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Abstract

This paper studies ICMEs detected by both Voyager spacecraft during propagation from 1 to 10 AU, with observations from 1977 to 1980.
ICMEs are detected by using several signatures in the in-situ data, the primary one being the low measured to expected proton temperature ratio.
We found 21 events common to both spacecraft and study their internal structure in terms of plasma and magnetic field properties. We find that
ICMEs are expanding as they propagate outwards, with decreasing density and magnetic field intensities, in agreement with previous studies. We
first carry out a statistical study and then a detailed analysis of each case. Furthermore, we analyse one case in which a shock can be clearly
detected by both spacecraft. The methods described here can be interesting for other studies combining data sets from heliospheric missions.
Furthermore, they highlight the importance of exploiting useful data from past missions.

© 2022 COSPAR. Published by Elsevier Ltd All rights reserved.
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1. Introduction

Coronal Mass ejections (CMEs) are one of the most influ-
ential transient events in the solar system. They comprise huge
amounts of plasma and magnetic fields ejected from the Sun,
with velocities typically in a range of 400 to 1000 km/s but
can also go faster than 2000 km/s (Hundhausen et al., 1994).
It takes about three days for a CME to reach the Earth. Upon
arrival, its interaction with the Earth’s magnetosphere can pro-
duce geomagnetic storms. When CMEs are detected in situ by
a spacecraft, they are termed Interplanetary CMEs (ICMEs). If
the speed of the ICME exceeds the speed of the fast MHD wave
in the solar wind frame, a shock will develop in front of the
eruption. This forms a discontinuity in plasma properties such
as density, pressure and velocity. Behind the shock, a dense
sheath region will form. The thickness of the sheath region
is also called the shock standoff distance. The compression of

∗Corresponding author: Tel.: +32-16-327023; fax: +32-16-327998;

plasma inside the sheath region makes it a very suitable location
for magnetic reconnection (Kilpua et al., 2017). The sheath re-
gion of the ICME is normally followed by a flux rope, which is a
large closed field structure of increased magnetic field strength,
smooth rotation of magnetic field direction and below average
temperature (Burlaga et al., 1981). Not all observed ICMEs
display this structure, as not all ICMEs are fast enough to de-
velop a shock. Moreover, only approximately a third (Gosling,
1990; Rodriguez et al., 2004) to a half (Cane et al., 1997) of
all observed ICMEs show signatures of a magnetic cloud. This,
however, might be due to the fact that most observations are
made by one spacecraft on a single track through the ICME and
thus might monitor only part of it.

CMEs also have an influence in the far reaches of the so-
lar system. Wang & Richardson (2004) identified and charac-
terized ICMEs observed by Voyager 2 in the heliosphere be-
tween 1 and 30 AU. They found that the average radial width
of ICMEs increases with distance up to ∼15 AU, and it remains
constant after that. Leitner et al. (2007) studied magnetic clouds
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detected mostly by Helios 1 and 2 between 0.3 and 1 AU (also
Bothmer & Schwenn, 1998) , and complemented those with
some events observed by the Voyager spacecraft and others.
Gulisano et al. (2012) did a study on the expansion of magnetic
clouds using in-situ Ulysses data from July 1992 to November
2001, finding events between approximately 1.5 and 5.5 AU.
In this paper, we present an exhaustive comparative study of
ICMEs that were observed by both the Voyager 1 and Voyager
2 spacecraft from 1 to 10 AU, with observations from 1977 to
1980. This is then a multi-spacecraft study, as the same events
are observed by both spacecraft.

A case study performed by Burlaga & Behannon (1982)
identified five ICMEs that were observed by both Voyagers be-
tween 2-4 AU. In fact, three of those cases were also found as
common events in this work. This also means that two events
in that study were actually not identified here, which illustrates
the subjectivity of identifying ICMEs by eye, an effect which
is amplified by increasing radial distance from the Sun, as the
events become more diluted, and difficult to differentiate from
the background solar wind.

Besides ICMEs, we also studied the shocks that preceded
them. Unfortunately, many of our events contained data gaps
where the shock was most likely located. That, in addition to
the fact that not all ICMEs are preceded by a shock, severely
lowers our statistics, resulting in only one suitable shock front.
This case was analysed using the Minimum Variance Analysis
method (MVA, Sonnerup & Cahill, 1967), that allows for the
determination of the shock normal and which will be explained
in Section 4.

In Section 2, we explain how the data was analysed, together
with our events selection. Then, in Section 3, we describe our
results in terms of general properties of the ICMEs detected
and with respect to distance from the Sun. In Section 4, we
examine shock properties. Finally, in Section 5, we present our
conclusions.

2. Data and event selection

The ICMEs analysed here were observed by Voyager 1
(VOY1) and Voyager 2 (VOY2) between November 1977 and
December 1980, between 1 and 10 AU.

The data used to identify the ICME events was obtained
from the NASA National Space Science Data Center and the
Space Physics Data Facility. To set up the list of events for
this study, we mainly used the following ICME signatures (Zur-
buchen & Richardson, 2006):

• Low ratio between measured and expected proton temper-
ature Tp/Texp < 0.5 (Gosling et al., 1973; Richardson &
Cane, 1995)

• Smoothly rotating B-field (Klein & Burlaga, 1982)

• B-field variance decrease (Pudovkin et al., 1979; Klein &
Burlaga, 1982)

• Low density ≤1 cm−3 (Richardson et al., 2000)

• Linearly decreasing bulk velocity (Klein & Burlaga, 1982;
Russell & Shinde, 2003)

The correlation between solar wind bulk velocity and so-
lar wind proton temperature has long been established (Neuge-
bauer & Snyder, 1966; Hundhausen et al., 1970). ICMEs can
be regarded as thermally isolated expanding regions of plasma,
due to thermal conduction being inefficient across magnetic
field lines. Thus, if an ICME crosses a spacecraft, the mea-
sured TP is lower than it would be for typical solar wind mea-
surements. Therefore, a low measured to expected temperature
ratio is an indication of a passing ICME. The method used for
detecting regions of unusually low solar wind proton temper-
atures consists in determining the ratio of the observed proton
temperature with the expected proton temperature. The latter
is derived from solar wind velocity measurements (Richardson
& Cane, 1993, 1995) by using the formula found by Lopez &
Freeman (1986) and Lopez (1987):

