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A B S T R A C T 

Interplanetary (IP) shocks are fundamental building blocks of the heliosphere, and the possibility to observe them in situ is crucial 
to address important aspects of energy conversion for a variety of astrophysical systems. Steepened waves known as shocklets 
are known to be important structures of planetary bow shocks, but they are very rarely observed related to IP shocks. We present 
here the first multi-spacecraft observations of shocklets observed by upstream of an unusually strong IP shock observed on 3 

No v ember 2021 by several spacecraft at L1 and near-Earth solar wind. The same shock was detected also by radially aligned 

Solar Orbiter at 0.8 AU from the Sun, but no shocklets were identified from its data, introducing the possibility to study the 
environment in which shocklets developed. The Wind spacecraft has been used to characterize the shocklets, associated with 

pre-conditioning of the shock upstream by decelerating incoming plasma in the shock normal direction. Finally, using the Wind 

observations together with ACE and DSCOVR spacecraft at L1, as well as THEMIS B and THEMIS C in the near-Earth solar 
wind, the portion of interplanetary space filled with shocklets is addressed, and a lower limit for its extent is estimated to be of 
about 110 R E in the shock normal direction and 25 R E in the directions transverse to the shock normal. Using multiple spacecraft 
also reveals that for this strong IP shock, shocklets are observed for a large range of local obliquity estimates (9 

o –64 

o ). 
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1

S
o
e
(
c
2

a
E
F  

2  

o
p
t  

I
u  

a
s

�

s
w  

1  

a
p
t  

o
(  

s  

a
p  

D

r  

t
W  

o  

m  

q
a  

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/1/437/6987295 by Turun kauppakorkeakoulun kirjasto user on 24 February 2023
 I N T RO D U C T I O N  

hocks are ubiquitous, and they are fundamental for a broad range 
f astrophysical systems (e.g. Kivelson & Russell 1995 ; Bykov 
t al. 2019 ). Generally speaking, shocks convert directed flow energy 
upstream) into heat and magnetic energy (downstream) and, in the 
ollisionless case, in energetic particles (e.g. Burgess & Scholer 
015 ). 
Interplanetary (IP) shocks, found in the heliosphere, are generated 

s a consequence of solar phenomena, such as Coronal Mass 
jections (CME) and Stream Interaction Regions (SIR; Dessler & 

ejer 1963 ; Gosling et al. 1974 ; Kilpua, Koskinen & Pulkkinen
017 ; Richardson 2018 ). IP shocks play an important role for the
 v erall heliosphere energetics, due to their ability to accelerate 
articles to high energies and modify the plasma environments in 
heir surroundings (see Reames 1999 , for a re vie w). Furthermore,
P shocks provide a unique opportunity for in situ observations 
sing the the instrumentation on board of spacecraft, a mean of
nalysis inaccessible in astrophysical shocks. Another group of 
hocks routinely observed in the heliosphere are the planetary bow 
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hocks, resulting from the interaction between the supersonic solar 
ind and the planets that behave as obstacles (Hoppe & Russell
982 ). From this point of view, the Earth’s bow shock has become
 prototype for studying various phenomena characterized by the 
resence of shocks, due to the convenience to be probed, starting from 

he early Pioneer evidences (Dungey 1979 ) to the modern spacecraft
bservations such as the Magnetospheric MultiScale (MMS) mission 
Burch et al. 2016 ).Generally speaking, IP shocks are weaker and
how larger radii of curvature with respect to planetary bow shocks,
 feature inducing se veral dif ferences in their upstream/downstream 

lasma environments (e.g. Eastwood et al. 2015 ; Kilpua et al. 2015 ;
resing et al. 2016 ; Wilson 2016 ). 
The shock structure and behaviour is regulated by several pa- 

ameters, one of the most important of which is the angle between
he shock normal direction and the upstream magnetic field, θBn . 

hen θBn is close to 90 ◦, the shock is quasi-perpendicular. On the
ther hand, for θBn values close to 0 ◦ (corresponding to an upstream
agnetic field almost normal to the shock surface), the shock is

uasi-parallel. Other important parameters for the shock behaviour 
re the shock Alfv ́enic and fast magnetosonic Mach numbers, i.e.
he ratio between the shock speed in the upstream flow frame and
he upstream Alfv ́en and fast magnetosonic speed, respectively ( M A 
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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v sh / v A and M fms ≡ v sh / v fms ). Finally, another important parameter
o address shock behaviour is the plasma beta, defined as the ratio
etween thermal and magnetic energy densities and often expressed
s a ratio between thermal and Alfv ́en speeds β ≡ v 2 th /v 

2 
A . Particle

eflection and subsequent propagation far upstream is fa v oured at
igh Mach number (super-critical) quasi-parallel shocks (Kennel,
dmiston & Hada 1985 ). This introduces the possibility for reflected
articles to interact with the upstream plasma o v er long distances,
reating unstable distributions and a collection of disturbances in
he plasma properties. This region of interaction between the shock
nd its upstream is called the foreshock, and it is fundamental for
any aspects of energy conversion in collisionless plasmas (Wilson

