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[1] In this work we study the waves in regions adjacent to ten interplanetary (IP) shocks
formed by the interactions between interplanetary coronal mass ejections and the solar wind.
We analyze the STEREO data for the years 2007–2010. Shocks in our sample have low
magnetosonic Mach numbers (Mms ≤ 2.3), their criticality ratios range between 0.8 and 2.3
and qBn are between 38� and 85�. We find ultra-low frequency (ULF, 0.01 Hz–0.05 Hz)
waves and higher-frequency (HF, ≥ 1 Hz) whistler precursors upstream of these shocks.
Downstream of them we observe irregular ULF fluctuations and regular HF waves with
similar frequencies as in the upstream case. We find that IP shocks with relatively small
Mms can excite waves in large regions in front of them (2.2 � 10�3 AU–4.6 � 10�3 AU),
thereby forming large ULF wave foreshocks. We do not find any evidence for the
steepening of these waves. We do observe suprathermal (E ≤ 30 keV) proton foreshocks
upstream of some of the shocks in the sample. The extensions of suprathermal proton
foreshocks range between 0.02 AU and 0.1 AU. However, not all foreshocks with
suprathermal ions show ULF waves or vice versa. The extensions of ULF and proton
foreshocks can be very different. Enhanced ULF waves and suprathermal protons can be
observed upstream of local quasi-perpendicular shocks. We propose that the observed
discordance between the shock geometries and the presence of the foreshock phenomena
may be explained in terms of temporal and spatial variations of the local geometry of the
IP shocks.
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1. Introduction

[2] It has long been known that waves can appear in the
regions upstream and downstream of collisionless shocks
[see, e.g., Farris et al., 1993; Blanco-Cano, 2010]. Obser-
vational studies [Fairfield, 1969, 1974; Russell et al., 1971,
1983; Hoppe et al., 1982; Tsurutani et al., 1983] revealed
that various types of waves can exist upstream of such
shocks. The most common types are the ultra-low frequency
(ULF) and whistler waves.

[3] Whistler waves were first observed upstream of the
Earth’s bow shock by Heppner et al. [1967] and Russell
et al. [1971]. In general it was recognized that the whistlers
are formed at the shocks and then they propagate upstream
[Fairfield, 1974; Greenstadt et al., 1981; Orlowski et al.,
1995]. Feldman et al. [1983] and Orlowski et al. [1995]
showed that, in the case of the Earth’s bow shock, there is a
connection between the whistlers and the backstreaming
electrons in the intermediate energy range between 15 eV and
45 eV. Similar conclusions were reached about the whistler
waves observed upstream of IP shocks [Tsurutani et al.,
1983] and of bow shocks around Mercury, Venus and
Saturn [Orlowski et al., 1990, 1992; Orlowski and Russell,
1991, 1995; Russell, 2007]. The whistler waves may be
observed as phase-standing waves that propagate parallel to
the local shock normal, as obliquely propagating upstream
whistler precursors and as wave packets adjacent to the
steepened edges of shocklets. Wilson et al. [2009] observed
whistler waves and shocklets at five quasi-perpendicular
interplanetay shocks. Four of these shocks had non phase-
standing whistler precursors just upstream of them. The
authors find that the observed whistlers were associated with
electron distributions that are unstable to whistler heat flux
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and/or whistler anisotropy instabilities. They explain the
origin of the waves in terms of these instabilities.
[4] Another type of fluctuations are the ULF fluctua-

tions which may appear as 0.01–0.05 Hz transverse, large-
amplitude, elliptically polarized waves or as linearly polar-
ized ULF fluctuations. In the case of planetary bow shocks,
the ULF waves may further steepen into shocklets [Hoppe
et al., 1981; Hoppe and Russell, 1983] and short large-
amplitude magnetic structures (SLAMS) [see, e.g., Schwartz
and Burgess, 1991; Schwartz, 1991; Schwartz et al., 1992;
Giacalone et al., 1993; Scholer, 1993].
[5] Theoretical studies [Biskamp, 1973] also predict down-

stream standing waves but only for nearly perpendicular
low-Mach number shocks (qBn > 88.5�). In contrast to the
theoretical predictions, wave trains were observed down-
stream of low-Mach number, low-b, quasi-perpendicular
shocks near Venus [Balikhin et al., 2008]. This was explained
in terms of kinematic relaxation [Ofman et al., 2009].
[6] Recently Russell et al. [2009] performed a study of

60 IP low-Mach number shocks observed by STEREO. Most
of the shocks studied in this work were driven by stream
interactions. Waves in the upstream and downstream regions
of the shocks were observed for a wide range of interplane-
tary conditions.
[7] Collisionless shocks in the solar wind (SW) occur

when fast interplanetary coronal mass ejections (ICMEs)
interact with the ambient SW or when fast streams of solar
wind plasma overtake the slow ones. If the difference in
speeds between the two interacting plasmas is large enough
(super-magnetosonic), the interplanetary (IP) shocks form.
Energetic particles and ULF perturbations of the interplan-
etary magnetic field (IMF) are often detected several hours
before the shocks. In the past most studies focused on the
macro-structure of transient shocks, while less attention was
given to their micro-structure and the wave-particle phe-
nomena associated with them (see Blanco-Cano [2010] for a
review on shocks in the SW). Little is known about the
properties of the waves that populate regions adjacent to the
shock transitions and there are still open questions about
how much steepening of the ULF waves occurs at IP shocks
and how extended the regions of suprathermal ions are.
[8] In this work we perform a survey of ICME driven IP

shocks observed by STEREO spacecraft during the years
2007–2010 in order to study the waves that appear in their
upstream and downstream regions. We focus on the effects
that the ICME driven shocks have on the ambient SW. We
study the waves around shocks formed due to the interaction
between the ICMEs and the solar wind plasma. Ten shocks
satisfying the selection criteria were found. We use STEREO

B-field data at high resolution (8 Hz and 32 Hz) and plasma
data at 1-minute time resolution.
[9] This paper is organized as follows: in section 2 we

present our event sample and discuss three shocks in detail.
In section 3 we discuss the results, in section 4 we present
the conclusions and in section 5 we summarize our results.