Texp[103K] =

{
(0.031vsw − 5.1)2/Rβ v < 500 km/s
(0.51vsw − 142)/Rβ v ≥ 500 km/s (1)

where the heliocentric distance R is in AU and vsw is in km/s.
Since our data set does not reach beyond 10 AU, β is set to
0.7 according to the conclusions of Gazis et al. (1994). This
relationship was also used by Wang & Richardson (2004) to
identify and perform a statistical analysis for ICMEs between
1 and 30 AU using VOY2 data, albeit with β = 0.6 because of
their larger radial distance. They used abnormally low proton
temperatures as the primary identification signature of ICMEs
and compared with other plasma and magnetic field data to ver-
ify these identifications. At 1 AU, the elevated magnetic field
inside ICMEs is normally used as a signature for identifying
them. Nevertheless, with increasing distance from the Sun, the
magnetic field magnitude in ICMEs decreases and is no longer
a clear signature for their identification. This justifies the use of
temperature here as a primary identifying signature. We use
then the abnormally low proton temperatures as the primary
condition for the ICME detection and determination of bound-
aries. The presence of more signatures serves to increase confi-
dence in the identification. This process is done by eye, ICME
identification “is still something of an art” (Gosling, 1997), in
particular when dealing with a sparse dataset containing gaps
and other complications. Furthermore, some signatures may be
present only in parts of the ICME, making the determination of
boundaries complicated. Usually a low Tp/Texp, complemented
with other signatures, are used for classification as an ICME. To
decide if the same ICME was observed by both spacecraft, two
conditions have to be fulfilled. First, we use the speed of the
ICME (should be similar in both spacecraft) to calculate the
travel time between the two locations and require that the es-
timated travel time should be consistent with the arrival time
of the ICME at the second spacecraft. Second, we examine
that the plasma and magnetic field characteristics of the ICMEs
are similar in both spacecraft. This can be checked in the im-
ages of each event provided in the Appendix. Normally, ICMEs
are prominent in the data, and the Voyagers do not see a large



Hosteaux et al / Advances in Space Research xx (2022) xxx-xxx 3

year doy VOY1 doy VOY2 year doy VOY1 doy VOY2
A 77 265.46 265.58 L 79 49.83 48.5
B 77 350.33 350.21 M 79 107.88 105.96
C 78 29.83 29.42 N 79 134.08 132.29
D 78 39.71 39.75 O 79 146.04 142.83
E 78 52.17 52.08 P 79 167.08 166
F 78 153.75 153.29 Q 80 35.25 32.88
G 78 158.08 157.42 R 80 134.67 128.83
H 78 267.92 266.33 S 80 157.79 153.79
I 78 321.88 320.54 T 80 181.04 175.71
J 78 344.17 342.92 U 80 241.33 233.92
K 79 4.96 3.88

Table 1. The 21 events that were identified in the data of both Voyager 1 and Voyager 2. The first column gives the letter by which the event will be referenced in
the text, the latter two give the decimal day of year of the front of the ICME for both spacecraft.

VOY1 VOY 2
r [AU] 3.34 3.18

Navg[cm−3] 0.51 0.28
Bavg[nT] 4.16 4.11

Vavg[km/s] 468.3 464.6
Vbeg[km/s] 515.9 518.7
width [AU] 0.39 0.32

Table 2. Table of properties for event F, observed on 03/06/1978. The properties
displayed are average density, average magnetic field, average speed, leading
edge speed and radial width of the ICME.

amount of them in the periods concerned, so misidentifications
are possible but not likely.

We analysed the full VOY1 and VOY2 dataset between
November 1977 and December 1980. Those events classified as
an ICME in both spacecraft were added to our list of common
ICMEs. The boundaries of the ICMEs were found using the
low proton temperature condition, Tp/Texp < 0.5. In this man-
ner, a total of 21 ICMEs that were measured by both VOY1 and
VOY2 were found. Table 1 presents the ICMEs that were ade-
quately measured by both Voyager 1 and Voyager 2. For sim-
plicity each event in the table is represented by a letter, which
is then also used in the following sections.

An example ICME (Event F) is show in Figure 1. VOY1
measured event F on 3 June 1978 at 18:00 UT while VOY2
measured the event on the same day at 06:00 UT, at a ra-
dial distance of 3.34 and 3.18 AU, respectively. A summary
of its properties can be seen in Table 2. The ICME bound-
aries are obtained from the low proton temperature condition,
Tp/Texp < 0.5. Figure 1 shows that both Voyagers observe an
enhanced magnetic field, with a rotation typical of a magnetic
cloud, seen in the gradual variation of the magnetic field com-
ponents. These signatures are similar in both spacecraft, with
the ICME width increasing by 0.06 AU as it travels between
them.

A similar description of all other events listed in Table 1 can
be found in Appendix A. The in-situ data plots of the events
discussed in this section and in Appendix A is shown in Ap-
pendix B. The magnetic field components are shown in the
Radial Tangential Normal (RTN) Heliographic coordinate sys-
tem, where R is directed along the Sun-to-spacecraft line, T is

parallel to the Solar Equatorial plane and perpendicular to R,
and N is the normal component that completes the right-handed
triad.

Time series from both VOY1 and VOY2 suffer from severe
data gaps. If a gap is present in a relevant part of the data but it
does not prevent a satisfactory identification of the ICME and
its boundaries, the gap is closed by linearly interpolating be-
tween its edges. An example ICME from 1977, where this pro-
cess is applied, can be seen in Figure 2. This ICME is classified
as event B further in this paper.

3. Variation of ICME properties with radial distance from
the Sun

In this section, we study how the differences in properties
of ICMEs detected by two Voyager spacecraft evolve with dis-
tance from the Sun. Typically previous studies published in
the literature have focused on how the properties of different
ICMEs evolve with distance. In some cases we describe how
a particular ICME evolves between the two spacecraft. The
plasma and magnetic field data sets were investigated by eye
and using Equation 1. Figure 3 shows the locations of the Voy-
ager spacecraft when the ICMEs were detected (both spacecraft
were at the same latitudes for the period under study, between
approximately -5◦ and 5◦ in heliographic latitude). Normally
an ICME would be seen first by Voyager 2 (closer to the Sun)
and then by Voyager 1. Nonetheless, up to event F, the order
of detection by the two Voyagers can vary. This is due to the
spacecraft being close to each other, producing two effects: one
spacecraft overtaking the other, and ambiguities in the identi-
fication of the ICME boundaries. Event E is such a case, as
shown in Figure B.11. One final effect is related to intrinsic lon-
gitudinal distortions in the ICMEs. The longitudinal separation
is very small close to the Sun, but this effect may increase with
radial distance (see Figure 3).

The upper left panel of Figure 4 shows the logarithm of the
average number density over the total length of the ICME. Each
event has a black line connecting its measurement by Voyager
1 to its measurement by Voyager 2. The first event, measured
close to 1 AU, has an average number density of approximately
3 cm−3 (comparable with the typical values found by Rodriguez
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et al., 2016, for magnetic clouds at 1 AU). For the events occur-
ring after, there is a clear downward trend until the last event
where Voyager 1 was close to 9 AU and the average number
density was approximately 0.03 cm−3. These values are com-
parable with previously found numbers (Leitner et al., 2007;
Gulisano et al., 2012). ICMEs are normally expanding as they
travel out from the Sun. This is caused mostly by the decrease
of external pressure (Démoulin & Dasso, 2009), as the solar
wind surrounding the ICME becomes less dense as the distance
from the Sun increases. A second factor is the internal expan-
sion of the ICME, due to the internal pressure acting on the
structure. This expansion is observed for the ICMEs studied
here. We see in the upper left panel of Figure 4 that the ICMEs
detected further away from the Sun tend to have lower den-
sity than those observed closer to the Sun. The same effect can
be seen when a ICME is observed by both Voyager spacecraft,
given that the separation between the two spacecraft is signif-
icant (normally found in those cases beyond 5 AU). It is also
possible that the ICMEs become compressed due to interaction
with other structures in the solar wind, which would increase
their average density. This can happen if the ICME is being
compressed by another ICME or by a high speed solar wind
stream (this was found to be a common situation by Rodriguez
et al., 2016). Another possibility is that one satellite is detecting
high density fine structures while the other does not. The differ-
ences could also be caused by ambiguities in the determination
of ICME borders.

