines the spherical coordinates where —Xgsg
is the polar axis. Then, both angles A and i can directly be related
with the more standard angles 6 and ¢, which are the latitude and
the longitude of #igock as given in GSE:

sind = —cos¢ cos0, €))

tani = tané@/ sin¢. 2)
This definition considers that A > 0 for shocks propagating away
from the Sun. For this case and since sin § = sinisin 4, i has the
same sign as the latitude 6. Reverse shocks traveling toward the
Sun (e.g., shocks produced in the rear of ICMEs, which are in
strong expansion) correspond to A4 < 0. They are not considered
in the present work but can be considered using this mathemati-
cal convention in future studies.

In Fig. 2a, we look at the distribution of the inclination an-
gle i for the 257 shocks detected by ACE with 24 bins. The dis-
tribution is scattered along the values of i, and apart a higher
concentration of events for i > 0 values, there is no global ten-
dency. We also computed the distribution of [i| — 90° (not pre-
sented here), where ||| — 90°| ~ 90° refers to a shock normal that
is E/W-orientated, and ||i| — 90°| ~ 0° to a shock normal that is
N/S orientated. We found no evidence of a preferred orientation.

For small A values, a perturbation to fig,ock typically induces
a large variation of i; then a uniform distribution of i could be ex-
pected for small A values. To avoid such an effect, we present the
distribution of i for the same bins but with a selection parameter,
30° < A £90°, in Fig. 2b. Removing small values of A therefore
insures more robust results. This new distribution seems more
uniform than in Fig. 2a, although the same tendency for positive
values of i remains. Again, by separating E/W or N/S orientated
shocks with this selection, we found no significant tendencies.
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Fig. 2. a) Distribution of the inclination angle i (see Fig. 1b) for shocks
detected by ACE and for 24 bins. b) i distribution for the same set of
shocks with a selection on A as: 30° < A < 90°.

We interpret the above results as follows. During the ten
years of the data set, the Sun launched CME:s (i.e., shock drivers)
from any longitude and from a broad range of latitudes. This im-
plies that the spacecraft crossed the shocks with a uniform prob-
ability. Then, the above results of nearly uniform distributions
of i and ||i] — 90| indicate that there is no privileged direction of
Tignock around the Sun-apex line.

These results seem at first surprising, since 3D numerical
simulations show that an ICME and its front shock can be sig-
nificantly deformed during their propagation. Indeed, these de-
formations are seen within simulations that initialize a CME
with a flux rope, which is out of equilibrium in the corona (e.g.
Manchester et al. 2008; Taubenschuss et al. 2010), and are seen
even more in simulations that initialize a CME within the so-
lar wind with a pressure pulse, since there is no intrinsic CME
magnetic field to insure an internal coherence (e.g., Lee et al.
2013; Xie et al. 2013). However, the characteristics of the defor-
mation depend on many parameters, including the geometry of
the interaction, the relative orientation in particular, and strength
of the magnetic field within the flux-rope and the solar wind. As
such, the deformations are strongly case-dependent (see Lugaz
& Roussev 2011 for a review). For example, an ICME is de-
formed to a concave-outward shape if the ICME is traveling in a
slow wind, and edged on both sides by fast winds (Manchester
et al. 2004; Taubenschuss et al. 2010). These deformations are
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therefore only present with specific conditions, such as a very
dense slow solar wind and an ICME that is broad enough to be
significantly affected by the fast winds on both sides. Indeed, this
concave-outward shape is not present in many 3D-MHD simu-
lations and is rarely observed by STEREO imagers (Lugaz &
Roussev 2011). To conclude, significant deformations of ICMEs
and their shocks are strongly case-dependent.

In light of the results obtained from numerical simulations of
propagating ICMEs and shocks, we can interpret the nearly uni-
form distributions of i as a consequence of the statistical anal-
ysis, which only retains the features common to a majority of
events, and therefore smoothes the specific properties of each
event. Then, we conclude that we do not detect a global trend
on i within the limit of the finite statistics used. Finally, these re-
sults are compatible with a mean shock shape having a rotation
symmetry around the Sun-apex direction.

2.3. Association with ICMEs

Before doing a further analysis of the shock properties, we
search for an association of these shocks with observed ICMEs,
since shock properties could depend on the type of the associated
driver. To do so, we relate shocks with the propagation of ICMEs
under the condition that both events can be strongly correlated.
The list of Wang et al. (2010) provides the time at which ACE
detected the shocks. Then, we can correlate them with ICMEs
occurring during the same range of time.

To associate a shock event to an ICME event, we took the
list of Richardson & Cane (2010) who report on 317 ICMEs
observed from 1996 to 2009. A time is given for the beginning
of the disturbance (#4i¢), Which can be associated with a shock
time (Zshock ). The times for the start and the end of each detected
ICME are also listed (£ and fepq). The time difference g —Zgis
defines the sheath of the ICME.

The list of ICMEs (Table 1 of Richardson & Cane 2010)
provides a complete set of parameters, such as the difference
of ICME speeds between the front and the rear (AV), the mean
speed of the ICME ({V)), the mean value of the magnetic field
((B)), and the geomagnetic effectivity measured by the Dst in-
dex. The Dst index used is the minimum value of Dst for
the geomagnetic storm that associated with the passage of the
ICME/shock. The list also provides a flag, depending on whether
a magnetic structure was detected inside them. In case a mag-
netic cloud (MC) was detected, a flag 2 was given to the ICME
event. MC-like events were given a flag 1, and no MC cases have
a flag 0.