2. Observations

[10] The list of all ICMEs and IP shocks observed by the
STEREO spacecraft is available at the STEREO Web page
(http://wwwssc.igpp.ucla.edu/forms/stereo/stereo_level_3.html).
In order to study IP shocks and the adjacent regions, we use
the magnetic field data provided by the IMPACT instrument
[Luhmann et al., 2008a, 2008b] and the plasma data provided
by the PLASTIC instrument [Galvin et al., 2008]. The
B-field data are available in three modes—in the con-
tinuous modes with 1 Hz and 8 Hz time resolutions and in the
burst mode with 32 Hz resolution. The data in 32 Hz reso-
lution are available only for short, selected time intervals. The
PLASTIC instrument operates with 1 minute time resolution,
providing measurements of solar wind moments.
[11] During the years 2007–2010 the STEREO spacecraft

observed ten ICMEs with IP shocks. We present their
properties in Table 1. The columns of the table provide the
following data: (1) the date and time at which the ICME was
first detected, (2) the date and time at which the ICME
ended, (3) the STEREO spacecraft (A or B) that observed
the ICME (the November 19, 2007 ICME was observed
by both spacecraft, but its shock was observed only by
STEREO B), (4) the average SW speed during a five minute
time interval prior to the associated IP shock, (5) the maxi-
mum velocity of the ICME and (6) the type of ICME if it
could be determined (MC stands for magnetic cloud). The
criteria used to determine if the ICME was a MC were:
(1) the B-field magnitude inside a CME had to be larger than
in the unperturbed SW, (2) the plasma beta had to be lower
than in the surrounding SW and (3) smooth rotations of the
B-field components had to be present inside the event.
[12] Table 2 provides information on the shocks and

associated usptream/downstream regions. In this table we
provide (1) the date of the IP shocks, (2) the time at which
they were detected, (3) the information on 32 Hz data avail-
ability, (4) the angle between the upstream IMF and the
shock normal, qBn (the shocks are listed in order of des-
cending qBn), (5) the angle between the shock normal and the
radial direction, qnR, (6) the shock’s magnetosonic Mach
number (Mms), (7) the ratio between the shock’s Mms number
and the critical Mach number (calculated with the XSPACE

Table 1. Properties of ICMEs in Our Sample

ICME Start (UT) ICME End (UT) Spacecraft STEREO VSW (km s�1) VICME (km s�1) ICME Type

Jun 7, 2010 22:21 Jun 8, 2010 12:30 B 330 360
Apr 23, 2010 06:27 Apr 23, 2010 14:06 A 370 420 MC
Jun 19, 2009 07:40 Jun 20, 2009 10:00 B 280 380 MC
Jan 25, 2009 18:22 Jan 27, 2009 10:00 A 350 410 MC
Nov 20, 2010 06:34 Nov 21, 2010 09:10 B 420 500 MC
Apr 29, 2008 15:34 Apr 30, 2007 07:00 B 410 600 MC
Aug 6, 2009 04:39 Aug 7, 2009 05:24 B 360 550 MC
Jul 5, 2008 06:34 Jul 7, 2008 18:00 A 290 400 MC
Oct 16, 2009 21:35 Oct 17, 2009 22:16 A 300 400 MC
Oct 3, 2009 05:48 Oct 4, 2009 04:32 B 260 350 MC
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program, available at the UCLA IGPP Web page, http://
www-ssc.igpp.ucla.edu/ssc/software/xspace.html), (8) the
upstream betas, (9) through (12) the information on whether
enhancedULF or high-frequency (HF)waves appear upstream
or downstream of the shocks, (13) the extent of the region
upstream with enhanced ULF waves as observed by the
spacecraft and (14) the extent of the region of enhanced HF
waves, (15) the extent of the suprathermal (E > 1 keV) pro-
tons foreshock in the data of the PLASTIC instrument. The
PLASTIC data are available on the Web page http://fiji.sr.
unh.edu/cgi-bin/wap_bfield_public.cgi/.
[13] In order to obtain qBn and qnR, we use the STEREO

Magnetometer Data to calculate the orientation of the
shock’s normal in the RTN system by using the coplanarity
theorem. We also calculate the average plasma properties
upstream and downstream of the shocks (SW velocity, b, T
and n). We then calculate the shock’s Mms and the ratio of
criticality with the XSPACE program (C. T. Russell et al.,
Educational software for the visualization of space plasma
processes, 1999, available at http://www-ssc.igpp.ucla.edu/
ssc/spgroup_edu.html).
[14] Three shocks are presented here in detail as case

studies. These were observed on August 5, 2009 (Figure 2),
June 19, 2009 (Figure 7), and October 2, 2009 (Figure 10).
The first two are quasi-perpendicular shocks (qBn > 45�),
while the latter is a quasi-parallel IP shock.