The upper right panel of Figure 4 shows the average mag-
netic field strength. There is a clear trend of magnetic field
magnitude inside ICMEs to decrease when radial distance from
the Sun increases. The figure shows the same trend as the
number density, created by expansion, with event A having ap-
proximately 10 nT and event U having approximately 0.3 nT
(again comparable to values found in Leitner et al., 2007; Ro-
driguez et al., 2016; Gulisano et al., 2012). Apart from ex-
pansion, magnetic clouds can experience erosion during their
propagation, stripping the ICME from magnetic field lines and
causing a lower average magnetic field (Dasso et al., 2006; Ruf-
fenach et al., 2015). Hosteaux et al. (2021) showed that, in case
of an inverse ICME (i.e. a CME with the same magnetic po-
larity as the background coronal magnetic field), the opposite
occurs and magnetic field lines are added to the ICME, increas-
ing the average magnetic field strength. The few events that do
not show a decreasing 〈B〉 might be caused by magnetic recon-
nection adding magnetic field lines in a similar process as the
inverse ICMEs in the Hosteaux et al. (2021) study. As a matter
of fact, Hosteaux et al. (2021) showed that, for inverse CMEs,
continuous magnetic reconnection with the surrounding mag-
netic field at the rear of the separatrix (determining the CME
cloud) adds more magnetic flux to the magnetic cloud. An-
other possibility could be similar reasons as given in the previ-
ous paragraph for the average density not decreasing.

The left panel of the middle row of Figure 4 shows the aver-
age plasma speed over the magnetic cloud. In contrast to the
number density and the magnetic field strength, the average
plasma speed does not show a downward trend from 1 to 10
AU, as expected. ICMEs experience aerodynamic drag forces

acting upon them (e.g. Cargill, 2004). These forces are propor-
tional to the velocity difference between the ICME and the solar
wind. At the distances these events are observed, the effects of
the drag forces on the ICMEs have in most cases already re-
sulted in the ICME taking approximately the same velocity as
the solar wind they are propagating in. Thus, little accelera-
tion or deceleration of the ICMEs occurs. For most events the
speeds fall in a range of [350,500] km/s and stay approximately
constant. The right panel of the middle row of Figure 4 shows
the ICME leading edge speed (which is close to the highest
speed of the event in most cases). The range is much larger for
this panel, with front speeds being as low as ˜350 km/s and go-
ing up to almost 700 km/s. This is because for this case we are
not using an average speed taken over many hours, as it was the
case for the average speed shown in the left panel of the mid-
dle row of Figure 4, so the variation is larger here. The leading
edge speed is composed by the bulk velocity of the CME plus
the expansion speed of the CME.

The panel in the lower row of Figure 4 shows the ICME
width. The width of the ICME is calculated by multiplying the
average plasma speed with its time duration:

width = 〈v〉∆t. (2)

The general trend is to observe an increase in ICME width with
respect to radial distance, due to expansion. The deviations in
this trend are most likely being caused by different spacecraft
trajectories within the ICMEs. An ICME encountered in its
flank by the spacecraft will turn into a different calculated width
as a central encounter, even for the same ICME. The widths
go up to 3.5-4 AU for the events observed furthest from the
Sun. These results are comparable with those found by Both-
mer & Schwenn (1998), Leitner et al. (2007) and Gulisano et al.
(2012), and show again the expanding nature of ICMEs as they
travel outwards in the solar system. The ICME width stays ap-
proximately constant between the two Voyager spacecraft for
most events or increases slightly, meaning that the ICME ex-
pansion can still occur at distances larger than 5 AU.

4. Shock properties

In this section, an analysis on the properties of the shocks
that are captured by both VOY1 and VOY2 is presented. All
MHD shocks satisfy the Rankine-Hugoniot (RH) equations,
which describe the relations between the up (denoted by sub-
script u) and downstream (denoted by subscript d) shock con-
ditions. One of these equations represents the conservation of
mass across the shock, which can be described as:

ρu~v′nu = ρd~v′nd , (3)

where the subscript n denotes components in the direction of
the shock normal. The variables with a prime symbol represents
variables in the reference frame of the shock. The other RH
condition that is used in the following analysis is:

Bnu = Bnd, (4)
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meaning that the normal component of the magnetic field
stays constant over the shock.

Calculations are performed using the up-and downstream
plasma and magnetic field quantities. To reduce the effect of
scatter in data, a period of approximately 10 minutes before
and after the shock is selected. The average of each variable is
then taken over this interval and used in the subsequent analy-
sis. Using the Minimum Variance Analysis (MVA) (Sonnerup
& Cahill, 1967) we are able to find the direction of the normal
to the shock by identifying the direction of the magnetic field
measurements with minimum variance. This is done by finding
the eigenvalues of the magnetic variance matrix, defined as:

Mi, j =
(
〈BiB j〉 − 〈Bi〉〈B j〉

)
, (5)

where Bi and B j are the components of a single magnetic
field measurement. This matrix has three eigenvectors ~xi and
three corresponding eigenvalues λi. The direction of minimum
variance is then given by the eigenvector ~x3 corresponding to
the smallest eigenvalue λ3, which is also an estimator for the
vector normal component to the shock due to the RH condition
given in Equation 4. λ3 represents the variance of the magnetic
field component along the normal. The other two eigenvectors,
~x1 and ~x2, signify the direction of maximum and intermediate
variance, respectively, and are tangential to the shock. There are
two conditions that determine that the MVA results are adequate
(Siscoe & Suey, 1972; Lepping & Behannon, 1980):

λ2

λ3
> 2, (6)

∠(~Bu, ~Bn) > 30◦ (7)

The ratio of the smallest and the intermediate eigenvalue acts
as a reliability factor for the result, the higher the ratio the more
trustworthy the result is. The second condition represents that
directional changes of ~B should be larger than 30◦. The bound-
aries of the up-and downstream regions in the magnetic field
time series are selected as to maximise the ratio of eigenval-
ues. From the set of ICMEs shown in table 1, not all events
showed a fully formed shock and only the ICMEs that showed
no data gap at the location of the shock were included in the
shock analysis.

Using the RH condition in Equation 3 and inserting the
shock normal found using MVA to get the up- and downstream
plasma velocity in the reference frame of the shock, it is possi-
ble to obtain an expression for the shock speed vsh (Kivelson &
Russell, 1995):

ρu(~vu · ~n − vsh) = ρd(~vd · ~n − vsh) , (8)

vsh =
ρu~vu − ρd~vd

ρu − ρd
· ~n . (9)

A well known representation of the strength of an ICME-
driven shock is the Alfvén Mach number, given by:

Ma = (vsh − vnu)/vAu, (10)

VOY1 VOY 2
r [AU] 8.06 6.69

N 0.99 0.04 0.14 0.93 -0.02 0.36
ρd/ρu 2.29 4.11

vsh [km/s] 457±17 517±15
MA 2.58±0.37 2.31±0.21

∆[R�] 517.54 441.47

Table 3. Table of shock properties for event S

where vAu is the upstream Alfvén speed vAu = |Bu|/
√
µ0ρu.

The Alfvén Mach number indicates the intensity of the shock.
At 1 AU, the majority of ICME driven shocks have a Mach
number close to two, though values > 8 can also be reached
(Mäkelä et al., 2011).