016 ). 
Shock-reflected, energetic ions are also thought to be responsible

or the emergence of steepened waves in the shock upstream.
hese steep structures, that are observed to shave short ( < 1 min)
uration, are called shocklets and Short Large Amplitude Mag-
etic Structures (SLAMS) depending on their typical signatures,
nd are both characterized by steep, strong enhancements of the
agnetic field magnitude (e.g. Stasiewicz et al. 2003 ; Plaschke

t al. 2018 ). Shocklets are likely to play an important role for
article acceleration at quasi-parallel shocks, due to their ability
o induce ef fecti ve pre-conditioning of incoming plasma before its
nteraction with the shock (e.g. Wilson et al. 2013 ). Furthermore,
article acceleration up to energies of about 100 keV due to
hocklets has recently been found upstream of the Earth’s bow shock
Stasiewicz et al. 2021 ). Despite many observational (e.g. Lucek
t al. 2008 ) and theoretical (e.g. Hellinger, Mangeney & Matthews
996 ; Scholer, Kucharek & Shinohara 2003 ) efforts, the (non-linear)
echanisms leading to the formation of shocklets are still a matter

f debate. The emerging picture is that shocklets are created in
onsequence of ultra-low-frequency (ULF) foreshock waves (see
ucek et al. 2002 ; Lucek et al. 2008 ; Wilson 2016 ). Recently, a
omprehensive study about the role of the counterstreaming ion beam
nstability for shocklet formation and growth by Stasiewicz & Klos
 2022 ), looking at a quasi-parallel Earth’s bow shock crossing by

MS. 
Despite the mystery surrounding their formation mechanisms,

hocklets have been observed in situ for a large variety of shocks.
hese include the planetary bow shocks of Earth (e.g. Russell,
hilders & Coleman Jr 1971 ), Jupiter (Tsurutani et al. 1993 ), and
aturn (Bertucci et al. 2007 ; Andr ́es et al. 2013 ), as well as the
ometary bow shocks of the Giacobini–Zinner (Thomsen et al. 1986 ;
surutani et al. 1987 ), Halley (Naeem et al. 2020 ), and Grigg–
kjllerup (Coates, Mazelle & Neubauer 1997 ). 
Most of the knowledge about shocklets is due to observations at

lanetary bow shocks. Shocklets are characterized by an upstream
harp leading edge followed by a slower relaxation (e.g. Lucek
t al. 2002 ). Furthermore, it has been found that shocklets are often
ssociated with whistler wave precursors (Hoppe et al. 1981 ) unstable
lectron distributions (Wilson et al. 2009 ). Importantly, all shocklet
bserv ations sho w dif fuse ion distributions (e.g. Hoppe & Russell
983 ), which likely represent an important ingredient for efficient
ave steepening, as shown by early simulation works (e.g. Omidi &
inske 1990 ). The typical duration of shocklets is of about 30 s

t the Earth’s bow shock (Wilson 2016 ). It may also be noted that
hocklets are often defined as having weak magnetic compression
B / B 0 � 2, while, for SLAMS, the requirement δB / B 0 � 2 is used
see e.g. Plaschke et al. 2018 ). 

At IP shocks, shocklets observations are much more rare than
lanetary bow shocks, making the few available observations of
articular interest, as they yield to a better understanding of the origin
NRAS 520, 437–445 (2023) 
nd evolution of these phenomena. The first of these observations is
ue to Lucek & Balogh ( 1997 ), who reported the presence of a
tructure in the magnetic field measured by the Ulysses spacecraft
Balogh et al. 1995 ) upstream of a quasi-parallel interplanetary shock
n 6 January 1992, with features similar to shocklets observed at
arth’s bow shock by Le et al. ( 1992 ), with the difference of being
ssociated with whistler precursor. Unfortunately, this observation
as limited by the fact that only magnetic field data were available,

eaving the plasma properties around the structure out of reach. More
han a decade later, using the Wind spacecraft data, Wilson et al.
 2009 ) reported the presence of 12 shocklets upstream of the quasi-
erpencdicular, high Mach number IP shock of 6 April 2000. This
vent, labelled by the authors ‘the unusual event’ (with respect to
ore than 400 other IP shocks observed by Wind), is the second

and last before this work, to the best of our knowledge) shocklet
bservation at IP shocks. To make the 6 April 2000 event even more
nteresting is the fact that the local θBn of the shock was estimated to
e of 68 ◦, and so less likely to have upstream conditions fa v ourable
or wave steepening. 

In this work, we present the first multi-spacecraft observations of
P shock shocklets (seen by several spacecraft near Earth), enabling
s to investigate the spatial and temporal transient nature of such steep
aves. Furthermore, the same shock is observed by Solar Orbiter,
ell aligned radially and ∼ 3500 Earth radii upstream of Earth. At
olar Orbiter, no shocklets are found, making it possible to study the
nvironment in which upstream wave steepening happened. 

This paper is organized as follows: Section 2 presents the space-
raft data products employed in this work (Section 2.1 ) and the
echniques used for shock parameter estimation and shocklet char-
cterization (Section 2.2 ); the spacecraft observations are presented
n Section 3 , with an o v erview of the event shown in Section 3.1 ; the
etailed shocklet observations are presented in Section 3.2 , and the
ulti-spacecraft observations of such structures are then presented

n Section 3.3 ; this paper ends with the conclusions reported in
ection 4 . 