2.1. Case Studies

[15] In this section we present three ICMEs and their
associated shocks. These events were chosen for the fol-
lowing reasons: the shock observed on August 5, 2009 is
quasi-perpendicular (qBn = 54�), but there is an extended
ULF wave foreshock upstream of it, which, in the case of
the Earth’s bow shock, is a characteristic of quasi-parallel
geometries. Also, no suprathermal protons are associated
with this foreshock, which is unexpected, since in the case of
the Earth’s bow shock, the ULF wave and the suprathermal
ion foreshocks coincide almost completely. The shock
observed on June 19, 2009 exhibits regular downstream
fluctuations similar to those discovered by Balikhin et al.
[2008] in the bow-shock of Venus. In the case of IP shocks
these fluctuations have been observed only by Russell et al.
[2009] for SIR driven shocks. Finally, the October 2, 2009
event is the only quasi-parallel shock in our sample, with
large ULF wave and suprathermal proton foreshocks.
[16] The B-field and SW velocity measured by STEREO

at the time of each event are presented in Figure 1. The

dashed vertical lines in all panels delimit the ICME’s flux
ropes and the dash-dotted vertical lines mark the times of
the shocks.
[17] The first ICME (Figure 1a) was observed between

August 6 4:39 UT and August 7 5:24 UT, 2009 by STEREO
B. The preceding pristine SW velocity was 360 km s�1 and
the maximum velocity of the ICME was 550 km s�1. This
ICME was classified as a MC due to the smooth rotation of
the B-field components, the enhanced magnetic field mag-
nitude and low plasma beta (not shown here). The duration
of the shock sheath region transit through the spacecraft
was �6 hours.
[18] The second is an ICME which was observed between

June 19 7:40 UT and June 20 10:00 UT, 2009 by STEREO
B (Figure 1b). The velocity of the SW prior to the arrival of
the associated shock was 280 km s�1, while the maximum
velocity of the ICME was 380 kms�1. Again, the ICME
exhibits smooth B-field rotations, enhanced magnetic field
magnitude and low plasma beta, and is therefore classified as
a MC. The shock sheath region was observed during 5 hours.
[19] Figure 1c shows an ICME observed by STEREO B

during October 03 05:48 UT, 2009 and Oct 04, 04:32 UT,
2009. The plasma velocity prior to the ICME driven IP
shock was 260 km s�1 and the maximum velocity of the
ICME was 350 km s�1. This ICME was also a MC. The
shock sheath region was observed for �10 hours.
[20] All three shock sheath regions are characterized by

large fluctuations of magnetic field, including large-amplitude
rotations of the field.
[21] In the following sections we present the shocks

associated with these ICMEs and their adjacent regions. The
magnetic field data are presented in the corresponding shock-
normal coordinate system. In this system the Bn component
of the B-field points along the shock normal, Bl is parallel to
the projection of the upstream IMF onto the plane of the
shock and Bm completes the right-hand system.
[22] The advantage of presenting the shock transition in

the shock-normal coordinate system is that one can see the
Rankine-Hugoniot relations being satisfied at the shock—
the average Bn component of the B-field does not change
across the shock, although small oscillations are still present.
The Bl changes in almost the same manner as the B-field
intensity and the Bm oscillates around zero. Also, in this
system it is easier to recognize standing whistler precursors
that are sometimes observed upstream of the low-Mach
number, low-beta shocks [see, e.g., Fairfield and Feldman,
1975]. These waves only appear in Bl and Bm

Table 2. ICME Driven IP Shocks Observed Between the Years 2007 and 2010

Date
Time
(UT)

32 Hz
Data

qBn
(deg)

qnR
(deg) Mms

Criticality
Ratio bup

ULF
Waves HF Waves

ULF Foreshock
Size (10�3 AU)

HF Foreshock
Size (10�3 AU)

Suprathermal
Ions (AU)Up Down Up Down

Jun 7, 2010 04:08:50 y 85 33 1.7 1.7 3.2 n y y y 0.002 0.04
Apr 23, 2010 00:34:37 n 77 83 1.3 1.1 2.8 n n y y 2.5 0.10
Jun 19, 2009 00:23:34 y 77 12 1.9 1.6 5.9 n n n y 0.02
Jan 25, 2009 18:22:52 y 76 45 1.5 1.2 3.1 n n n n
Nov 19, 2010 20:26:00 n 72 81 1.5 1.1 1.7 n y y y 0.10
Apr 29, 2008 14:10:08 n 68 16 1.8 1.1 1.0 n n y n 0.13 0.06
Aug 5, 2009 22:35:20 y 54 30 1.7 1.5 4.4 y y y n 4.6 0.11
Jul 5, 2008 00:47:54 y 52 60 1.7 1.3 2.1 n n y n 0.22
Oct 16, 2009 14:56:55 y 48 34 1.2 0.8 0.9 n n n n
Oct 2, 2009 15:43 50 y 38 17 2.3 2.3 16.5 y y y n 2.2 0.02 0.06
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Figure 1. ICMEs in the B-field and SW velocity data of STEREO spacecraft observed between
(a) August 5–August 7, 2009, (b) June 19–June 20, 2009 and (c) October 2–October 4, 2009. The vertical
dashed lines mark the beginning and the end of the MCs. The vertical dashed-dotted line and the letter S
mark the times of the shocks. MC stands for magnetic clouds and marks the flux ropes of the ICMEs.
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components of the B-field and propagate along the shock
normal (qnk � 0�). They are circularly polarized and their
periods range from 6 to 130 s.
2.1.1. August 5, 2009 Event
[23] Figure 2a shows the IP shock observed on August 5,

2008 at 22:35:20 UT by STEREO B. Magnetic field data
with 32 Hz time resolution is presented in the figure. This is a
quasi-perpendicular (qBn = 54�), supercritical (Mms/Mc = 1.5)
shock with Mms = 1.7. The ratio Bdown/Bup = 2 and the
upstream beta is 4.4. The magnitude of the field on the top
panel on Figure 2a shows a sharp quasi-perpendicular shock
profile. The shock transition is preceded by HF whistler waves
that extend �42 seconds upstream of the shock. The pre-
cursors are followed by a steep ramp and a pronounced over-
shoot in the B-field magnitude that is �0.4 nT (�7.7%)
higher than that in the downstream region.
[24] The shock transition is shown in detail in Figure 2b,

where it is delimited by dashed vertical lines. The shock
transition (the ramp and the overshoot) is best seen in the
upper panel showing the B-field intensity and in the third
panel from the top, showing the Bl component. The ramp and
the overshoot lasted for 1.4 seconds. Such a short duration of
ICME driven IP shocks in the spacecraft data is due to their
fast propagation across the spacecraft. The high-resolution
32 Hz B-field data allow us to study the structure of such
shocks in more detail than ever before.
[25] An interval upstream of the shock is presented in