Another important shock characteristic is the density com-
pression ratio ρd/ρu. ICME shocks can be a location where So-
lar Energetic Particles (SEP) are being generated over a large
heliolongitudinal range (Cliver et al., 1995), and the intensity
spectrum depends on the density compression ratio according
to the diffusive shock acceleration theory (Desai & Giacalone,
2016).

Knowing the position of the shock, it is also possible to de-
termine the ICME’s stand-off distance. This is calculated by
taking the time difference of the crossing of the shock and the
crossing of the front of the ICME with the spacecraft and mul-
tiplying this with the speed of the front of the ICME:

∆ = (t f ront − tshock) × |v f ront | (11)

Only one event (S) was found in the data set with sufficient
data coverage both upstream and downstream of the shock to
determine shock parameters at both Voyager locations.

The shock driven by the ICME in event S was detected
by VOY1 at 03:13:40 UT on 29 May 1980 and by VOY2 at
17:14:45 UT on 24 May 1980. This means that the time separa-
tion between the two detections is 4 days 12 hours and 58 min-
utes, with their radial distance separation being approximately
1.37 AU. Over this stretch, the stand-off distance has increased
by 17%. Table 3 shows that the shock normal lies close to the
direction both spacecraft are propagating in (N in the table).
Though the upstream Alfvén speed is much higher for VOY2
than for VOY1 (77.27 km/s and 43.56 km/s, respectively), the
shock speed is much higher as well while the upstream solar
wind speed is comparable, resulting in MA numbers with a
slight increase, but this increase is within error bounds of each
other. The errors on the shock speed and Mach number were
determined by taking the error on the minimum variance direc-
tion as 10◦ (Burlaga & Behannon, 1982). This data would claim
that the shock is getting weaker going from VOY2 to VOY1 as
it slows down and the compression ratio becomes lower. How-
ever, the result that ∆ increases while MA stays constant or in-
creases slightly is surprising (although the values are within er-
ror bars), since they are supposed to be anti-correlated. Taking
the relation between the standoff distance to radius of curva-
ture and the Mach number from Russell & Mulligan (2002), a
strong shock has a shorter standoff distance than a weak shock
for a CME of similar size. A possible reason for the behaviour
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observed here is that ∆ is expressed in R� and not as a function
of the size of the ICME.

While the aforementioned shock was the only one deemed
satisfactory for a determination of the normal via MVA, five
events with possible shock fronts were found among the com-
mon events dataset. These events either had a small gap at the
location of the shock or were not developed enough for accurate
MVA. However, since their location is approximately known,
the stand-off distance of these events can be estimated. Figure 6
shows the standoff distance for each of these events. Event E,
which has the closest to Earth recorded shock at ˜2.4 AU, has
a stand-off distance of approximately 115 R�. The other events
all have a stand-off distance in the range 300-550 R�, except for
event L which has a stand-off distance similar to that of event E.
Moreover, Figure 6 shows that for each event the stand-off dis-
tance is larger for the Voyager that detected the event at larger
heliospheric distance. This could be the result of the shocks
becoming weaker during the ICME propagation. Another pos-
sible reason is that the shock speed is higher than the ICME
speed. This might be due to changes in the upstream condi-
tions, as the shock needs to move to adapt to new values of the
upstream MA, or the ICME might still be expanding, as ∆ de-
pends on both MA and the size of the magnetic cloud. If the
magnetic cloud gets bigger, ∆ increases as well and the shock
moves away from the magnetic cloud. Farris & Russell (1994)
determined the standoff distance of a bow shock which is influ-
enced by the size/shape of the body, magnetic field orientation,
magnetosonic Mach number, and plasma beta. These authors
noticed that it is most appropriate to compare the standoff dis-
tance of the bow shock to the radius of curvature of the obstacle,
as opposed to the distance from the focus of the object to the
nose. We would like to point out that the non-radial separation
was not taken into account. Nevertheless, the time frame of the
observations (1977 to 1980) was chosen so that the non-radial
separation between the Voyagers is minimal.

5. Conclusions

This work discusses the observations of ICMEs that were de-
tected by both the Voyager 1 and Voyager 2 spacecraft between
November 1977 and December 1980, comprising distances
between 1 and 10 AU. Using a number of different observa-
tional characteristics, primarily the low ratio of measured to ex-
pected proton temperature (T/Texp), 21 common ICMEs were
listed. This is to our knowledge the largest multi-spacecraft list
of ICMEs studied by the two Voyagers. Burlaga & Behannon
(1982) identified five ICMEs that were observed also by these
spacecraft (plus Helios and IMP 8), those events were observed
at distances up to 4 AU form the Sun. Wang & Richardson
(2004) provides an extensive list of ICMEs observed by Voy-
ager 2 up to 30 AU. Other studies used other datasets such as
those provided by Ulysses up to 5 AU (Gulisano et al., 2012) or
Helios within 1 AU form the Sun (Leitner et al., 2007)

The ICMEs studied here were expanding (even the events
seen furthest from the Sun, in agreement with previous stud-
ies), the average number density and the average magnetic field

strength was observed to decrease with respect to radial dis-
tance from the Sun. The radial width of the ICMEs was also
clearly increasing for ICMEs observed further away. The av-
erage ICME speed and the ICME leading edge speed stay ap-
proximately constant, meaning that processes that infer accel-
eration (magnetic reconnection or drag forces) do not influence
the ICME significantly at these distances. These results are in
line with previous studies (Burlaga & Behannon, 1982; Wang
& Richardson, 2004; Leitner et al., 2007; Gulisano et al., 2012).
They also provide a continuation to similar multi-spacecraft re-
sults observed within 1 AU (e.g. Good et al., 2019).

In some events, the density time series show a rise of the
measured density immediately following the magnetic cloud.
Such cases include events J, K, and L. Rodriguez et al. (2016)
studied the internal structure of the magnetic clouds of 63
events that were observed by the ACE spacecraft at 1 AU. One
of their results is that a sudden density increase at the trailing
region of a magnetic cloud is most likely due to compression
as a result of a high-speed stream, originating from a coronal
hole, following and overtaking the CME. In some cases, the
density increase in the trailing region of the magnetic cloud ex-
hibits distinct peaks, such as event Q. The aforementioned study
suggests that this is most likely caused by a combination of an
overtaking high-speed stream and other processes that lead to
density enhancements, such as expansion or intrinsic magnetic
cloud processes. The presence of a density enhancements in
the trailing regions of an ICME may lead to increased geoef-
fectiveness of the eruption (Reeves et al., 1998; Kilpua et al.,
2012; Fenrich & Luhmann, 1998). In the present study, we can
confirm that these effects found previously mostly in events ob-
served at 1 AU, can also be detected at larger distances from the
Sun.