 DATA  A N D  M E T H O D S  

.1 In situ measurements 

hroughout this study, magnetic field and plasma data from several
pacecraft have been used. At Solar Orbiter, the magnetic field has
een measured with a resolution of 64 vectors/s by the flux-gate
agnetometer MAG (Horbury et al. 2020 ), while ion bulk flow,

ensity, and temperature are the ground computed plasma moments
easured by the Solar Wind Analyser (SWA) suite (Owen et al.

020 ), with a 4-s resolution. 
For the Wind data shown (Wilson et al. 2021 ), the magnetic

eld is measured using the Wind Magnetic Field Investigation
MFI), at a resolution of 11 vectors/s (Lepping et al. 1995 ), and
he ion moments are obtained using the Wind Three-Dimensional
lasma and Energetic Particle Investigation (3DP) instrument at 3-s
esolution (Lin et al. 1995 ). The measurements obtained with the
DP instrument are consistent with those obtained with the Solar
ind Experiment instrument (Ogilvie et al. 1995 ). A collection

f other spacecraft has been used near Earth, in particular: the
dvanced Composition Explorer (ACE) magnetic field experiment

t 1-s resolution (Smith et al. 1998 ), the Deep Space Climate
bservatory (DSCOVR) magnetometer at 1-s resolution (Szabo

t al. 2016 ), and the THEMIS B and C Flux Gate Magnetometer
FGM; Auster et al. 2008 ) and electrostatic analyser (ESA McFadden
t al. 2008 ) at 4-s resolution. The high resolution provided by
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Table 1. Shock arri v al time and parameters computed for different spacecraft. 

Spacecraft GSE position ( R E ) Shock time ( UT ) 〈 ̂ n GSE 〉 〈 θBn 〉 ( ◦) 〈 r B 〉 〈 r〉 〈 v sh 〉 βup M fms M A 

Solar Orbiter [3482.9, 283.9. −744.8] 14:04:26 [ −0.51, 0.49, −0.71] 45.3 2.62 1.47 691.8 0.5 5.5 6.2 
Wind [196.5, 14.3, −10.5] 19:35:01 [ −0.87, −0.04, −0.49] 33.1 3.10 5.15 768.8 0.4 5.3 5.6 
ACE [230.9, −40.0, 12.49] 19:24:05 [ −0.67, 0.33, −0.66] 9.6 1.93 − – – – –
DSCOVR [240.2, 30.9, 25.5] 19:24:50 [ −0.67, 0.03, −0.74] 13.3 2.83 – – – – –
THB [52.9, −12.8, 2.8] 19:43:20 [ −0.79, −0.01, −0.61] 50.1 2.06 2.93 625.9 – – 5.8 
THC [54.7, −15.7, 2.9] 19:43:30 [ −0.79, 0.01, −0.61] 64 1.2 1.54 686.1 – – 6.4 

Notes . The parameters shown are (left to right): shock normal vector, θBn , magnetic compression ratio r B , gas compression ratio r , shock speed v sh , 
upstream plasma beta βup , fast magnetosonic and Alfv ́enic Mach numbers ( M fms and M A , respectively). The shock normals are shown in the GSE frame 
of reference, with θBn expressed in degrees. The shock speed v sh in the spacecraft frame is expressed in km s −1 and it is aligned to the shock normal. 

W  

l
b

2

T  

t  

f  

w
h  

c
u  

c
s
p
p  

s
i
o
a
h
e
a  

F
s
s
(

c  

b  

k
T  

m
d  

a
t
b
k  

s
 

d
v
a
f  

f
t
f

3

3

O  

S  

s  

k  

A

c
a
a
e  

a  

t
S
w  

s  

a  

O  

r
 

s
S
(  

b  

r  

t  

i
 

s  

S  

d
t
a  

s  

f  

d  

n  

B  

i
e  

e  

e

t  

i  

T  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/520/1/437/6987295 by Turun kauppakorkeakoulun kirjasto user on 24 February 2023
ind data has been used to investigate the fine details of shock-
ets (including their high-frequency wave precursors), as discussed 
elow. 

.2 Shock parameter estimation and shocklet characterization 

he shock normal (and therefore the θBn ) estimation is done using
he Mixed Mode 3 method (MX3; see Paschmann & Schwartz 2000 )
or Solar Orbiter, Wind and THEMIS B and C. The results obtained
ith the other mixed modes are compatible with the ones shown 
ere. When plasma data for the event is not available (as in the
ase of DSCOVR and ACE), the magnetic coplanarity method is 
sed to determine the shock normal vector. The shock speed is
omputed through the mass flux conservation, and it is along the 
hock normal, in the spacecraft frame. Such techniques for shock 
arameter estimation have been extensively used and discussed in 
re vious literature (e.g. Kov al & Szabo 2008 ). Given the nature of
uch techniques, care has been taken to choose appropriate time 
ntervals to define upstream and downstream of the shock at each 
bservation. For all the parameters computed and presented here, the 
veraging 〈〉 indicates that dif ferent upstream/do wnstream windo ws 
ave been used systematically, to make sure that the parameters 
stimation is robust. Here, we used a range of upstream/downstream 

veraging windows lasting in a range between ∼30 s and 5 min.
urther information about the properties and importance of this 
ystematic way of computing shock parameters starting from a 
ingle spacecraft crossing signal can be found in Trotta et al. 
 2022a ). 