Figure 3a. The three panels with the B-field components
show a highly perturbed upstream region, which is unexpected
and more typical of quasi-parallel shocks. There are two type
of fluctuations present in the region—the longer wavelength,
ULF fluctuations that populate the entire time interval and the
HF, low-amplitude whistler waves that extend �42 seconds
upstream of the shock.
[26] Figure 3b shows a Fourier spectra of a portion of the

upstream region close to the shock. There are two distinct
peaks in the spectrum. A broad peak that extends between
the frequencies of �0.05 Hz (periods �20 s) and �0.4 Hz
(2.5 s) belongs to the ULF waves. It can be seen that these

waves exhibit mainly a transverse component. Hodograms
in Figure 3c show that these ULF waves are left-hand
(LH) circularly polarized in the spacecraft frame. The
red +an �signs mark the beginning and the end of the
time series, respectively. The ratio between the intermediate
and minimum variance (Int/Min) is 73 indicating planar
waves. They propagate at an average qBk � 2� with respect
to the average upstream IMF.
[27] Figure 4a displays spectra of the upstream ULF

waves during successive 10-minutes intervals obtained with
the 8 Hz data (only the spectra of the transverse component
are shown). The peak indicating the enhanced ULF wave
activity is present for times up to �30 minutes upstream of
the shock. By multiplying this time interval with the
upstream SW speed (380 km s�1) we obtain a proxy of the
size of this region along the spacecraft’s trajectory to be
4.6 � 10�3 AU. Although the calculated extensions are
influenced by the way the spacecraft passed through the
foreshock, this case still shows that even the IP shocks with
relatively low Mms can perturb large regions ahead of them.
Inspection of the spectra further upstream, up to 00:00 UT
on August 5, 2009, revealed the existence of magnetic field
fluctuations with small relative amplitudes (dB/B ≲ 0.1)
and featureless spectrum, which do not form part of the
ULF wave foreshock.
[28] Figure 4b shows the PLASTIC Wide Angle Partition

(WAP) energy spectrum of protons with energies up to
100 keV for the 24-hours interval on August 5, 2009. The
spectrum shows enhanced flux of protons with energies
≲1 keV starting �3 hours upstream of the shock and during
13:00 UT-15:00 UT. There is no enhanced activity of supra-
thermal (E > 1 keV) ions upstream of the shock.
[29] Figure 5a shows the upstream whistler waves on a

10 second interval adjacent to the shock. The whistlers
appear on all four panels. Their amplitudes are largest in
the Bm component and smallest in B. They appear to form
wave trains with periods of 5 seconds. Their amplitude is
largest in the center of the wave trains and smallest between

Figure 2. The IP shock observed on August 5, 2009. 32 Hz data is used. (a) Four minute time interval
including the shock and the adjacent regions. (b) Closeup of the shock.
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the trains and on average decreases with the distance from the
shock.
[30] The Fourier spectrum in Figure 3b shows that the

whistler waves are quite monochromatic with frequencies

�1.8 Hz. They exhibit transverse and compressive compo-
nents, of which the transverse is stronger. The minimum
variance analysis (MVA, Figure 5b) reveals that they are
circularly LH polarized in the spacecraft’s frame of reference.

Figure 3. (a) Waves upstream of the August 5, 2009 shock. (b) Fourier spectrum of the upstream region.
The arrows indicate the strongest peaks caused by the high-frequency, low amplitude noise that is present
throughout the 32 Hz data. (c) Hodograms of the upstream waves. The plus and cross signs mark the
beginning and the end of the time series.
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They propagate at qBk = 9� with respect to the upstream IMF
and at qnk = 52� with respect to the local shock normal. The
large qnk and the fact that they appear in B and Bn component
indicate that these waves are non-standing whistler pre-
cursors. The total duration of the whistlers was 42 seconds,
which, taking into account the average SW velocity of
377 kms�1, corresponds to �10.6 � 10�5 AU.
[31] It is known [see Russell, 2007] that whistlers with

smaller qBk propagate further upstream from the IP shocks
than those that propagate more obliquely to the upstream
IMF. Here we analyze properties of upstream whistlers at
different distances from the shock and at different locations

within the wave trains. We measure the properties of the
waves (propagation angles, compressibility, polarization)
during small time intervals, several seconds long. These
intervals were chosen carefully so that only whistler proper-
ties were measured and there was no interference from the
larger period (ULF) fluctuations.
[32] In the case of the August 5, 2009 shock we first

measure the properties of the whistlers during 22:34:52-
22:34:54 UT (upstream of the shock) and 22:35:16.5-
22:35:18.5 UT (adjacent to the shock). The measured
quantities were the following: qBk = 7� and 33�, qnk = 54�
and 37�, the ratio Int/Min = 62 and 7 and the polarization was

Figure 4. (a) Successive Fourier spectra of the transverse component of the ULF waves in the upstream
region. (b) PLASTIC WAP energy spectrum of suprathermal protons in the upstream and shock transition
regions.