We followed simple rules for the association of ICMEs and
shocks. First, we associate each ICME with the closest shock
from Wang’s list by comparing the event time of the shock and
tgise- This step leads to the definition of only one potential shock
per ICME. Then all shocks are set with a flag ficmg = —1. For
each shock, we scan the ICME list and associate the ICME that
has the closest disturbance time to the shock time, which veri-
fies that this shock is the closest from #4;5 (first step). We select
an interval of 2 h (|tgist — fshock| < 2 h), so to only keep ICME
disturbances and shocks that occur almost simultaneously. The
flag ficme for those shocks is then changed to 0, 1, or 2, which
is similar to the ICME flag. We find 36 cases of shocks without
MC, 36 cases of shocks associated with MC-like, and 45 shocks
associated with MCs.

Finally, shocks that occur during an ICME (#4i5 + 2 h <
tshock < tend), or outside an ICME but within 6 h of the ICME
end (fond < Lshock < fend + 6 h) are removed from the list. This
last step is necessary, since we want to analyze the shocks in
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Fig. 3. Distributions of a) the ratio of the downstream density over the upstream density p,/p;, b) the upstream fast-mode Mach number M, and
c) the shock speed Vi, for ficug = —1, which has no associated ICME in situ detected. Distributions of d) p,/p1, €) M, and f) Vi, for all shocks

related with an in situ detected ICME (ficmg = 0, 1lor2).

front of ICMEs that are not perturbed by the presence of a pre-
vious ICME. However, it is worth noting that our ICME-shock
technique does not fully ensure that there are no interactions be-
tween two ICMEs since measurements are local. Moreover, tak-
ing 6 h after the end of the ICME is arbitrary. However, we also
considered a more stringent condition for which all shocks cor-
responding to fspock — fend < 48 h were removed. The same anal-
ysis, as done in Sect. 2.4, showed no difference, and the value of
At = 6 h was kept, since more cases can then be considered. The
remaining 99 cases are shocks for which ficumg is still —1 and cor-
respond to shocks that are not correlated with the data coming
from the spacecraft that locally crosses an ICME. This does not
mean that there is no associated ICME, but the possibly related
ICME has not crossed the spacecraft during the shock crossing.
Another possible explanation could be that these shocks are cre-
ated by a fast stream overtaking a slow one.

2.4. Statistical analysis of shock properties

In the following, we look at the shock property distributions af-
ter their possible association with ICMEs. In Fig. 3, we present
the distributions of the density ratio p,/p;, the upstream fast-
mode Mach number My, and the shock normal speed Vi, for
all shocks that are not associated to an ICME (no ICME was
detected in situ, hence ficmg = —1; Figs. 3a,b,c) and the same
distributions for shocks associated with ICMEs (ficmg = 0 to 2;
Figs. 3d,e,f). We found similar distributions for shocks sepa-
rated into categories ficmg = 0, fiome = 1, fiecmg = 2, but
the statistical fluctuations are larger since the number of cases is
rather small (~40) for each category. We therefore show in situ-
detected ICME shocks altogether.

The distribution for p,/p; only starts at p,/p; > 1, which
verifies the properties of the shocks since the downstream den-
sity (p2) is higher than the upstream density (p;). Both distribu-
tions for non-detected ICME shocks and ICME shocks are non-
uniform with an abrupt increase to the peak and a tail extending
toward p,/p; ~ 5. However, note that the peaks are different
for the two distributions with a peak at p,/p; ~ 1.5 (and a me-
dian for the distribution of 2) for the non-detected ICME shocks

and py/p1 ~ 2 (and a median for the distribution of 2.2) for
ICME shocks. This indicates that shocks related with ICMEs are
stronger than those non-ICME associated. This is an expected
result as shock strength typically decreases with distance to the
apex, so that shocks without a detected ICME behind, away from
the apex, are expected to be weaker.

The distributions for the upstream fast-mode Mach number,
My, are similar, and both distributions tend to peak around the
same values around ~1.5, as shown in Figs. 3b,e. Note however
that there are less cases with higher M| for non-detected ICME
shocks; its median is equal to 1.7 for non-detected ICME shocks
and equal to 2.03 for the ICME shocks cases. This, again, in-
dicates that ICME shocks tend to be stronger than non-detected
ICME shocks.

The distributions of the shock speed, Vi, (Figs. 3c,f), are
almost Gaussian-like with different peaks and broadening. The
peak of the distribution is around Vi, ~ 400 km s7! (median
equal to 433 kms™!) for non-detected ICME shocks, while it is
~450 kms™! (median equal to 517 kms~') for ICME-shocks,
which indicates that shocks associated with ICMEs are faster.
The wide broadening of the ICME-shocks distribution indi-
cates a wide range of speeds (with a maximum value at Vg, =
1000 kms~!), while the speed of non-detected ICME shocks is
more concentrated around the peak value. Despite these differ-
ences, the striking evidence of similar distributions indicates that
non-detected ICME shocks and ICME-shocks may have a simi-
lar nature.

Finally, we present the distribution of the location angle A,
Pobs(d), by binning the total sets with A1 = 4.5° in Fig. 4.
Similar to the previous distributions, there is a strong similarity
between non-detected ICME and ICME-shocks. Both distribu-
tions start with an abrupt increase toward the same peak value
A = 20° with a tail decreasing towards 90°. The low numbers
of shocks detected for small values of A can be explained by
the geometry of the shock itself, as follows. Since a shock is a
2D structure (Fig. 1a), the extension of its surface near the apex
(where 4 — 0°) is small. There is then less chance of cross-
ing the shock at its apex than at other parts of its structure (see
Sect. 3). Moreover, the difference of P,s(A) near A = 0° between
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Fig. 4. a) Distribution of the location angle A (see Fig. 1) for ficug = —1,
which has no associated ICME in situ detected. The distribution is given
for a bin size A1 = 4.5°. b) Distribution of A with same bins for all
shocks related with ICMEs (ficme = 0, 1 or 2).