A summary of the parameters estimated for each spacecraft 
rossing can be found in Table 1 . As it will be discussed in detail
elow, the shock appears to have an unusually high Mach number, a
ey property to address its behaviour. Furthermore, with reference to 
able 1 , we note that the parameter estimation at THB and THC is the
ost sensitive to the choice of upstream and downstream windows, 

ue to the strong structuring of the shock transition and the resolution
vailable for the measurements. The parameter estimation involving 
emperature measurements for the THEMIS B and C spacecraft have 
een discarded here, due to the fact that such measurements are 
nown to o v erestimate ion temperature in the solar wind, when the
pacecraft are in magnetospheric mode. 

Another important part of the methods used in this work has to
o with shocklet identification. Here, shocklets are identified by 
isual inspection as steep enhancements of magnetic field with 
n upstream sharp leading edge followed by a slower relaxation, 
ollowing the definition in Wilson ( 2016 ). In the absence of a more
ormal definition of shocklet structure accepted by the literature, 
hroughout this work, we identify them by visual inspection, looking 
or the features discussed abo v e (see Section 1 ). 
 SPA  C E C R A F T  OBSER  VAT I O N S  

.1 Ev ent Ov er view 

n 3 No v ember 2021, a f ast-forw ard, CME-driven IP shock reached
olar Orbiter. Later on, the shock was observed by several other
pacecraft near the Earth. Table 1 shows the shock arri v al time and
ey parameters as observed by the Solar Orbiter , W ind, DSCOVR,
CE, THEMIS B, and THEMIS C (columns). 
Given the large number of satellites observing this shock, we 

hecked if the high shock speeds computed using local upstream 

nd downstream averaging windows and the mass flux algorithm 

re compatible with multiple spacecraft timing techniques. To this 
nd, the shock speed was estimated using the local shock normals
nd using a two-spacecraft timing, as well as with a four-spacecraft
iming technique using the near-Earth spacecraft (see Paschmann & 

chwartz 2000 , for details). These estimations are compatible with 
hat we found using the mass flux algorithm, but yield to a large

pread of values with 450 � v sh � 1100 km s −1 , suggesting that the
ssumption of shock planarity may not be well suited for this event.
ther effects responsible for this large spread of values may be

elated to rotation, curvature, and mass-loading effects. 
The top panel of Fig. 1 shows an o v erview of the Sun–Earth

ystem, including the position of Solar Orbiter, obtained using the 
olar MAgnetic Connection HAUS tool (Solar-MACH) software 
Gieseler 2022 ). Here, the dashed lines show the radial connection
etween Solar Orbiter (the Earth) and the Sun, while the solid lines
epresent the connections through the Parker spiral. It can be noted
hat Solar Orbiter is well radially-aligned to Earth (and L1), making
t a rele v ant configuration for multi-spacecraft studies. 

This interesting alignment has been put in the context on the IP
hock passage in the bottom panel of Fig. 1 . Here, the positions of
olar Orbiter , W ind, THEMIS B, and ACE are shown in the three-
imensional space in GSE coordinates (diamonds). Superimposed 
o the spacecraft position are the shock normal vectors, computed 
s described in Section 2.2 . The dark arrows represent the average
hock normal vectors. It is possible to note that the normals computed
or the spacecraft at L1 have some degree of fluctuation, probably
ue to shock front irregularities, a typical feature of high Mach
umber, super-critical shocks (e.g. Johlander et al. 2016 ; Trotta &
urgess 2018 ; Kajdi ̌c et al. 2019 ; Preisser et al. 2020 ). Shock front

rregularities may also be induced by pre-existing turbulence, as 
lucidated by recent studies (Guo, Giacalone & Zhao 2021 ; Trotta
t al. 2021 , 2022b ; Nakanotani, Zank & Zhao 2022 ). The parameter
stimation in Table 1 is consistent with such irregularities. 

To further characterize the strong variability of this shock transi- 
ion, we studied the angle between the magnetic field and plasma flow
n the spacecraft reference frame in the shock upstream, 〈 θUB 〉 Upstream 

.
his parameter is an indicator of the shock behaviour, as quasi-
MNRAS 520, 437–445 (2023) 
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M

Figure 1. Top panel: Spacecraft configuration at 14:00 on 3 No v ember 
2021. The Sun is at the centre of the plot, with radial and magnetic field 
connections to Solar Orbiter and Earth represented by dotted and solid lines, 
respectiv ely. Bottom panel: three-dimensional o v erview of the Solar Orbiter, 
W ind, THEMIS B, and A CE spacecraft relative positions (points). Earth 
is located in (0,0,0). Superimposed are the shock normals computed using 
dif ferent averaging windo ws for each spacecraft, and their mean (light and 
dark arrows, respectively). 
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arallel flow of solar wind facilitates ion–ion counter streaming in-
tabilities which lead to the formation of shocklets. Using averaging
indows between 5 and 20 min in the immediate shock upstream (up

o 30 s before the shock crossing), we found 〈 θUB 〉 Upstream 

to be of 68 ◦

t Solar Orbiter, while 〈 θUB 〉 Upstream 

∼ 38 ◦ at Wind. This difference
mplies that ion–ion streaming instabilities are fa v oured at Wind, an
mportant ingredient for shocklets formation. 