Figure 5. (a) Whistler waves upstream of the August 5, 2009 shock. The lines mark the wave fronts
studied in the section 2.1.1. (b) Hodogram of the whistler waves. The plus and cross signs mark the
beginning and the end of the time series.
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Figure 6. (a) Waves downstream of the August 5, 2009 shock. (b) Fourier spectrum of the downstream
region. As in Figure 3b, the blue arrows indicate the strongest peaks caused by the high-frequency, low
amplitude noise in 32 Hz data. (c) Hodogram of the downstream region.
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LH in both cases. Their relative peak-to-peak amplitudes
were between dB/B � 0.1–0.5. We did not detect any dif-
ference in the peak frequency. It can be seen that the qBk is
larger and the Int/Min ratio is smaller closer to the shock.
The Int/Min ratio on the interval shown in Figure 5b is 259,
which suggests that it does not decrease monotonically with
the distance from the shock. For this reason we additionally
inspect in detail the properties of four individual wave
fronts on the interval 22:35:07 UT-22:25:16.2 UT. The
analyzed wave fronts are marked with vertical lines in
Figure 5a. Two wave fronts are located in the middle of two
wave trains and two are located on their edges. In the
middle of the wave trains the Int/Min ratios are 337 and
472 and the qBk angles are 17� and 12�. On the edges of the
wave trains the ratios Int/Min are 20 and 11 while the
propagation angles qBk are 45� and 24�. Hence in the middle
of the wave trains, where the whistlers have the largest
amplitudes, the waves are also much more planar and
propagate more parallel with respect to the B-field than on
the edges of the trains. This behavior was found each time
the upstream whistlers appeared in trains. We therefore
conclude that although the whistler waves are on average
more field aligned and more planar at larger distances from
the shock their properties vary substantially within indi-
vidual wave trains.
[33] The downstream waves observed on August 5, 2009

(Figure 6a) show a large transverse power and are much
stronger in the Bm component than in the other two com-
ponents of the field. They have periods between 10 and 20
seconds (Figure 6b). The corresponding hodograms
(Figure 6c) show that they are irregularly polarized and that
they propagate at qkB � 9� with respect to the downstream
B-field. It has to be stressed out that the direction of propa-
gation is very uncertain due to the compressive nature of
these waves. Their duration in the data is �10 minutes,
which corresponds to 1.5 � 10�3 AU.
[34] It should be mentioned that when examining the

waves in the region adjacent to the shocks with 32 Hz res-
olution data, we found high-frequency (2 Hz–7 Hz), low
amplitude (dB/B � 0.01) noise that is present throughout the

data. This noise manifests itself in various ways—in the
magnetic field panels and hodograms as small, rapid fluc-
tuations superposed onto the real data and in the high-
frequency parts of the Fourier spectra as very narrow peaks.
These peaks exhibit significant power only in those spectra
that were made for time intervals ranging from �30 seconds
to a few minutes (see Figures 3b, 6b, 9b and 12b ). In
these figures the strongest peaks that are due to the noise
are marked with blue arrows. On short time intervals of
≤10 seconds for downstream HF waves and upstream
whistlers these peaks are very small (see Figure 11b). In most
cases the noise does not interfere with the studied waves
since it exhibits only very narrow peaks with frequencies
that are higher than those of the waves. Only in one case
(Figure 14c) do the frequencies of the whistler waves coincide
with the frequency range of the noise. However, no noise is
observed during this interval.
[35] This noise is different for the data from each space-

craft, but it always appears at roughly the same frequencies
in the data provided by the same spacecraft.
2.1.2. June 19, 2009 Event
[36] Figure 7 presents an IP shock observed on June 19,

2009 at 00:23:34 UT by STEREO B which is driven by a
MC observed from June 19, 2009 07:40 UT to June 20, 2009
10:00 UT. 32 Hz resolution is used for the magnetic field
data. The upstream SW speed was 300 kms�1. This is a
quasi-perpendicular shock (qBn = 77�) with Mms = 1.9, ratio
of criticality (Mms/Mc) 1.6 and the upstream beta is 5.9.
[37] Figure 7a shows B-field components and magnitude

during the four minutes, when the shock was observed. The
shock itself and the immediate upstream and downstream
regions can be appreciated. The shock exhibits a well defined
ramp across which the B-field magnitude increases rapidly.
The ramp is followed by HF fluctuations that extend �15 s
downstream of the shock. The average upstream value of
B is �2.3 nT, while in the downstream region it settles at
4.2 nT, so their ratio is 1.9.
[38] Figure 7b shows the detailed structure of the shock in

32 Hz resolution. The duration of the ramp delimited by two
vertical lines is �1 second. In contrast to the previous case

Figure 7. The IP shock observed on June 19, 2009. Time resolution of the data is 32 Hz. (a) Four minute
time interval including the shock and the adjacent regions. (b) Closeup of the shock.
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Figure 8. (a) Waves downstream of the June 19, 2009 shock. (b) Fourier spectrum of the downstream
region. The blue arrow indicates the strongest peak caused by noise in the 32 Hz data. (c) Hodogram of
the downstream region.
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study, this quasi-perpendicular shock does not have an
overshoot and no waves are found upstream.
[39] In Figure 8a we present the downstream fluctuations.