If the ICMEs were found to be driving a shock, the shock
was investigated using MVA. Unfortunately, due to data gaps
and many shocks not being fully developed, only one shock was
suitable. MVA showed that the shock velocity decreased signif-
icantly over the distance between the two spacecraft, but due to
the Alfvén speed decreasing as well, the Alfvén mach number
increased slightly, though staying within error bounds of both
spacecraft. Six other events were identified to have shocks as
well, but were not suited for MVA. For these events it was found
that standoff distances reach values over 400 R�. The stand-off

distances clearly increase with distance from the Sun.
The events considered in this study were limited to a radial

distance of <10 AU. The Voyagers went farther than that, their
data can be used to study ICMEs at even larger distances. Nev-
ertheless, the spacecraft angular separation becomes larger with
increasing distance, lowering the chances of finding common
events. At large distances from the Sun, most of the ICME
signatures that were used in this work (such as low proton tem-
perature and magnetic field rotation) may become undetectable
due to expansion and loss of internal pressure of the ICME. It
becomes more difficult to differentiate the ICME from the back-
ground solar wind. Nonetheless, Paularena et al. (2001) were
able to track an ICME from 5 AU to 58 AU, with Ulysses and
Voyager 2 data, using alpha particle enhancements. Studying
how ICMEs evolve at large distances is important to increase



Hosteaux et al / Advances in Space Research xx (2022) xxx-xxx 7

our knowledge of ICME processes. This is relevant with regard
to their impact at 1 AU, but also because they can create sig-
nificant activity at large distances. Dunn et al. (2016) reported
auroral enhancements at Jupiter (at approximately 9.5 AU). In
this respect, the combination of these rare observations with
advanced 3D MHD heliospheric models, such as EUHFORIA
(Pomoell & Poedts, 2018) is of great relevance for heliospheric
sciences. EUHFORIA currently reaches up to 2 AU, but there
are plans to extend its coverage and be used as an advanced tool
for simulations at large distances from the Sun.

The methods presented in this work can result of interest
when applied to events detected by multiple spacecraft at dif-
ferent radial distances. The datasets used here are not straight-
forward to analyse, as they contain data gaps and other caveats,
but we believe that they still present interesting opportunities
for future studies of the inner and outer heliosphere.

Acknowledgments

This project (EUHFORIA 2.0) has received funding from
the European Union’s Horizon 2020 research and innovation
programme under grant agreement No 870405. These results
were also obtained in the framework of the projects C14/19/089
(C1 project Internal Funds KU Leuven), G.0D07.19N (FWO-
Vlaanderen), SIDC Data Exploitation (ESA Prodex-12), and
Belspo projects BR/165/A2/CCSOM and B2/191/P1/SWiM.
The simulations were carried out at the VSC – Flemish
Supercomputer Centre, funded by the Hercules foundation and
the Flemish Government – Department EWI. The authors are
very grateful for the invaluable contributions of Dr. Emmanuel
Chané.
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Fig. 1. Voyager 1 (upper half) and Voyager 2 (lower half) time series for Event F, observed on 6 June 1978. The ICME region is marked in grey. The parameters
plotted are (from top left to bottom right): density, magnetic field magnitude, speed, temperature ratio, radial distance from the Sun, the three components of the
magnetic field vector.
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Fig. 2. Hourly time series of an ICME detected by VOY1 on 17/12/1977. Green dots represent data points, while blue dots represent data gaps that have been closed
using linear interpolation. The ICME itself is confined in the greyed out region. The increase in V, n and B seen before the ICME is due to a compression region
generated by the high speed solar wind pushing into the slow wind in front.
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Fig. 3. Locations of Voyager 1 (red) and Voyager 2 (blue) at the moment of the
ICME measurements at that spacecraft in Heliographic Inertial Coordinates.
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Fig. 4. Top row: Logarithm of the average ICME number density and average ICME magnetic field strength. Middle row: Average ICME velocity and ICME front
velocity. Bottom row: ICME width. Orange diamonds depict VOY1 events while blue squares depict VOY2 events. The darker the colour of the event, the more
confidence there is that the observation is reliable, due to the presence of more ICME signatures or the lack of data gaps. Same events detected by both spacecraft
are connected by a black line.

Fig. 5. High resolution VOY1 and VOY2 time series of the shock that precedes event S.
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Fig. 6. Plot of the standoff distance for all events for which a shock front was
approximately located. Common events are connected by a black line. Each
shock is represented by the same letter as the events in table 1.
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Appendix A. Individual event properties extended list

In this section, all the events listed in Table 1 are individu-
ally presented, with exception of event F which can be found in
Section 2.

EVENT A
Event A was detected by VOY1 on 23/09/1977 at 11:00 UT.

with a duration of 31 hours, and by VOY2 two hours later on
the same day. As Figure B.7 shows, VOY2 is approximately
0.02 AU farther than VOY1. A summary of its properties can
be seen in Table A.4.

VOY1 VOY 2
r [AU] 1.04 1.06

Navg[cm−3] 2.21 3.8
Bavg[nT] 9.07 11.01

Vavg[km/s] 578.9 570.7
Vbeg[km/s] 648.3 650.8
width [AU] 0.42 0.40

Table A.4. Table of properties from event
A

The ICME boundaries
are relatively well defined
in the VOY1 time series,
with a clear established
region of low T/Texp, a
low average number den-
sity, a somewhat linearly
decreasing velocity pro-
file and a rotating mag-
netic field. The VOY2 time series shows the same ICME char-
acteristics, but the data gaps make it impossible to accurately
define the ICME boundaries. Figure 4 shows that the average
magnetic field strength, the average velocity, the front veloc-
ity (Vbeg) and the width measured by both spacecraft are very
similar, as expected since the spacecraft are still close to each
other. However, there is a relatively large discrepancy in av-
erage measured number density, as it can be seen in the upper
left panel of Figure 4. The bottom panel of the left row of the
VOY2 time series in Figure B.7 shows that there are data gaps
at the ICME boundaries, and that a large jump in number den-
sity is present at the second (rightmost) ICME boundary. The
data gaps are closed by connecting the closest data points by
linear interpolation. Thus, the number density that is consid-
ered might be higher than the true value. The magnetic field
components show a rotating field, although the variability does
not decrease significantly.

EVENT B
Event B was detected by both voyagers at approximately the

same distance of 1.76 AU on 17/12/1977 at 07:00 UT for VOY1
and 05:00 UT for VOY2. A summary of its properties can be
seen in Table A.5.

VOY1 VOY 2
r [AU] 1.76 1.76

Navg[cm−3] 0.54 0.47
Bavg[nT] 1.35 1.31

Vavg[km/s] 409 448.5
Vbeg[km/s] 480.7 549.2
width [AU] 0.66 0.72

Table A.5. Table of properties for event B

Like event A, most
measured quantities are
similar due to the space-
craft being very close to-
gether. However, as
can be seen in Figure 4,
the velocity measured by
VOY2 is higher than that
of VOY1. Comparing the plasma speed time series in Fig-
ure B.8, the front part (just before the ICME boundaries) is
very similar, with the speed swiftly rising to approximately
550 km/s. For VOY1, the plasma speed decreases quasi linearly
following this peak, while for VOY2 a second, higher velocity

peak develops. This might be due to VOY2 hitting a differ-
ent part of the ICME, one that contains a high velocity region.
Hosteaux et al. (2018) shows that ICMEs consist of fine struc-
tures which show different observational characteristics. As a
result of Equation 2, the higher average speed also results in a
higher ICME width of 0.06 AU, as can be seen in table A.5.

EVENT C
Event C was measured by VOY1 at 19:00 UT on 30/01/1978

at a radial distance of 2.21 AU, and by VOY2 at 10 a.m. at a
distance of 2.16 AU.