Fig. 2 shows the in situ observations of the 3 No v ember IP shock as
een by Solar Orbiter (left-hand panel) and Wind (right-hand panel).
s shown in Table 1 , the observed shock parameters indicate that we

re in presence of a shock with a θBn that has strong local variations
9 � θBn � 64). The shock has unusually high Mach numbers ( M fms 

5, M A ∼ 6) with respect to other IP shocks (see Kilpua et al. 2015 ,
or example). 

The IP shock crossed the Wind spacecraft around 19:35. For this
rossing, the local estimation of the shock normal vector using mag-
etic coplanarity and mixed modes are all consistent, and indicate a
o w θBn v alue (of about 33 ◦). These Wind observ ations are sho wn
n the right hand side panels of Fig. 2 . The magnetic field observed
y Wind shows v ery e xtended structuring o v er a broad range of
cales both upstream and downstream, consistent with the quasi-
arallel geometry inferred for the shock (e.g. Blanco-Cano et al.
016 ). The fast magnetosonic and Alfv ́enic Mach numbers are high
NRAS 520, 437–445 (2023) 
lso at Wind (5.3 and 5.6, respectiv ely). F or this event, we observe
 very small value for the upstream proton density (about 2 particles
er cm 

−3 , a value consistent for both the 3DP and SWE experiment
n-board the spacecraft), with the gas compression ratio exceeding
he MHD limiting value of 4 (with 〈 r 〉 ∼ 5.15). An extended range
f fluctuations is also observed for the plasma moments, as expected
or this strong shock. The ion density and temperature increase
harply upon the shock arri v al, and are modulated by the large-
cale downstream fluctuations. At Wind, temperature is much higher
han at Solar Orbiter, and vice-versa for the density. This feature is
nteresting, especially as the spacecraft are well-aligned radially. To
nvestigate the reasons for such a behaviour is beyond the scope here
nd will be object of further investigation. 

The IP shock had crossed Solar Orbiter at 14:04 of the same day.
he o v erview plot on the left-hand side of Fig. 2 sho ws se veral

nteresting features. First of all, the magnetic field upstream of the
hock reveals structuring over a broad range of frequencies, as we
iscuss in detail below. Particularly interesting is the discontinuity
bserved at around 12:30, associated with a slight increase of ion
emperature upstream of the shock, and possibly a pre-conditioning
f the incoming particle population. Another interesting feature of
his IP shock crossing is related to the ion density increase observed
y Solar Orbiter, which is not sharply rising at the time corresponding
o the shock arri v al, but instead grows smoothly deeper downstream,
ielding a small value for the local (i.e. using averaging windows of
rder of 1-min duration) e v aluation of the gas compression ratio 〈 r 〉 ∼
.47, while the magnetic compression ratio is larger (( 〈 r B 〉 ∼ 2.62).
ompression ratios show significant variations at each spacecraft,
onsistent with the high level of fluctuations observed for this shock.
inally, we note that the ion temperature increase observed at Solar
rbiter is rather small, with the temperature starting to rise a few
inutes before the shock passage, probably due to shock-produced

eflected particles injected upstream. Further properties of the shock,
ncluding the flux rope identified (not shown here) in the immediate
hock downstream (and seen deeper in the shock downstream at

ind; not shown), are also interesting but beyond the scope of this
aper. 

.2 Shocklets at Wind 

n this section, the details of upstream shocklets are addressed using
he Wind data that have the highest cadence in magnetic field and
lasma available data among the spacecraft that observe upstream
hocklets. The 30-min upstream of the IP shock observed by Wind are
haracterized by the presence of several shocklets. Such structures
an be clearly observed in the top panel of Fig. 3 , and are often
ssociated with high-frequency wave trains upstream their leading
dges, as shown in Fig. 4 . The most evident shocklets have been
ighlighted in Fig. 3 with orange-shaded panels. 
In panel (b) of Fig. 3 , we show the proton bulk flow speed along

he shock normal, in the shock frame U 

sh 
n ≡ U · ˆ n − v sh . We observe

hat the shocklets are associated with an ef fecti ve deceleration of
he upstream plasma, as it can be seen from the spikes in U 

sh 
n (the

learest of them is highlighted by the black arrows in Fig. 3 ). The
oise level is higher for the proton density and temperature signals
panels c–d); ho we ver, it is possible to see that plasma compression
nd heating associated with shocklets is resolved for some of them. 

Upstream shocklets are further investigated in Fig. 4 . Here, we
how two examples of such structures in the shock upstream and
ighlight their details. These shocklets are highlighted by the black
rrows in the o v erview Fig. 3 . P anels (a) and (b) of the Figure show
ooms o v er ∼ 8-min intervals of magnetic field magnitude and
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Figure 2. Magnetic field magnitude and components, ground-computed ion bulk flow speed, ion density, ion temperature (top to bottom) for the IP shock 
observed first by Solar Orbiter (left-hand panel) and later by Wind (right-hand panel). 