In the top panel with the magnitude of the field, there are 13
wave fronts during the first 15 seconds, which means that
their periods are 1.15 seconds. This corresponds to a fre-
quency of 0.87 Hz. The following panels reveal that these
waves exhibit the largest amplitudes in the Bl component.
Also present are the variations of the Bm component but with
much smaller amplitudes and a phase difference p/2. These
are strongly damped and appear only in the interval �5
seconds downstream of the shock. This means that down-
stream fluctuations begin as very elliptically, almost linearly
polarized waves and eventually become completely linearly
polarized. The fluctuations of the Bn component have

amplitudes DBm < DBn < DBl. Their phase differs from that
of the B fluctuations by p.
[40] Figures 8b and 8c show the power spectrum and the

MVA of the HF downstream waves, respectively. In the
Fourier spectrum these waves peak at frequencies �0.9 Hz.
They exhibit a strong compressive component, while their
transverse component is much weaker. In accordance, the
MVA reveals that the 0.9 Hz waves are compressive and
linearly polarized. The ratio Int/Min is 2.0, due to which
their calculated angle of propagation is very uncertain, being
qBk = 82∘ � 55�. We used the method described in Hoppe
et al. [1981] in order to estimate this uncertainty.
[41] The PLASTIC WAP data (Figure 9) show that an

enhanced suprathermal proton flux (E ≲ 10 keV) was
observed during �1.5 hours before the shock arrival. Also,

Figure 9. PLASTIC WAP energy spectrograms of suprathermal protons during June 18, 2009 and
June 19, 2009.

Figure 10. The shock observed on October 2, 2009. Time resolution of the B-field data is 32 Hz.
(a) Fourteen minute time interval including the shock and the adjacent regions. (b) Closeup of the shock.
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Figure 11. (a) Whistler waves upstream of the October 2, 2009 shock. (b) Fourier spectrum of the
upstream whistler waves. The vertical blue arrow indicates the noise in the 32 Hz data. (c) Hodogram
of the whistler waves.
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Figure 12. (a) Waves in the upstream region of the October 2, 2009 shock. (b) Fourier spectrum of the
upstream region. The arrows indicate the peaks caused by noise in the 32 Hz data. (c) Hodogram of the
upstream waves.
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proton fluxes with similar energies appear in the down-
stream region.
2.1.3. October 2, 2009 Event
[42] The third case study presented here was observed on

October 2, 2009 with a shock observed at 15:43:50 UT by
the STEREO B spacecraft (Figure 10a). After 15 hours the
shock was followed by an ICME. This is the only quasi-
parallel (qBn = 38�)shock in our sample. Due to the quasi-
parallel geometry, the shock transition is not as sharp as in
the previous two cases (Figure 10b). The shock’s Mms is 2.3,
its criticality ratio is 2.3 and the upstream beta is 16.5, which
is by far the highest value in the sample. Figure 10b shows a
closeup of the shock and its immediate upstream and down-
stream regions. It can be seen that the shock transition region
is very different from the previous two. It is very irregular
and with a larger extension. It exhibits strong variations of
the B-field magnitude and field rotations can be appreciated
during the transition. These last from �15:43:53 UT until
15:44:13 UT, i.e., 20 s in total. Magnetic field data in both
figures have a time resolution of 32 Hz.
[43] The region immediately upstream of the shock is

populated by whistler waves (Figure 11a) that extended 8 s
(1.8 � 10�5 AU) upstream of the shock. They appear in two
wave trains. Their amplitudes diminish with increasing dis-
tance from the shock. Their Fourier spectrum (Figure 11b)
shows that the waves exhibit transverse and compressive
components, with the first being stronger. Their power
peaks at f � 1.3 Hz. The hodograms in Figure 11c also show
that the whistlers appear with different amplitudes. They
propagate at angles qBk = 23� and qkn = 55� and their Int/Min
ratio is 8.
[44] We additionally analyze the whistlers during two short

time intervals at 15:43:47–15:43:48.5 UT and 15:43:50-
15:43:51.5 UT (not shown). Even though the total time
interval during which the whistlers were present was very
short, their properties changed. The qBk changed from 38� to

49� and the Int/Min ratio diminished from 13 to 9 closer to
the shock. The corresponding qnk values were 76� and 22�.
Their relative peak-to-peak amplitudes ranged from �0.1 to
�0.7. As in the first case study, the upstream whistlers
on average exhibited smaller amplitudes, were more field
aligned and more planar when located further upstream of
the shock, but further inspection of individual wave fronts
showed that these properties vary within the wave trains and
are not monotonic functions of the distance from the shock.
[45] The properties of upstream ULF fluctuations observed

from 15:34:00 UT to 15:43:50 UT are presented in detail in
Figures 12a, 12b and 12c. It can be seen that the amplitudes
of these waves are larger in B-field components than in B.
Hence these waves are mostly transverse. Their spectrum is
mostly featureless and the transverse component dominates
during the entire time interval presented. The hodograms
show that these waves consist of many irregular fluctuations
with different amplitudes and frequencies.
[46] In Figure 13a we can see that upstream ULF waves are

observed only during the first twenty minutes upstream of the
shock. This corresponds to a distance of �2.2 � 10�3 AU.
[47] Visual inspection of magnetic field time series shows

that B-field fluctuations exist upstream of this shock for a
region which is larger than the ULF waves region, where
spectra show clear peaks. These fluctuations have amplitudes
0.1 ≲ dB/B ≲ 0.3 and are observed up to 70 minutes from the
shock transition, i.e., 8.0 � 10�3 AU. Because these fluc-
tuations exhibit a broad featureless spectra with frequencies
in the range 10�3–10 Hz we do not consider them to be part
of the ULF foreshock. They can however participate in the
acceleration of particles to suprathermal energies and con-
tribute to SW modification ahead of the shock.
[48] The PLASTIC WAP data (Figure 13b) reveal the

presence of enhanced fluxes of suprathermal protons�9 hours
before the observation of the shock. By multiplying this
time with the upstream SW speed (300 kms�1) we obtain a

Figure 13. (a) Spectra of the transverse component of the ULF waves in the foreshock region of the
October 2, 2009 shock. (b) Energy spectrum of suprathermal protons in the upstream region observed
by the PLASTIC WAP instrument.
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proxy of the suprathermal proton foreshock extension
�6.5 � 10�2 AU.