VOY1 VOY2
r [AU] 2.21 2.16

Navg[cm−3] 0.88 1.15
Bavg[nT] 0.72 1.00

Vavg[km/s] 319.5 342.7
Vbeg[km/s] 325.6 371.2
width [AU] 0.22 0.40

Table A.6. Table of properties for event C

There is a slight dis-
parity for the properties
listed in Table A.6. Fig-
ure B.9 shows that the
T/Texp time series for
both spacecraft are quite
dissimilar, especially the
VOY2 time series fluctu-
ates around the threshold value of 0.5 making it difficult to iden-
tify the ICME boundaries. This results in a much higher VOY2
ICME width than listed for VOY1, affecting the average ICME
values severely. Moreover, when comparing the bulk velocity
time series of both spacecraft, the shock-sheath-magnetic cloud
structure is visible in both but the values for VOY2 are higher,
resulting in for example a frontal velocity difference of over
45 km/s. Although there are some data gaps, it is unlikely that
it is the cause of the differences, but rather that the spacecraft
are hit by different parts of the ICME with different properties.

EVENT D
VOY1 and VOY2 were hit by event D on 02/09/1978 at

5 p.m. and at 6 p.m., respectively at a radial distance of 2.31
and 2.26 AU, respectively. The later time of detection by VOY2
is surprising considering its lower distance from the Sun.

VOY1 VOY 2
r [AU] 2.31 2.26

Navg[cm−3] 0.85 0.84
Bavg[nT] 2.79 2.70

Vavg[km/s] 412.6 405.7
Vbeg[km/s] 457.3 440.2
width [AU] 0.67 0.70

Table A.7. Table of properties for event
D

This is possibly due to
a faulty assignment of the
ICME front, due to the
ambiguity of the T/Texp
time series at the front
in Figure B.10. The
VOY1 bulk velocity time
series shows higher ve-
locity magnitudes in the
sheath and front part of the ICME compared to VOY2, also seen
as a higher ICME front velocity in Table A.7. Despite these dis-
crepancies, the magnetic field components show similar smooth
rotation for both spacecraft and similar average magnetic field
strength and average number density.

EVENT E
Event E was detected by VOY1 on 22/02/1978 at 04:00 UT

at a radial distance of 2.43 AU and by VOY2 at 01:00 UT on
the same day at 2.37 AU. A summary of its properties can be
seen in Table A.8.
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VOY1 VOY 2
r [AU] 2.43 2.37

Navg[cm−3] 0.10 0.23
Bavg[nT] 2.51 2.51

Vavg[km/s] 464.6 455.0
Vbeg[km/s] 469.9 448.9
width [AU] 0.47 0.42

Table A.8. Table of properties for event E

Both voyagers are still
relatively close together
(˜0.06 AU), which results
in very similar measure-
ments for this event. The
average number density
for VOY1 is lower than
that for VOY2 though, and since the width and the bulk ve-
locity time series (see Figure B.11) show no signs of severe
expansion, it is more likely the result of the large data gap at
the centre of the ICME in the VOY1 plasma time series.

EVENT G
Event G impacted VOY1 at 3.38 AU on 07/06/1978 at 02:00

UT, and VOY2 at 3.21 AU on 06/06/1978 at 10:00 UT. The
radial separation between the two spacecraft was ˜0.17 AU. A
summary of its properties can be seen in Table A.9.

VOY1 VOY 2
r [AU] 3.38 3.21

Navg[cm−3] 0.25 0.31
Bavg[nT] 0.61 0.74

Vavg[km/s] 405.6 402.5
Vbeg[km/s] 430 424.4
width [AU] 0.63 0.62

Table A.9. Table of properties for event
G

The magnetic field
components show in
Figure B.13 a significant
decrease in variability but
not a smooth rotation.
Average magnetic field
strength and average
number density are low
for both spacecraft. A
monotonically decreasing velocity profile is present, with the
average and leading edge velocities being similar. The back
ICME boundary for VOY1 is determined by the magnetic field
components since the T/Texp ratio is going above the threshold
at approximately the middle of the ICME.

EVENT H
Event H was detected by VOY1 and VOY2 on 24/09/1978

at 22:00 UT and 23/09/1978 at 08:00 UT, respectively. The
radial separation between the two measurements was ˜0.29 AU.
A summary of its properties can be seen in Table A.10.

VOY1 VOY 2
r [AU] 4.22 3.93

Navg[cm−3] 0.05 0.05
Bavg[nT] 0.86 1.16

Vavg[km/s] 452.0 469.7
Vbeg[km/s] 502.7 538.3
width [AU] 1.05 1.10

Table A.10. Table of properties for event
H

Figure B.14 shows that
the event H time series
contain almost all con-
sidered ICME signatures.
The number density is ex-
tremely low, the velocity
profile is monotonically
decreasing and the mag-
netic field has low vari-
ability and the components show a smoothly rotating field.
At the leading edge, there is a large jump in plasma speed
(˜150 km/s), that decreases smoothly after. According to Equa-
tion 2, the width decreases by 0.05 AU and the average B-field
strength decreases with 0.3 nT, showing that the ICME might
have eroded during its propagation from VOY2 to VOY1.

EVENT I
On 17/11/1978 at 21:00 UT event I was detected by VOY1.

VOY2 detected this event at 13:00 UT on 16/11/1978. At the
time of detection, VOY1 and VOY2 were at 4.60 and 4.25 AU,

respectively. A summary of its properties can be seen in Table
A.11.

VOY1 VOY 2
r [AU] 4.60 4.25

Navg[cm−3] 0.16 0.19
Bavg[nT] 0.53 0.41

Vavg[km/s] 395.7 396.6
Vbeg[km/s] 415.3 422.3
width [AU] 1.10 0.93

Table A.11. Table of properties for event
I

Both VOY1 and
VOY2 show data gaps
at the front boundary in
the plasma time series,
as shown in Figure B.15.
The number density is
low for both spacecraft,
the velocity decreases
linearly and variability of
the B-field components is small. The VOY1 density time series
shows some fine structure of increased density, B-field, and
velocity close to the rear end.

EVENT J
VOY1 and VOY2 were hit by event J on 10/12/1978 at 04:00

UT and on 08/12/1978 at 22:00 UT, respectively. Their radial
distance was 4.74 AU for VOY1 and 4.36 AU for VOY2. A
summary of its properties can be seen in Table A.12.

VOY1 VOY 2
r [AU] 4.74 4.36

Navg[cm−3] 0.09 0.08
Bavg[nT] 0.21 0.66

Vavg[km/s] 479.9 482.8
Vbeg[km/s] 661.4 677.2
width [AU] 3.51 3.46

Table A.12. Table of properties for event
J

Figure B.16 shows
that event J is another
strong ICME with most
ICME signatures present
in the time series for both
spacecraft. There is a
long time period where
T/Texp falls below the
threshold, though data
gaps obscure both VOY1 ICME boundaries. The plasma
speed at the front of the ICME just before the boundary is
very high for an ICME at this radial distance (˜700 km/s),
after which there is a long monotonic decrease to ˜350 km/s.
Both beginning and average velocity do not alter significantly
between both spacecraft. The variability is strongly decreased,
though a rotating B-field is difficult to identify. The average
number density stays approximately the same while the average
magnetic field strength decreases by over two thirds. This
decrease in B-field strength does not seem to be the result of
expansion (the width increases by 0.05 AU), but perhaps the
ICME was subjected to strong magnetic erosion.