Figure 3. The shock upstream observed by the Wind spacecraft. From top 
to bottom: magnetic field magnitude (black) and its components in the GSE 

coordinate system (colors), ion bulk flow speed normal to the shock, in the 
shock rest frame, proton density, and temperature observed by the Wind- 
3DP instrument. The arrows mark the upstream proton bulk flow speed 
deceleration correspondent to two of the most clear shocklets, discussed 
in detail in Fig. 4 . The dashed magenta line marks the shock arri v al. 
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omponents (solid lines) around two shocklets. The vertical red line 
arks the upper half of the leading edge of the shocklet. We can

ee important differences between the Shocklet 1 and Shocklet 2. 
irst of all, Shocklet 2 has a much sharper leading edge (with a
ise time, i.e. the time between the backgorund upstream magnetic 
eld value and its peak, of about 4 s), and shows strong structuring,

ncluding a well-developed high-frequency wave train in the shocklet 
pstream and an o v ershoot/unsdershoot feature (immediately after 
he red line in Fig. 4 b) in the relaxation phase. On the other hand,
hocklet 1 is characterized by a a larger rise time ( ∼ 10 s) and

ess prominent structuring, with shorter high-frequenc y wav e packet 
pstream and a smoother relaxation phase ( ∼ 90 s). We infer that,
ince Shocklet 1 is upstream of Shocklet 2, the former is still in
he early phase of the process of steepening, and Shocklet 2 has
volved further. Such a consideration about the different stages in 
he structures’ evolution, considering the fact that they are observed 
o be extremely close to each other ( ∼ 10 min, corresponding to
bout 30 proton cyclotron times T cp ≡ 1/ f cp , where f cp is the proton
 yclotron frequenc y computed using the mean value for the upstream
agnetic field of 3 nT) highlights their transient nature. 
The high-frequenc y wav e precursors hav e been highlighted with

he green shaded areas in panels (a) and (b) of Fig. 4 . To further
nvestigate the nature of these precursors, we performed a Minimum 

ariance Analysis (MVA; Paschmann & Schwartz 2000 ) o v er the
ighlighted intervals. In these intervals, the intermediate to minimum 

igenvalue ratio λ2 / λ3 for the MVA matrix is large, with λ2 /λ3 ∼
5 , 65 for Shocklet 1 and 2, respectively. A larger value of these
atios can be achieved filtering the data (Wilson et al. 2017 ). The
agnetic field components are projected to the minimum variance 

rame and shown in panels (c)–(e) of Fig. 4 . Here, it can be seen
hat the waves in the precursor have periods of about 2 s. Finally,
anels (d)–(f) of the figure show hodograms for the intermediate and
aximum variance magnetic field, showing that they are circularly 

ight-hand polarized in the spacecraft frame. This is expected for 
histler wave modes, and it is indicative of the dispersive nature
f shocklets, consistent with other studies (e.g. Hoppe et al. 1981 ;
ilson et al. 2009 ). Note that these modes are often seen as left-

anded in the terrestrial foreshock since they are trying to propagate
gainst the solar wind in the spacecraft/shock frame. In contrast, 
hey are propagating with the solar wind here; thus, they retain their
ntrinsic polarization. 
MNRAS 520, 437–445 (2023) 
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Figure 4. Panels (a)–(b): detailed view of the magnetic field around the upstream shocklets, identified by the vertical red line. The green shaded area indicates 
the whistler precursor. Panels (c)–(e): magnetic field components in the green shaded area, rotated to the minimum variance frame. Panels (d)–(f): magnetic 
field hodogram computed o v er the same time window, with the mean field and the MVA normal directions highlighted in the top and bottom left part of the plot, 
respectively. 
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.3 Multi-spacecraft obser v ations of shocklets 

fter a detailed characterization of the shocklets observed by the
ind spacecraft, we address the spatial and temporal behaviour

f them using the other nearby spacecraft. Fig. 5 (left-hand panel)
isplays the magnetic field measurements of 5 spacecraft: ACE,
SCOVR, Wind, THEMIS-B, and THEMIS-C, respectively. All the

pacecraft observe the IP shock passage (the times of crossing are
eported in Table 1 ). The shocklet field, i.e. the portion of shock
pstream filled with shocklets, is highlighted by the green shaded
oxes. Here, it is possible to see that shocklet fields have been
imultaneously observed at ACE, DSCOVR, and Wind, where the
rst two are upstream of Wind. It should be noted that, during the
ay analysed here, THEMIS B an C crossed the lunar w ak e (at times
round 6 a.m. and 6 p.m., respectively). The grey shaded panel in
ig. 5 shows a portion of data from THEMIS C that may still be
ffected by the lunar w ak e. 