3. Summary of Shock and Waves Properties

[49] We examined 10 IP shocks formed due to the inter-
actions between ICMEs and the solar wind. In seven cases
32 Hz B-field data were available. This is the highest time
resolution at which the magnetic field profiles of the IP

shocks have been observed. This allows us to study the
shocks and associated waves in more detail than ever before.
[50] Nine ICMEs (90%) were magnetic clouds (MCs).

Such high proportion of MCs is not surprising. In their
studies Richardson and Cane [2004] and Jian et al. [2011]
concluded that the fraction of ICMEs that are MCs during
solar minimum reaches �100%.
[51] The average and the median ICME velocities in our

sample are 440 kms�1 and 405 kms�1, respectively. In a

Figure 14. (a) June 7, 2010 shock and its adjacent regions. (b)Waves in the upstream region. (c) Hodogram
of the upstream waves. (d) Fourier spectrum of the waves.
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study of ICME driven shocks and their drivers observed
during the Solar cycle 23, Gopalswamy et al. [2010] found
the average and the median ICME velocities to be 527 kms�1

and 470 kms�1, which is more than our values. Only
two (20%) ICMEs from our sample had velocities above
527 kms�1. This is in agreement with Jian et al. [2011], who
reported lower average ICME speeds during solar minimum.
[52] The shocks in our sample exhibit a wide range of

parameters. Nine (90%) are quasi-perpendicular (qBn ≥ 45�).
Seven events (70%) exhibit qnR ≤ 45�. Nine (90%) have
Mms ≤ 2. The average Mms in the sample is 1.7. Nine
shocks (90%) are supercritical (Mms/Mc >1), and the upstream
betas range from 0.9 to 16.5.

3.1. ULF Waves and Suprathermal Particles

[53] Coherent waves appear upstream and/or downstream
of all supercritical shocks, while no coherent waves were
observed in the regions adjacent to the subcritical shock.
[54] The ULF waves (�10 s–30 s) appear upstream of

three shocks (30%) and downstream of three (30%) events.
It was considered that the ULF waves exhibit enhanced
activity if a bump appears in the power spectra of the B-field
data in the shock’s upstream/downstream regions. Typical
amplitudes of ULF waves were found to be dB/B > 0.3, but
they can be as large as ≳1 just next to the shock transition.
The upstream ULF waves show no evidence of steepening.
In the past shocklets have been observed upstream of IP
shocks with Mach number �4 [Wilson et al., 2009]. The
lack of these structures upstream of the shocks in our sample
could be due to their small Mms. For the three cases with
enhanced upstream ULF wave activity we perform an
additional analysis to determine the foreshock’s extensions
as observed by the spacecraft. We calculated the Fourier
power spectra for consecutive upstream 10-minute time
intervals and inspected them for the presence of ULF waves.
[55] In the spacecraft’s frame of reference the ULF wave

foreshock extended 4.6 � 10�3 AU upstream of the quasi-
perpendicular August 5, 2009 shock (largest foreshock in the
sample), 2.2 � 10�3 AU upstream of the quasi-parallel
October 2, 2009 shock, and 2.5 � 10�3 AU upstream of the
quasi-perpendicular April 23, 2010 shock. However, mostly
transverse magnetic field fluctuations with featureless spec-
tra in the ULF wave frequency range and with amplitudes
0.1 ≲ B/B ≲ 0.3, can extend even further upstream. Such
fluctuations may also contribute to the acceleration of ions to
suprathermal energies. We find these fluctuations upstream
of October 2, 2009 and January 25, 2009 shocks, extending
�8.0 � 10�3 AU and �9.2 � 10�3 AU, respectively.
[56] The fact that the regions upstream of quasi-

perpendicular August 5, 2009 and April 23, 2010 shocks
were permeated with ULF waves is unexpected and in con-
trast to the regions upstream of the quasi-perpendicular
Earth’s bow-shock which are quiet, without ULF fluctua-
tions. There are three possible explanations for this:
[57] 1. It could be that the shocks were quasi-parallel prior

to the spacecraft’s observations and that the foreshocks also
formed prior to that.
[58] 2. The geometry of the IP shocks is different for dif-

ferent points on the shock front [Greenstadt and Mellott,
1985; Jian et al., 2009a; Aguilar-Rodriguez et al., 2011]. It
could be that adjacent to the observed IP shocks there were
quasi-parallel shocks. Upstream of these adjacent shocks the

ULF waves would be excited by backstreaming ions,
thereby forming foreshock regions. A portion of these waves
may have propagated in such a way that they populated the
regions upstream of the observed quasi-perpendicular shocks.
Also, depending on the spacecraft’s orbit relative to shock
surface, part of the ULF wave foreshocks observed by the
spacecraft might have been located upstream of these adja-
cent shocks and not upstream of the shocks that was later
observed.
[59] 3. In the case of the August 5, 2009 event we note that

the properties of the upstream waves are very similar to
those of the ion cyclotron waves (ICWs) described by Jian
et al. [2009b]. These waves are likely formed near the solar
corona, they propagate almost parallel to the IMF and exhibit
frequencies below the local proton gyrofrequency in the solar
wind frame. They are intrinsically circularly LH polarized,
transverse and show narrow spectra. They tend to appear
when the radial component of the IMF is strong, so that the
IMF and the direction of SW speed are almost parallel
(qBr ≲ 30�). In the case of the August 5, 2009 shock the
average upstream qBr was �33�. If the observed waves are
indeed the ICW waves then they were not produced by the
shock and it is only a coincidence that they appear in its
upstream region.
[60] Numerical studies show that the qBn angle of IP