Fig. 4a and b indicates that there are even less non-ICME shocks
detected near the apex.

The distribution of A, which is non uniform, is an interesting
property to analyze, since the location angle is directly related
with the 2D structure of the shock surface (Fig. 1a). However, all
shocks do not have the same properties (different p,/p1, My, ...),
and using the whole sets of shocks to infer a general structure can
be misleading. Therefore, in the following, we study the corre-
lations between A and other shock parameters in details.

2.5. Correlations

In Fig. 5, we present the correlations between A and several se-
lected parameters to show possible tendencies. The correlation
with p>/p; is shown in Figs. 5a and b for non-detected ICME
shocks and ICME-shocks. Both Pearson and Spearman coeffi-
cients (cp and cg) are given with the fitting function of the cor-
relations. Similarly to all other shock characteristics except Vg,
we find no significant correlation between any shock parameters
and A for both non-ICME and ICME-shocks with both |c,| and
|cs| less than 0.1.

In contrast, there is a strong correlation between V, and 4, as
is illustrated in Figs. 5c,d. Indeed, shocks detected at and around
their apex (1 < 20°) correspond to fast propagating shocks,
while shocks detected far away from the apex are slower shocks.
For both set of shocks, we find similar Pearson and Spearman
correlation coefficients. The origin of this correlation can be un-
derstood from the properties and the geometry of ICME shocks,
as follows. As a first simple approach, we consider a shock
surface with a rotation symmetry around the Sun-apex direction,
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as represented in Fig. 7. The shock speed Vg, (normal to the
shock front) is related to its local radial velocity V,, away from
the Sun, by Vi, = V,, cos A. In the case of a self-similar expansion
of the ICME from the Sun, which propagates in an unstructured
solar wind, the outward velocity at any location of the expand-
ing structure is expected to be radial. In this simplified case, we
then expect a simple cos A-dependence of Vg,. However, more
generally, the shock velocity is both a function of the relative
velocity between the ICME and the upstream solar wind, as well
as a function of the expansion speed of the ICME. These are
respectively at the origin of the propagation and the expansion
sheaths (Siscoe & Odstrcil 2008). In general, this implies that V,
is also dependent of A, although a model derivation for V,(2) is
out the scope of the present study. The cosine dependence alone
is shown in Fig. S5c,d with a green dashed line, which shows the
main tendency of the data. This also indicates that V, is nearly
non-dependent on A within the data limits, where shocks with
a range of apex velocities are mixed. Although not shown here,
we also found no correlation between V,/ cos A and A. We con-
clude that the V(1) correlation found in Fig. 5c¢,d is mostly a
geometrical effect within the limits of the event variability.

We also look at the correlation between A and the properties
of the ICMEs that are associated with the shocks (ficmg = 0
to 2). We found no evident correlation, since the correlation co-
efficients are small, except for two parameters: AV and Dst in-
dex, as shown in Figs. Se,f. The shocks detected near the apex
generally have larger AV in the associated ICME. Indeed, when
a shock is crossed at its apex, a longer distance is crossed in the
ICME, which leads to a larger AV (see Gulisano et al. 2012).
Next, the Dst index increases for shocks crossed at the apex
(Fig. 5f). This index measures the geoeffectiveness of an event
by monitoring the magnetic storm level in the Earth magneto-
sphere. The Dst index is more negative for a stronger storm.
Therefore, there is a global trend of finding less geoeffective
shocks associated with ICMEs when they are crossed near the
apex than when they are crossed away from the apex. However,
the strongest geoeffective shocks are still present for 4 < 60°.
Therefore, we find no clear tendency of the Dst index evolution
with the location along the shock structure. Previous studies have
shown that the Dst index is dominantly controlled by the ampli-
tude and the duration of the southward magnetic field compo-
nent (e.g., see the reviewed of Lavraud & Rouillard 2014). The
present study, which considers a mixed sample of cases having a
southward and northward magnetic field component, shows that
the location of interaction between the magnetosphere and the
encountered ICME (identified with A1) has indeed a much weaker
effect.

2.6. Can we study all shocks altogether?

The previous correlation analysis showed no tendency. This im-
plies that either the set of analyzed shocks is formed by groups
of events with similar characteristics, or that the shock shape,
via A, does not depend on any parameter. Still, is it meaningful
to analyze Pops(4d) deduced from a selection, containing all the
shocks (simply separating the non-detected from the detected
ICME shocks). Here, we further analyze the possible depen-
dence of the distribution Pops(4) on the shock parameters with
a more complex but more complete method. The aim is to ana-
lyze whether the main P,ps(A) characteristics (i.e., its first mo-
ments) are a function of some parameter when the data sample
is divided in sub-groups.

To define sub-groups, we first order all the shocks as a func-
tion of one shock parameter, for example, by increasing values
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Fig. 6. Median of P,,s(1) for increasing values
of po/p, for a) ficme = —1 and b) shocks asso-
ciated with ICMEs that show no clear evolution
of the median of P,s(1) and, therefore, have no

ICME
shocks

= P2/p1

of po/p1. We then take the first ten ordered shocks, and we com-
pute the mean, median, and standard deviation of the obtained
histogram for A. Then, we shift the studied set by one case to
larger p,/p; values (removing the lowest p,/p; value and adding
the next larger one). At each creation of new sets of ten shocks
with increasing values of p, /p|, we report the mean, median, and
standard deviation of A for each obtained histogram. The values
of the median are reported in Fig. 6 for (a) all the non-detected
ICME shocks and (b) the ICME-shocks. We found no specific
evolution between the median of Pgs(4d) and increasing p,/p;
values. The same conclusion was also found for the mean and
standard deviation (not shown).