To better understand the features of the upstream magnetic field
or each L1 spacecraft, the measurements have been shifted in Fig. 5
right-hand panel) such that the shock arri v al is time is the same for
ach spacecraft (i.e. for each time-series, the transformation t Wind =
 + t Shift , where t Shift is the difference between the shock arrival time
t each spacecraft and the shock arri v al time at Wind). The vertical
agenta line marks the shock transition time. The green shaded

reas, show the shock upstream portion in which shocklets are
bserved. The shading scheme in the right-hand column is the same
s the left-hand column of Fig. 5 . The extent of these shocklet-filled
ortions of the shock upstream varies from ∼ 8 to ∼ 25 min. As it is
vident from Fig. 5 , shocklets appear to be persistent in the upstream
pon its arri v al at L1, but the finer details of their observations
re extremely variable, possibly due to the rather small spatial and
emporal scales (with respect to the inter spacecraft separations)
haracterizing the shocklets. 
NRAS 520, 437–445 (2023) 
It is worth noting another feature visible in the shock upstream
n Fig. 5 , namely the magnetic field structure seen around 18:55 at

ind, present also in the DSCOVR and ACE time-series (see the
lue shaded box in Fig. 5 ). The structure is characterized by a rise
n field magnitude and a sharp change in the y –z components of the
agnetic field. We note that no high-frequency precursor is observed

ere. As we can see in the Wind temperature profile in Fig. 3 , this
tructure is also associated with a pre-heating of the incoming plasma.
e speculate that the structure is probably a pre-existent solar wind

eature ahead of the IP shock, due to the presence of another structure
pstream of the shocklet field, visible between 19:05 and 19:12
ind time at Wind and 19:10 to 19:25 Wind time at DSCOVR and

ighlighted by the purple panels in Fig. 5 . Furthermore, the average
eld direction downstream of the structure suggests that it is not
onnected to the portion of the shock front observed by DSCOVR and
ind. A very interesting behaviour noted for such a structure is that

t has a shorter duration at Wind, compared to DSCOVR, possibly an
ffect due to the fact that Wind is below the ecliptic plane (see the x –z

lane in Fig. 6 ). Another explanation for this shorter duration is that it
s due to a compression for which the shocklet field, likely populated
ith energetic particles, is responsible. Another explanation for this

hortening could be related to the three-dimensional nature of the
tructure and the direction at which Wind and DSCOVR are crossing
t. Such speculation need corroboration coming from particle data,
ut of scope for this work. 
These simultaneous observations of upstream shocklets provide

nvaluable insights about their behaviour. First of all, combining the
ime-series observations with the spacecraft locations, it is possible
o infer a size for the portion of space filled with shocklets, thus
elating the information obtained from the time-series to a spatial
nformation. Assuming a solar wind speed of 500 km s −1 (moti v ated
y the Wind observations reported in Fig. 2 ), the L1 observations
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Figure 5. Left-hand panel: magnetic field o v erview of the shock arrival at several satellites around L1. From top to bottom are shown ACE, DSCOVR, Wind, 
THB, and THC. The magenta line marks the shock crossing time for each spacecraft. The green shaded boxes mark the shocklets filled shock upstream, and 
the duration of such intervals is specified on each box. The grey shaded box represents a portion of THEMIS C data stream that may be affected by the lunar 
w ak e. The orange and blue boxes indicate structures seen at multiple spacecraft discussed below. Right-hand panel: same as the left-hand panels, but where the 
observation time has been shifted such that the shock crossing time at each spacecraft corresponds to the time at which the IP shock crosses the Wind spacecraft. 
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eported in Fig. 5 have been used to assess the spatial portion of the
P shock upstream where shocklets are present. 

Such an information is shown in the top two panels of Fig. 6 .
ere, the spacecraft positions at the time of the shock arri v al at
ind are displayed in the x –y and x–z planes of the GSE coordinate

ystem, together with the spatial region in which shocklets are 
bserved (green shaded areas). The configuration is such that ACE 

nd DSCOVR are the two most upstream satellites, THEMIS B and 
 are the two most downstream spacecraft. In Fig. 6 , it is possible to
bserve the larger spread in the y -direction than the z-direction for
he spacecraft group. Finally, the bottom panel of the Figure shows
 three-dimensional o v erview of the spacecraft fleet in the GSE
oordinate system, with the green shaded cylinders highlighting the 
hocklet field. 

Neglecting shock curvature effects and considering the times 
n which DSCOVR and ACE simultaneously observe upstream 

hocklets, a lower limit for the extent of the shock front interacting
ith the upstream shocklets is about 71 R E (corresponding to ∼ 2200 
roton skin depths d p using the average proton density upstream 

f Wind) in the x –y plane of the GSE coordinate system and 40 R E 

 ∼ 406 d p ) in the x –z plane, larger than the portion of the Earth’s
ow shock interacting with shocklets, being at most 30 R E (e.g. von
lfthan et al. 2014 ). With the same approach, we estimate a length

or the upstream portion of space filled with shocklets using Wind 
bservations. Again, assuming a solar wind speed of 500 km s –1 , the
ength of the upstream region filled the shocklets is at least 110 R E 

 ∼ 3500 d p ) long for the shock observed by Wind. Furthermore, the
bo v e results were projected in the shock normal frame using the
hock normal vector computed at Wind, revealing that the shocklet 
O  
eld extends about 106 R E along the shock normal and 25 R E along
he other two transverse directions. 