EVENT K
Event K was detected by both voyagers at distance of

4.91 AU on 04/01/1979 at 23:00 UT for VOY1 and at 4.36 AU
on 3/01/1979 at 21:00 UT for VOY2. A summary of its proper-
ties can be seen in Table A.13.

VOY1 VOY 2
r [AU] 4.91 4.36

Navg[cm−3] 0.05 0.05
Bavg[nT] 0.29 0.43

Vavg[km/s] 493.3 488.9
Vbeg[km/s] 612.3 630.3
width [AU] 2.46 2.47

Table A.13. Table of properties for event
K

Following event
J, event K is another
strong ICME with a
very high front speed,
which decreases with
approximately 18.1 km/s
from VOY2 to VOY1.
This means the front of
the ICME slows down,
likely due to a large velocity difference between the ICME and
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the solar wind which increases the drag. The boundaries of the
event are well defined for both spacecraft due to a clear shift
in time series behaviour for all ICME parameters at the same
time. The ICME is not expanding, shown by the constant width
and average number density in Table A.13, thus the decrease in
magnetic field strength implies magnetic field erosion.

EVENT L
On 18/02/1979 at 20:00 UT VOY1 detected event L at a

radial distance of 5.19 AU. The same event was captured by
VOY2 at 12:00 UT on 17/02/1979 at 4.71 AU. A summary of
its properties can be seen in Table A.14.

VOY1 VOY 2
r [AU] 5.19 4.71

Navg[cm−3] 0.15 0.21
Bavg[nT] 0.61 0.73

Vavg[km/s] 426.6 425
Vbeg[km/s] 470.3 463.4
width [AU] 1.56 1.49

Table A.14. Table of properties for event
L

In contrast to most
events in the list, event L
does not show a low num-
ber density compared to
the solar wind in the
time series shown in Fig-
ure B.18. The ICME does
have high density in the
sheath and immediately
following the ejecta. A somewhat rotating magnetic field is
present, though not smooth, with the magnetic field having a
low variability. The velocity time series shows a monotonic
decreasing profile. The average ICME speed is approximately
the same, but the higher duration of the VOY1 detection, which
was 6 h longer than the VOY2 time series, results in a width in-
crease of 0.07 AU. This expansion causes the average number
density and the average magnetic field strength decreasing by
29% and 16%, respectively.

EVENT M
Event M was captured by VOY1 at 21:00 UT on 17/04/1979

at a radial distance of 5.43 AU, and by VOY2 at 23:00 UT on
15/04/1979 at a distance of 4.96 AU. A summary of its proper-
ties can be seen in Table A.15.

VOY1 VOY 2
r [AU] 5.43 4.96

Navg[cm−3] 0.15 0.18
Bavg[nT] 0.80 0.69

Vavg[km/s] 403.2 403.9
Vbeg[km/s] 425.1 424.0
width [AU] 0.94 0.95

Table A.15. Table of properties for event
M

The legitimacy of
event M being an ICME
is debatable. The T/Texp
ratio time series goes
below the threshold for
both spacecraft for an
extended period of time
and the variability of the
magnetic field is low.
However, the magnetic field is not smoothly rotating. The
velocity time series is decreasing but it is not monotonic
between the ICME boundaries. Both the average and front
speed remain approximately constant, and due to the duration
of the event in the VOY2 time series being only 1 h longer, the
ICME width is also very similar. The average magnetic field
increases while the average magnetic decreases, but both only
slightly and considering the low confidence in this event no
reasonable conclusions can be drawn.

EVENT N AND EVENT O
Event N was detected by VOY1 on 14/05/1979 at 02:00 UT

at a radial distance of 5.53 AU, and by VOY2 on 12/05/1979 at
07:00 UT at 5.07 AU. Event N is quickly followed by event O.
VOY1 and VOY2 detected this event at 26/05/1979 at 01:00 UT
and on 22/05/1979 at 20:00 UT, respectively, when the space-
craft were at and 5.58 AU and 5.12, respectively. A summary
of these events properties can be seen in Table A.16.

VOY1 VOY 2
r [AU] 5.53 5.07

Navg[cm−3] 0.05 0.07
Bavg[nT] 0.41 0.31

Vavg[km/s] 404.9 397.0
Vbeg[km/s] 444.5 450.3
width [AU] 1.33 1.32

VOY1 VOY 2
r [AU] 5.58 5.12

Navg[cm−3] 0.07 0.05
Bavg[nT] 0.32 0.21

Vavg[km/s] 452.6 473.5
Vbeg[km/s] 479.6 518.1
width [AU] 0.91 0.99

Table A.16. Table of properties for event N (left) and event O (right)

Event N and event O are of particular interest. For event
N, the number density and magnetic field variability is very
low, and the plasma speed is monotonically decreasing. The
width and average number density stay approximately constant
while the average magnetic field strength increases. Event O
also shows a low number density, low B-field variability and a
linearly decreasing velocity profile. The front speed is much
higher than that of event N, implying that event O presses
against event N. This results in a region of very high density
and B-field strength between the two events, due to the com-
pression of plasma. The front and average speed of the event
decrease by 38.5 km/s and 20.9 km/s, respectively. The width
decreases, though this might be the result of the front bound-
ary for the VOY1 detection being chosen too late. Although
the T/Texp ratio is below the threshold for a few hours before
the shaded region in Figure B.20, but if the boundary would
be chosen there the measured front velocity would drop signif-
icantly. Event O may have collided with event N at some point
during their propagation. This could be due to a higher initial
ICME speed of event O, or event N sweeping up the solar wind
in front of event O, resulting in a higher decelerating drag force
for event N than for event O. The average number density for
both events is similar, though the rear of event O shows a high
density region. When both events are measured by VOY1 and
VOY2, event O is slowing down as a result of the collision,
while the velocity of event N stays constant. The time differ-
ence between the detection of the two ICMEs for VOY1 and
VOY2 is 11.96 days and 10.54 days, respectively, which fur-
ther suggests that the high pressure in between the two ICMEs
pushes event O away from event N.

EVENT P
Event P impacted VOY1 at 5.68 AU on 16/06/1979 at 02:00

UT, and VOY2 at 5.21 AU on 15/06/1979 at 12:00 UT. A sum-
mary of its properties can be seen in Table A.17.
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VOY1 VOY 2
r [AU] 5.68 5.21

Navg[cm−3] 0.06 0.09
Bavg[nT] 0.28 0.49

Vavg[km/s] 451.9 439.5
Vbeg[km/s] 502.8 486.9
width [AU] 2.02 1.89

Table A.17. Table of properties for event
P

As most events in the
list, this events shows
a low number density,
low B-variability and
(largely) monotonic de-
creasing velocity profile.
The T/Texp ratio time
series goes above the 0.5
threshold value for the VOY1 measurements inside the shaded
region (see Figure B.21), since the latter boundary was chosen
according to the other parameters. Still, the data gap at the rear
of this event make the location of this boundary ambiguous.
The ICME’s increasing width, decreasing average number
density, and decreasing average B-field magnitude imply that
the ICME is still expanding significantly.