We performed a similar analysis for the other parameters and
found no further dependence (except for Vi, and AV, as expected
from Fig. Sc—e). These results mean that the main character-
istics of Pops(A), which are its first moments, are independent
of the shock and ICME parameters, so that we can analyze the
whole set of detected ICME shocks together and, similarly, for
the non-detected ICME shocks. In other words, all shocks have a

5025 30 335 40 435 s0P/P

correlation between p,/p; and A.

comparable global shape, independent of their radial speed, den-
sity ratio, and other intrinsic parameters within the limits of the
statistical sample used and the variability of the events.

These results are at first surprising in view of the vari-
ous shape deformations found in numerical simulations (see
Sect. 2.2). However, we remind the reader that our statistical
results only retain the common features of the studied events;
therefore, smoothing individual variations. Moreover, we ac-
knowledge the limited number of cases (10, 20) used to build a
series of distributions Pops(1) depending on one parameter. This
analysis would need a much larger sample of shocks. Here, we
only claim that we find no indication for some dependence of
Pobs(A) on shock and ICME parameters within our limited data
set of shocks.

2.7. What is the nature of non-detected ICME shocks?

The above analysis of the distributions obtained for the parame-
ters of the shocks, which are separated into non-detected ICME
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shocks and ICME-shocks, present strong evidence that these
shocks are similar in nature. Then, what is the nature of non-
detected ICME shocks?

Interplanetary shocks have two main origins: a fast solar
wind stream or a fast ICME overtaking a slower solar wind (see
Sect. 1). In the first case, an SIR builds up with solar distance
and the associated shock temporal frequency is almost indepen-
dent of the solar cycle. In the second case, the frequency of the
shocks is tied to the solar cycle. The ~10 years amount of data in
the period of time 1998—2008 contains a full solar maximum but
only partially solar minimum periods. These shocks are expected
to be dominated by ICME shocks, which are a factor 10 times
more numerous during solar maximum than SIR shocks (Lai
et al. 2012). Then, if most shocks detected by the Wind space-
craft have an ICME driver, why is the ICME not detected in situ
later on by the same spacecraft?

The answer lies in the difference in the properties of
ICMEs and shocks. Shocks are 2D structures that envelop the
propagating ICME but can extend much more in the ICME-
surrounding space (e.g., Cargill & Schmidt 2002; Xiong et al.
2006; Taubenschuss et al. 2010). Therefore, a spacecraft cross-
ing a shock does not necessarily lead to an ICME crossing, if
the crossing is at a higher angular distance from the apex than
the ICME angular width. This explanation is confirmed by the
distribution of A (see Fig. 4), where less shocks are detected for
low values of A for non-detected ICME shocks than for ICME
shocks.

However, it is surprising that Pgps(4) at 4 ~ 0° is not as low
as expected for non-detected ICME shocks (Fig. 4a), since one
would expect to detect some ICME signatures when the shock is
crossed near the apex. Such shocks could be associated to a SIR,
so that the very few cases considered near 4 = 0° would not be
ICME-driven shocks. Alternately, such cases can be associated
with an ICME, where a magnetic structure has been almost fully
eroded when propagating in the solar wind environment. In this
case, the global kinetic momentum may still drive a shock in
front of this eroded structure. One would then expect the shock
to vanish some time after its detection while the ICME plasma
and magnetic field are mixed with the solar wind. There are two
possibilities for erosion as follows.

The first possibility involves reconnection between the solar
wind and the ICME magnetic fields. The fraction of eroded az-
imuthal flux is relatively high in some MCs, for example, about
60% for the MC observed by Wind on 18 Oct. 1995 (Dasso et al.
2006), while it is 44% and 49% of the initial azimuthal mag-
netic flux for the same MC observed on 20 Nov. 2007 by ACE
and STEREO A respectively (Ruffenach et al. 2012). Then, it is
plausible that some flux ropes are even more eroded and then re-
main undetected at 1 AU, while the spacecraft is crossing close
to the shock apex. Therefore, a flux-rope crossing would also be
expected behind. Then, those cases with a small A and no in situ
ICME could correspond to the case where the driver (i.e., the
ICME) disappears before the detection of the shock.

The second possibility for erosion is a strong magnetic re-
connection between two ICMEs. This can happen in cases for
which a second faster event is ejected after a first one with a
relative speed between the two events, such that their encounter
is produced before 1 AU, and with a proper relative orientation
of their magnetic field. This enables magnetic reconnection be-
tween the two ICMEs. This kind of event can produce a strong
erosion and, consequently, be excluded from an ICME list that
use the typical criteria for their identification. However, the num-
ber of cases expected for these extreme conditions is a priori
small and would only add a minority number of extra cases.
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Fig. 7. Diagram representing the shock in spherical coordinates, assum-
ing a symmetry of rotation around the Sun-apex direction.