 C O N C L U S I O N S  

n this work, we studied the interesting behaviour of a CME-driven IP
hock observed near the Earth by ACE, DSCOVR, Wind, THEMIS 

, and THEMIS C (in order of shock arri v al time). We focused on the
hock crossing at Wind, where in situ analyses show that the shock
as quasi-parallel and characterized by high fast magnetosonic and 
lfvenic Mach numbers, unusual for IP shocks. These parameters 

re consistent with the ones observed for the shock crossings at the
ther spacecraft (see Table 1 ). Upstream of this strong shock, we
eport very rare observations of shocklets, i.e. steep enhancements 
f magnetic field magnitude, with a typical time asymmetry between 
he rise and relaxation of the magnetic field signal. Using the Wind
DP instrument, the presence of shocklets has been linked to an
f fecti ve deceleration of the upstream plasma in the shock normal
irection, thus highlighting their important role in pre-conditioning 
he incoming plasma for the shock transition. Performing a closer 
nalysis of the shocklets, precursors of whistler waves have been 
dentified in their upstream, a feature of their dispersive/transient 
ature. We note that the whistler precursor alone has been shown to
ffect the incident plasma (Chen et al. 2018 ; Hull et al. 2020 ; Wilson
t al. 2009 , 2017 ), and it is probably less influential than the entire
hocklet structure, supporting the role of shocklets in the ef fecti ve
re-conditioning of the upstream plasma. 
Earlier in the day, at 14:04, the same shock was observed by Solar

rbiter at 0.81 AU from the Sun. Solar Orbiter was extremely well-
MNRAS 520, 437–445 (2023) 
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Figure 6. Top two panels: spacecraft positions in the GSE coordinate 
systems (diamonds) and portion of their upstream filled with shocklets (green 
arrows). Bottom panel: three-dimensional o v erview of spacecraft positions 
(diamonds). The colored arrows represent magnetic field measurements at 
Wind (blue) and THB (green), centred at the time of shock arri v al at THB. 
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ligned to Earth, making it an excellent proxy to investigate the time
istory of this IP shock. At Solar Orbiter, the shock is estimated
o have an oblique geometry ( θBn ∼45 ◦), and the shock parameter
stimation is consistent with what observed at L1, namely high Mach
umber and shock speed. No shocklets were identified in the shock
pstream at Solar Orbiter, probably due to the higher obliquity of
he shock, together with the fact that the shock crossing happens in
 very structured portion of the solar wind, due to the presence of
agnetic structures both upstream and downstream, associated with

hanges in the plasma parameters. Another important ingredient is
he shock time evolution: It is possible that the shock at Solar orbiter
id not yet produce enough particles for efficient eave steepening
pstream. We speculate that the higher shock obliquity, together
ith the structured nature of the shock upstream, creates unfa v orable

onditions for upstream waves to steepen and grow into shocklet
tructures. 

Ho we ver, observ ations of shocklets at IP shocks are extremely rare,
ith only two other cases reported in previous literature (Lucek &
alogh 1997 ; Wilson et al. 2009 ), probably due to the fact that
sually IP shocks are not as strong as the one observed here, and
hock strength is known to play an important role in the generation
f different upstream ion populations (e.g. Sa v oini & Lemb ̀ege 2015 ).
or these reasons, our focus is on the shocklets observations at L1
nd near-Earth where, for the first time, we use a multi-spacecraft
pproach to study these interesting structures. 

Upstream shocklets have been found at each of the five spacecraft
entioned abo v e. The upstream field filled with shocklets at these
NRAS 520, 437–445 (2023) 
pacecraft highlights again the transient nature of these structures,
ith variable duration at each spacecraft, even in the presence of
bservations so close in time (see Fig. 5 ). The local shock obliquity
stimates for this strong IP shock have a large range (9 ◦ � θBn � 64 ◦),
hile at smaller planetary bow shocks shocklets are associated with
uasi-parallel geometries. This spatial/temporal variation at a large-
cale IP shock can offer an explanation for the previous surprising
bservation of shocklets at a similarly strong IP shock with local
Bn ∼68 ◦ by Wilson et al. ( 2009 ). This spacecraft configuration has
lso been used to address the portion of space filled with shocklets
pstream of the IP shock, an important ingredient to consider
hen addressing several aspects of particle energization and energy

onversion at strong shocks. Using ACE and DSCOVR observations,
 lower limit for such portion of space has been estimated to be
f about 71 R e in the x –y plane and 15 R e in the x–z plane for the
ransverse directions of the GSE coordinate system, and of at least
10 R E along the x GSE direction. These value correspond to about
200, 406, and 3500 d p , using the mean upstream proton density
easured by the Wind spacecraft. 
In a follow-up work, the relation between the presence of shocklets

nd the production of energetic particles away from the shock front,
s well as a characterization of such structures from the point
f view of scattering of suprathermal particles will be addressed,
ooking at the link between shock reflected particle distributions and

echanisms for wave steepening and shocklet formation. Under this
oint of view, it would be very interesting to study other strong
P shock events, that may become more common as we approach
he solar maximum, using the capabilities of modern spacecraft
uch as Solar Orbiter, able to yield high-resolution measurements
f energetic particles. 
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