EVENT Q
Event Q was detected by both voyagers at distance of

4.91 AU on 04/01/1979 at 23:00 UT for VOY1 and at 4.36 AU
on 3/01/1979 at 21:00 UT for VOY2. A summary of its proper-
ties can be seen in Table A.18.

VOY1 VOY 2
r [AU] 7.15 6.2

Navg[cm−3] 0.03 0.06
Bavg[nT] 0.35 0.46

Vavg[km/s] 419.8 414.9
Vbeg[km/s] 503.4 482
width [AU] 3.86 3.36

Table A.18. Table of properties for event
Q

There is a large un-
certainty on the location
of the ICME boundaries
for the VOY2 time se-
ries. Especially at the
front boundary the T/Texp
ratio fluctuates close to
the threshold, as shown in
Figure B.22. Other ICME
signatures such as the plasma velocity and the magnetic field
components were also used to estimate the boundary, though
the boundary was not chosen earlier because there is a strong
increase in T/Texp there. However, this might explain the ap-
parent increasing front velocity and width in Table A.18. The
VOY1 boundaries are better defined. Both the average number
density and the average magnetic field decrease significantly
(50% and 24%, respectively), suggesting that though the width
increase might be influenced by an erroneous choice of the
ICME boundaries, the ICME is still expanding.

EVENT R
Event R was detected by VOY1 and VOY2 on 13/05/1980 at

16:00 UT and on 07/05/1980 at 20:00 UT, respectively. Their
radial distance at their time of measurement was 7.94 AU for
VOY1 and 6.70 AU for VOY2. A summary of its properties
can be seen in Table A.19.

VOY1 VOY 2
r [AU] 7.94 6.70

Navg[cm−3] 0.05 0.06
Bavg[nT] 0.20 0.29

Vavg[km/s] 367.9 363.5
Vbeg[km/s] 377.3 380.9
width [AU] 1.63 1.61

Table A.19. Table of properties for event
R

This event is charac-
terised by a long pe-
riod of low T/Texp, but
with a small peak show-
ing in the middle of
the ICME boundaries for
both spacecraft, seen in
the bottom left panels of
both rows of Figure B.23.
Since this bump shows up for both spacecraft, it is unlikely that

this is a fine structure inside of the ejection. This might imply
that this event is the result of two ICMEs merging at some point
before they reached Voyager 2. On the other hand, Figure 4
shows that the event does not have a larger width compared to
other events at a similar distance. In fact, it is relatively small.
Thus the nature of this bump is still undetermined, it could be
a simple discontinuity. The event itself stays relatively con-
stant over a distance of ˜1.24 AU as it propagates from VOY1
to VOY2.

EVENT S AND EVENT T
Event S and event T were detected by VOY1 on 05/06/1980

at 19:00 UT and on 29/06/1980 at 01:00 UT, respectively.
VOY2 was hit by these events on 01/06/1980 at 19:00 UT and
on 23/06/1980 at 17:00 UT, respectively. A summary of its
properties can be seen in Table A.20.

VOY1 VOY 2
r [AU] 8.15 6.84

Navg[cm−3] 0.04 0.07
Bavg[nT] 0.16 0.33

Vavg[km/s] 385.9 382.9
Vbeg[km/s] 431.4 440.2
width [AU] 3.04 3.13

VOY1 VOY 2
r [AU] 8.32 6.96

Navg[cm−3] 0.03 0.06
Bavg[nT] 0.31 0.45

Vavg[km/s] 467.2 479.8
Vbeg[km/s] 545.7 571.4
width [AU] 3.34 3.14

Table A.20. Table of properties for event S (left) and event T (right)

As with event N and O, events S and T are two events fol-
lowing in quick succession. The front speed of event T is much
larger compared to that of event S, meaning that it caught up and
is now pressing against event S. This interaction results in event
T decelerating more than event S, and the region in between the
two events consisting of strongly compressed plasma. Event S
stays relatively constant in radial width while event T increases.
This event could very well be related to a CIR passing by VOY1
and VOY2.

EVENT U
Event U was detected by VOY1 on 28/08/1980 at 08:00 UT

and by VOY2 on 20/08/1980 at 22:00 UT. The difference in
radial distance between the two detections is ˜1.55 AU. A sum-
mary of its properties can be seen in Table A.21.

VOY1 VOY 2
r [AU] 8.84 7.29

Navg[cm−3] 0.04 0.06
Bavg[nT] 0.30 0.28

Vavg[km/s] 359.6 359.1
Vbeg[km/s] 372.6 382.5
width [AU] 1.71 2.14

Table A.21. Table of properties for event
U

This event is actu-
ally debatable because its
T/Texp time series does
not drop below the thresh-
old long enough. How-
ever, the other ICME sig-
natures present, such as
a monotonic velocity de-
crease, low density, rotat-
ing magnetic components and low B-field variability resulted
in the event being considered as an ICME. The velocity of the
event remains constant while the average B-field strength in-
creases and the average density decreases. The differences in
the time series for both spacecraft implies that the inconsisten-
cies might be due to each spacecraft passing through a different
part of the ICME.
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Appendix B. Events detected by Voyager 1 and Voyager 2

This appendix section contains the time series of all events
listed in Table 1. CME detection was done primarily using
the low T/Texp condition, which was also used to identify the
boundaries. If the event showed other CME characteristics such
as a smoothly rotating magnetic field and/or a monotonic de-
creasing velocity profile, they were also used in combination.
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Fig. B.7. Voyager 1 (upper row) and 2 (lower row) time series for Event A.
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Fig. B.8. Voyager 1 (upper row) and 2 (lower row) time series for Event B.
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Fig. B.9. Voyager 1 (upper row) and 2 (lower row) time series for Event C.
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Fig. B.10. Voyager 1 (upper row) and 2 (lower row) time series for Event D.
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Fig. B.11. Voyager 1 (upper row) and 2 (lower row) time series for Event E.
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Fig. B.12. Voyager 1 (upper row) and 2 (lower row) time series for Event F.
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Fig. B.13. Voyager 1 (upper row) and 2 (lower row) time series for Event G.
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Fig. B.14. Voyager 1 (upper row) and 2 (lower row) time series for Event H.
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Fig. B.15. Voyager 1 (upper row) and 2 (lower row) time series for Event I.
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Fig. B.16. Voyager 1 (upper row) and 2 (lower row) time series for Event J.
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Fig. B.17. Voyager 1 (upper row) and 2 (lower row) time series for Event K.
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Fig. B.18. Voyager 1 (upper row) and 2 (lower row) time series for Event L.
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Fig. B.19. Voyager 1 (upper row) and 2 (lower row) time series for Event M.
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Fig. B.20. Voyager 1 (upper row) and 2 (lower row) time series for Events N (left shaded region) and O (right shaded region).
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Fig. B.21. Voyager 1 (upper row) and 2 (lower row) time series for Event P.
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Fig. B.22. Voyager 1 (upper row) and 2 (lower row) time series for Event Q.
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Fig. B.23. Voyager 1 (upper row) and 2 (lower row) time series for Event R.



Hosteaux et al / Advances in Space Research xx (2022) xxx-xxx 35

Fig. B.24. Voyager 1 (upper row) and 2 (lower row) time series for Events S and T.
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Fig. B.25. Voyager 1 (upper row) and 2 (lower row) time series for Event U.
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