3. A synthetic model of the 2D shock structure
3.1. A shock model with a spherical geometry

We found in Sect. 2 that the shock properties are nearly indepen-
dent of the angle i. This is compatible with a shock shape having
a symmetry of rotation around the axis going from the Sun to the
shock apex. Then, we describe the shock shape with the spheri-
cal coordinates (p, @, ¢) centered on the Sun (S), where @ is the
angle defining the position around the Sun-apex line. Because of
the supposed symmetry of rotation, the model is independent of
®; hence only p and ¢ are shown in Fig. 7. A point M on the
shock is located at

SM = p(p) . 3)
The normal to the shock is

. . dlnp dlnp 2

Pshock = (u/, - dy u¢)/ 1 +( dp ) 4)

with the unit vectors #, and #, defined in Fig. 7. Then, the loca-
tion angle A is related to p(y) as

n 3] dl
fand= ok 0 _ np. 3)
Rghock * Up d(p

We also suppose that p(¢) is a decreasing function of ¢, so that
the shock is concave toward the Sun, as expected, if the ICME is
not traveling in a very structured (fast/slow/fast) solar wind (so
we do not consider cases such as those simulated by Manchester
et al. 2004 where the front is convex around the apex). Thus, 4 is
a monotonous increasing function of ¢. It implies that spacecraft
crossings in the range ¢ + dy correspond to the unique range
A = dA. The conservation of the number of cases implies

Pe(p) dp = P(A) da, (6)

where P, dy is the probability of spacecraft crossing in the in-
terval ¢ + do.

Coronal mass ejections are launched from the Sun from
a broad range of latitudes and longitudes. Moreover, the Sun
is rotating, so that a spacecraft, which is at a given distance
D from the Sun and is observing during years, is expected to
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Fig.8. a) Synthetic probability distributions
P(A) for the shock fronts as derived from the
cosine model (see Sect. 3.2) and for different
products nf ranging from 0.2 to 1 with @y =
60° (defined in Fig. 7). b) Corresponding shock
front shapes (in the quarter x,y > 0) with
the apex distance normalized to 1. ¢), d) Same

cross ICMEs with a nearly uniform distribution in both angular
directions. Said differently, the probability of detection of the
shock in the range ¢ + dy is proportional to the correspond-
ing fraction of the cross section of the sphere of radius D, so
P, dep o 27D? sin ¢ de. Considering shocks with a mean angu-
lar extension pn,x, the normalization to 1 of the total probability
P, (integrated from ¢ = 0 t0 pmay) leads to

sin ¢
Polp) = ————- 7
9 = T oo )
Reporting this result in Eq. (6) implies
sin d
P = — L F ®)

1 — COS Pmax dA’

which defines (1) when the shock shape is known. The deriva-
tion of Eq. (5) with respect to A defines d¢/dA, and for a given
shock shape, p(¢), the probability £(1) is computed as

i 1
P(1) = sing

b 9
1 = COS Prax €082 A (—d? In p/dp?) ©
where all terms can be expressed as a function of A. This is be-
cause ¢ can be expressed as a function of A using Eq. (5§) when
p(p) is specified, as the example of Sect. 3.2.

3.2. Derivation of the probability distribution of A

In the following, we compute the distribution of the shock nor-
mal when a simple 2D shape of the shock shell structure is given.
We select the simplest shell structure in terms of the number of
free parameters and the complexity of the expression among sev-
eral cases explored. Still, this shape provides a probability P(1),
which has the main characteristics of the observed one, Pyps(A1),
for a range of parameter values. This modeled shape is expressed
by means of a cosine function as follows:

(@) = Pmax cos"(f¢) (10

with f = 90°/@pmax, 0O that p(¢max) = 0. Then, the shape is con-
fined between the values [—@max, ¥max]- This is a simple model
since it only depends on the two parameters f and n.

graphs with ¢, = 30°.

Developing Inp, we obtain Inp = Inpyx + 7 Incos(fe).
Computing d In p/dg relates ¢ to A with Eq. (5) as

1 tan A
o) = —tan-l( ) (11)
f nf
A second derivation of d In p/d¢ provides
d’1 1
np __((n £ + tan? 4). (12)
de n

With the inclusion of this expression in Eq. (9), the expression
for P(A) is rewritten as

sing  n(l+tan?2)
1 — cOS Prmax (nf)? + tan? A

P) = (13)
With ¢ expressed using Eq. (11), P(1) is explicitly a function of
tan A and then of A. In the following, we study the expected prob-
ability distribution functions from this cosine model by varying
two parameters: the product of nf and the free parameter @,
rather than the original parameters, n and f, since the results are
easier to describe with these parameters.

3.3. Synthetic probability distributions of A

In Fig. 8, we show different synthetic probability functions (left)
for different nf values and the corresponding shock front shape
(right). The shape of the distribution function greatly changes,
depending on the values of nf. For example, a slight variation
from nf = 0.2 to 0.3 (pink to green curves) leads to a decrease
in the peak value of $(1). Moreover, the cases with nf > 0.6
show a probability distribution function that is too different from
Pobs(d), as seen in Fig. 4, to be considered a possible solution.
The right panels of Fig. 8 show half of the shock front shape
that is deduced from the cosine model with the same ¢, value.
The front shock becomes flatter as nf decreases. In contrast,
increasing nf to values >1 leads to shock front shapes that
are more elongated in the radial direction with an ellipsoidal
shape (not shown). Their corresponding distribution function is
a monotonous increasing function of A (Fig. 9¢), which causes
them to be incompatible with the observed distribution (Fig. 4).
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Fig. 9. Synthetic probability distribution functions for the cosine model (see Sect. 3.2) showing three cases with the product nf = 0.3, 1, and 1.5.
All the distributions functions are varied as a function of ¢, (pink to blue curves), showing the little influence of this free parameter on the

distribution function.

The upper and lower panels in Fig. 8 are shown for two dif-
ferent values of the free parameter ¢n,x. Although changing this
maximum elongation of the shock leads to different shapes (right
panels), the apex region is similar from one case to another. This
explains why the distribution functions are very similar for the
same nf values and with different values of ¢,.x. This result is
better shown in Fig. 9, where the three panels show the synthetic
distribution function $(1) for three sets with three different val-
ues of nf = 0.3, 1, 1.5. Each set shows different (1) obtained
by varying ¢max from 15° to 90°. Varying this free parameter
does not significantly change the distribution functions. Then,
the probability distribution function is mostly governed by the
product of nf. We find that the shapes for the probability distri-
bution function P(1), which are consistent with Pqps(4), range
between nf = 0.17 and nf = 0.45.

In summary, we have derived a synthetic probability distribu-
tion function £(1) with the present method from a simple cosine
model, Eq. (10), that expresses the shape of the shock front in
spherical coordinates (assuming a rotation symmetry). It explic-
itly shows the tied link between the shock shape and the prob-
ability Pops(1). We have found that this shape can explain the
observed probability distribution functions for a narrow range of
nf, while the maximum elongation of the shock front, ¢nax, has
only a very weak influence on the distribution functions. This
analysis can be repeated with more complex models of the shock
shape, and one can search for the best fit to Pops(A). This allows
the deduction of the best shock shape from Pops(A) within the
range of models considered. Rather, we deduce the front shock
shape by directly integrating the observed probability distribu-
tion functions in the following part.

4. Deduction of the shock shape from the data

In the previous section, we have derived the probability distri-
bution £(1) for a shape of the shock that is described by a sim-
ple analytical function. Varying the free parameters of the shock
shape allows us to investigate which kind of (1) functions are
to be expected. Still, the simple analytical function only allows
the reproduction of the main features of the observed (1) and
differences with the model are present. Here we solve the reverse
problem; that is, we compute the shock shape from the observed

Pobs (/l) .

4.1. Method

Similarly to Sect. 3, we suppose that the shock shape has a rota-
tion symmetry around the axis going from the Sun to the shock
apex, and we describe the shock shape with the spherical coor-
dinates (p, ¢) centered on the Sun (S), as defined in Fig. 7. We
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also suppose that p(¢p) is a decreasing function of ¢, so that the
shock is concave toward the Sun. The probability of A is derived
from the observations, so P(1) = Pops(d). The conservation of
the number of cases, Eq. (6), relates Pops(4) to Py(¢), which is
estimated by Eq. (7). Thus, Eq. (6) writes

sing dg = (1 — oS Pmax) Pobs(A) dd. (14)

After an integration on ¢, we take the arccos of this equation

2
() = arccos(l — (1 —cos gamax)f Pobs(A) d/l) s (15)
0

which gives a relation between ¢ and A through the observed
probability Pops(A).

Next, we relate p to 4 by combining Egs. (5) and (14) to
express dInp / dep. After integration, we obtain

tan(A")
sin(p(A"))

The new parameter, pmax = 0(0), is only a constant factor for the
deduced shock shape. Setting the apex to 1 AU with p expressed
in AU leads to Inpyx = 0 and simplifies Eq. (16). Still, sin(y)
is present in the integral and should be expressed as a function
of A’ to continue the integration. This is achieved with Eq. (15)
written in function of A’.

All in all, Egs. (15) and (16) express the shape of the mean
shock front as parametric functions of A in the spherical coor-
dinates (o(1), ¢(4)). Apart from the scaling factor pp,x that we
set to 1 AU, there is one intrinsic free parameter, ¢mnax, Which
cannot be determined from the in situ observations. Otherwise,
the deduced shock shape depends only on two integrations of
functions that depend on the observed probability distribution
Pobs(4), so the deduced shape is expected to weakly depend on
statistical noise of Pyps(4). Moreover, we integrate the equations
from the shock apex, 4 = 0, to larger A values. The region that
is observed the best, which has more observed cases around the
apex, is not affected by the errors of Pyps(4) that are present at
larger locations on the shock side. As a consequence of the data
properties and this integration procedure, the uncertainty in the
deduced shock shape is expected to grow approximately from its
apex to its side.

Inp(A) = —(1-c0s Pmax) f Pops(4") dA'+In pax. (16)

4.2. Mean shock shape of ICMEs

The distributions Pqps(A) found in Fig. 4 are used in Egs. (15)
and (16) to deduce the most general shock shape. These two
equations have the same general characteristics as the ones de-
rived for the MC axis (Egs. (17) and (20) of Janvier et al. 2013).
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Their differences are due to the (2D) surface of the shocks com-
pared to the (1D) curve of the MC axis. Their similar character-
istics, in particular the integrals on Pops(A), also imply that the
shock shape is very weakly affected by the type of interpolation
used, its order, and the number of bins present in the histogram
of Pops(A) (as in Fig. 10a of Janvier et al. 2013).

We further show here that the results are also weakly affected
by the statistical fluctuations of the bin count. For that, we select
Pobs(A) derived from the shock associated to ICMEs, which has
91 shocks, or about half cases than the total number (with and
without associated ICMEs). We add statistical noise to the bins
of the observed Pgps(1) with an amplitude VN where N is the
number of cases in the bin (with the constraint that the probabil-
ity should be positive). Because the number of cases in each bin
is small (at most 11 cases), the different realizations with added
noise have large fluctuations, as shown with four typical exam-
ples in Fig. 10a. Still, the deduced shock shape is almost not
affected (Fig. 10b). This further shows that the results derived
from Eqgs. (15) and (16) are robust even if Pgps(A) is derived with
a relative limited number of cases.

Finally, we compare the shock shape deduced from three
sets: first, shocks located in front of ICME sheaths; second,
shocks without any associated ICME (and away by more than 6 h
from any ICMEs, and not inside an ICME or sheath); and third,
the sum of both sets. The lower probability for low A values for
the shocks without an associated ICME (green curve) implies a
slightly more bent shock shape (Fig. 11). However, this effect
is negligible compared to the expected variation from event to
event (e.g., see Sect. 4.3). Again, the derived shock shape is only
affected by the global shape of Pons(1). We also notice that we
set wmax = 35° in Figs. 10 and 11, as deduced in the next section
from imager data for an observed ICME, but all the above results
are unchanged with other ¢« values (which only rescales the
results in the ¢ direction).

4.3. Comparison with an ICME imaged by STEREO-B

We compare the mean shock shape below, which is deduced
above from in situ data, with a well-observed ICME by both

)/.2 o4 o6 0|8 1o
-0.2
-04 .

Fig. 11. a) Probability distributions Pyps(1) for
three sets of shocks (drawn as curves rather
than histograms as in Fig. 4). b) Corresponding
deduced shock shapes from Egs. (15) and (16)
with the apex distance normalized to 1 and
@Pmax = 35°.

STEREO spacecraft on 1-6 June 2008. The evolution of the
ICME was imaged from the Sun by the COR 1,2 and HI 1, 2 in-
struments of STEREO-A, while STEREO-B crossed the flux-
rope, providing in situ data (Mdstl et al. 2009).

While this event was a slow CME (taking about 5 days to
travel from the Sun to 1 AU), it is still preceded by a shock as
detected in situ by STEREO-B. More precisely, the flux rope was
traveling at a velocity ~400 km s~! and overtaking a slower solar
wind at a velocity ~330 kms~!; then a shock formed in front of
the sheath (see Fig. 1 of Mostl et al. 2009). Indeed, the presence
of a shock just in front of the sheath is typical of ICMEs that
move significantly faster than the solar wind in front (Richardson
& Cane 2010; Rouillard 2011, and references therein).

The dense plasma observed in situ in the sheath is at the ori-
gin of the bright features seen in imagers via Thomson scatter-
ing of the solar white light. Indeed, for this June 2008 event,
Mostl et al. (2009) related both the front and rear (after the flux
rope) sheaths, as observed in situ by STEREO-B, to the extrap-
olation in time of bright features present in the images of HI
on STEREO-A. From this association, which was also shown in
other events (Rouillard 2011, and references therein), we use the
sharp intensity gradient in front of the leading sheath as a trace
of the shock in the HI images.

The HI images provide the elongation of the sheath front ver-
sus the latitude, which is a 2D projection of an unknown 3D
plasma configuration. From this, the hypothesis should be made
to estimate the 3D shape. We suppose that the observed bright-
ening is part of an approximately spherical shell centered on the
Sun; the observed 2D shape does not depend on the ICME di-
rection. We convert the HI 1 observations to spatial positions by
assuming a conic projection from STEREO-A on the plane of
sky. Other approaches were considered, but this one was selected
here because it implies the most believable results (see Sect. 5.2
of Janvier et al. 2013, where other hypothesis are tested).

The results at three times are compared with the shape de-
duced from in situ observations in Fig. 12. The apex of the
front/shock is normalized to one to better compare the different
shapes. This implies the rescaling of each shape by a constant
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Fig. 12. Comparison of the shock/front and MC-axis shapes deduced
from in situ observations (in dashed black lines) with the corresponding
shapes of a flux-rope that is imaged by STEREO-A HI 1 (shown at three
times with color lines, Mostl et al. 2009). The shock shape (dashed
black line) is deduced from Egs. (15) and (16) for ficmg = —1 to 2,
while the front shapes are set at the largest gradient intensity in HI 1
images. The axis shapes are from Janvier et al. (2013).

factor. The apex of the MC axis is normalized to the mean value
found in the STEREO-A observations and rescaled to the apex
of the shock. The MC axis results are from Figs. 11 and 12a of
Janvier et al. (2013), where the good correspondence between
the mean axis shape deduced from in situ data with imager re-
sults was already noted with ¢p,x = 30°. A similar good cor-
respondence is found for the shock shape with a slightly larger
Ymax (=35°), as expected, since the shock is extending further
away on the sides of the flux rope in MHD simulations. The im-
ager results show some limited asymmetry, which is not present
in the shape deduced by in situ data by construction (Sect. 4.1).
The difference imager/in situ is typically increasing away from
the apex (see Fig. 12). Moreover, there is a small temporal evo-
lution with the two front shapes and MC-axis shapes found at a
later time being closer to the shapes derived from in situ data.
All in all, it is remarkable that data from a different nature
(in situ versus imagers, a sample containing a large number of
ICMEs versus one case) provide so similar results (Fig. 12).
Moreover, this is true for different types of in situ data (MC ver-
sus shock) with different data analysis to derive the MC axis and
the shock normal. These results provide a coherent view of the
typical shape of ICMEs, which is also comparable to the results
of several MHD simulations. Finally, we leave more compar-
isons between different approaches to a future investigation.

5. Summary and conclusions

The present paper aims at deducing the most probable shape of
the shock surface associated with ICMEs at 1 AU, which evolves
during its propagation in the interplanetary medium. To do so,
we propose a statistical approach using the list of Wang et al.
(2010) for the shocks and the list of Richardson & Cane (2010)
for the ICMEs. Neglecting the shock-like events observed by
ACE, we were able to associate 117 in situ detected shocks to
ICMEs and the remaining 99 shocks with no detected ICMEs
behind. Interestingly, looking at the distribution of the differ-
ent shock parameters, we found no evidence that shocks with
no associated in situ-detected ICMEs are of a different nature
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from ICME-associated shocks. On the contrary, the strong sim-
ilarities in the parameter distributions indicate that non-detected
ICME shocks could be shocks that are crossed away from the
ICME core or associated with a strongly eroded ICME (where
the magnetic field has mostly reconnected with the surrounding
interplanetary magnetic field).

We also introduced new angles to determine the normal vec-
tor to the shock: the inclination angle i and the location an-
gle A. Although both are related to the more common longitu-
dinal and latitudinal angles, these new angles allow us to di-
rectly define the position of the shock crossing by the space-
craft with respect to the shock apex. Interestingly, although the
inclination angle has a uniform distribution, the location angle
distribution has a gamma-like distribution. The location angle
distribution is used in the following to extract information re-
garding the general shape of the shock shell. As a further step
to ensure the validity of the present study, we present different
correlation analyzes to study the possible correlations between
A and the other shock and ICME parameters. Simple correla-
tion analyzes, which give the Spearman and Pearson correlation
numbers, show that A does not depend on any shock or ICME pa-
rameter. Next, we investigated the possible changes of the proba-
bility distribution Pqps(A2). For that, we studied the changes in the
mean, median, and standard deviation values by making subcat-
egories of shocks, depending on the values of the shock or [CME
parameters. Since we found no significant tendency (apart from
geometrical effects), this justified the possibility to investigate
all the shocks as a whole statistical sample, where we verified
the validity of our statistical approach.

We proposed two methods to deduce the general shape of
shocks. Since these methods are based on the statistical analysis
of a large sample of shocks, they only keep common features
among the analyzed shocks and not the specific deformations
of individual cases. In particular, there is no evidence of a sys-
tematic deformation of the mean shock shape in some privileged
direction (e.g., east-west or north-south asymmetry). The shock
observations are compatible with a mean shock shape having a
rotational symmetry around the axis Sun-apex.

The first method describes a synthetic shape, which assumes
a rotational symmetry around the axis of the shock shell. This
synthetic shell is described in spherical coordinates and allows
the expression of a synthetic probability for the location angle
A, given an expression for the shock shape. This shock shape
in the present paper is given in terms of a cosine function and
two parameters (n and f). We find that the product nf alone
can define the shock shape. We show that we are able to find
synthetic distributions that are very close to that obtained from
the in situ observations by varying the product nf. Note that this
is a generic method: we have chosen a cosine function among
other possibilities, but this approach, which is simple in terms
of equation complexity and number of parameters, allows the
derivation of the general shape of the shock shell by exploring
the parameter space of the model.

We also present another method as a second step where we
directly integrate the observed distribution of the location angle
Pobs(1). The spherical coordinates of the shock surface are ex-
pressed with the integrated probability distribution without any
given hypothesis (except the rotation symmetry) on the shock
structure. Interestingly, similar shapes to those found in the first
step are deduced from this second method, which prove the ro-
bustness and the consistency of the two approaches.

Finally, a last step consisting in the analysis of heliospheric
images of a propagating MC with a shock front is given. In
this step, the propagating structure shape is reported at different
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times during its evolution, and the shapes are directly compared
with that found in the previous method. This method, which
is also employed in Janvier et al. (2013) for the flux rope axis
shape, has two consequences: on the one hand, it verifies the
consistency of the previous methods where the shock shell was
analyzed from in situ data, and on the other hand, it gives a con-
straint on one free parameter, the maximum elongation ¢, that
cannot be constrained from the two previous methods. Following
those different approaches, we were able to find the most proba-
ble general shape of the shock shell structure.

The presence of shocks and the associated sheath (i.e., post-
shock material) at 1 AU can produce significant changes in the
level of the magnetosphere-solar wind coupling (e.g., Wang et al.
2009, and references therein). The typical shock shape found in
the present study can have several applications as follows.

A first application is to implement this structure in a space-
weather forecast to predict the arrival time of a CME shock to
a spacecraft or a planet. This problem was solved with an ideal
spherical front by Mostl & Davies (2013). Replacing the spheri-
cal front by the mean shock shape found above can improve the
prediction of the arrival time, especially on the flank parts where
the deviation to a spherical model is the most important and the
delay is the largest (up to two days in extreme cases).

Another application of the mean shock front is to determine
a better crossing location of a shock, since the locally mea-
sured A angle can be quantitatively converted to a position along
the shock surface. This can be used to study the shock proper-
ties versus the apex distance if the shock is crossed by several
spacecraft.

In addition, shocks can produce strong decreases of cos-
mic rays (e.g., the so-called Forbush decreases). Some Forbush
events can present two-step developments, one of them non-local
and produced by the shock. The other one is local and produced
only during the passage of the ICME through the observer. The
non-local step can last several days and is produced by a dif-
fusive barrier created by the shock, even when the latter is far
away from Earth. Knowing the general shape of the shock sur-
face is crucial in determining the flux of cosmic rays reaching
the terrestrial environment. This can be done, for instance, from
the determination of the solid angle that the shock surface covers
when seen from Earth. Results on the most probable shapes of
the shock, as the ones shown in the present paper, will be impor-
tant to improve quantitative models of cosmic rays modulation
in the heliosphere, which at the moment are still controversial
(Jordan et al. 2011). This has also space-weather applications be-
cause the input of high energy particles to the terrestrial environ-
ment can affect the dynamics of the magnetosphere-ionosphere
system.

More insights on the evolution of the shocks and their prop-
agation from solar sources, as given by the in situ instruments
onboard Solar Orbiter, which will travel at closer distances to
the Sun than the present heliospheric probes, will be of great
interest in completing the present model of shock shapes.
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