shocks changes with time on different temporal and spatial
scales. MHD simulations performed by Rouillard et al.
[2011] suggest that during the shock’s propagation its
upstream configuration changes gradually along the whole
shock front. Another possible mechanism is described by
Krauss-Varban et al. [2008], who performed hybrid simu-
lations of oblique, planar shocks, similar to those in IP
space. These authors found that upstream compressional
waves which are carried towards the shocks continuously
bend the upstream IMF lines and thus locally change the qBn.
Some portions of the shocks become more parallel and
others more perpendicular. The former can eject more pro-
tons in the upstream direction and further enhance the
amplitudes of the upstream compressional waves. The more
parallel sections travel together with the shock surface which
leads to its “undulation”. One would expect that this mech-
anism acts on spatial and temporal scales that are similar to
the wavelengths and periods of the upstream compressive
waves and are therefore much smaller than the scales
described by Rouillard et al. [2011]. We can even imagine
the local qBn oscillating around some average value with
the latter depending on the location on the shock front
and changing gradually with time. The suprathermal ions
could then appear upstream of what in principle are quasi-
perpendicular sections of the IP shocks but they would be
more intense upstream of their quasi-parallel sections.
[61] We also inspected the PLASTIC WAP data for the

presence of suprathermal (1 keV ≤ E ≤ 20 keV) protons
upstream of the shocks to know if they are preceded by ion
foreshocks. In the case of the terrestrial bow shock, the
backstreaming suprathermal ions interact with the incoming
solar wind plasma and can generate ULF waves. The regions
of the ULF wave and the suprathermal ion foreshocks
spatially almost coincide.
[62] If the same was true for the IP shocks then we would

expect to observe the suprathermal particles whenever
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upstream ULF waves appear. However, enhanced supra-
thermal proton flux was detected upstream of five IP shocks
(50%, Table 2), four of which were quasi-perpendicular with
no ULF wave foreshock. No suprathermal particles were
observed upstream of the quasi-perpendicular, August 5,
2009 shock, that exhibited the most extended ULF wave
foreshock. The shocks observed on June 7, 2010 and April 23,
2010 exhibited the largest suprathermal proton foreshocks
(0.19 AU and 0.23 AU, respectively), although the first
shock had no ULF wave foreshock and the extent of the
ULF wave foreshock associated with the second shock was
�100 times smaller than that of the suprathermal proton
foreshock. The enhanced suprathermal proton fluxes asso-
ciated with the April 23, 2010 shock were observed as early
as 11 hours before the shock. In the case of the quasi-parallel
October 2, 2009 shock (Figure 13b), the enhanced upstream
suprathermal proton flux begins �9 hours before the obser-
vation of the shock.
[63] We should note that calculating the extents of fore-

shocks gives us only a rough proxy of their true extensions
since we have no way of knowing how the spacecraft
crossed them.
[64] The four shocks with suprathermal proton foreshocks

but no enhanced upstream ULF waves exhibit qBn ≥ 68�. The
protons could have been energized at the shocks themselves
and then reflected back upstream if the shock’s geometry
permitted it at some point in the past. Alternatively, they
could have leaked from the shock sheath regions. The
absence of waves suggests that backstreaming ion distribu-
tions did not fulfill the conditions necessary to overcome
instability threshold. A detailed analysis of the ion distribu-
tion functions (density, velocity, temperature, anisotropy) is
needed to determine if ion-ion instabilities, such as the right-
hand and LH resonant modes [Gary et al., 1984, 1985;
Gary, 1985] can grow in these regions.
[65] The October 2, 2009 shock is the only quasi-parallel in

the sample. It exhibits the highest upstream plasma b (16.5).
An extended suprathermal proton foreshock was observed
several hours before the shock. It is known from the studies
of planetary bow-shocks that stronger (higher Mms, and
larger Mms/Mc), quasi-parallel shocks can reflect more
suprathermal particles into the upstream region. These par-
ticles interact with the upstream IMF, exciting the ULF
waves [Gary, 1993]. Ion distribution functions become wider
due to wave-particle interactions and therefore their temper-
ature rises, which results in higher upstream b.

3.2. Upstream HF Waves

[66] Another type of waves that was observed upstream of
the shocks were the whistler precursors. The whistlers were
observed upstream of seven shocks (70%). We call the
upstream region permeated by these waves the HF wave
foreshock. The sizes of these regions range from 2 � 10�6–
2 � 10�4 AU (Table 2).
[67] The upstream whistlers commonly appear in wave

trains. Their properties change with the distance from the
shock and within individual trains. The wave fronts further
upstream of the shocks are on average less compressive
(larger Int/Min ratio) and are propagating more parallel to
the upstream IMF (smaller qBk) than those closer to the
shocks. Also, their amplitudes diminish on average with
the distance from the shocks. Within individual wave trains

the whistler amplitudes are largest in the middle of the trains
and smallest in their edges. The wave fronts in the middle
are more planar and tend to propagate more parallel with
respect to the upstream IMF direction.
[68] The whistlers in our sample propagated at qBk between

10� and 80� and at qnk between 20� and 90�. In one case
(August 5, 2008) the waves further upstream of the shock
propagated at qBk = 6�, but closer to it this angle was 33�.
These whistlers are not phase standing, since this would
require very small qkn, but rather they are similar to those
described by Russell [2007], Wilson et al. [2009] and others.
This is probably because the phase standing whistler pre-
cursors appear upstream of laminar quasi-perpendicular
shocks with upstream b ≪ 1 [e.g., Mellott and Greenstadt,
1984; Duboulz and Scholer, 1993]. The upstream b in our
sample range from 0.9 and 16.5, so the shocks are not
laminar.
[69] Whistlers with even higher frequencies were observed

upstream of the June 7, 2010 event. This is the most quasi-
perpendicular case (qBn = 85�). The waves could be analyzed
due to the high time resolution (32 Hz) of the B-field data.
Just upstream of the shock’s ramp, between 04:08:48.8 UT
and 04:08:49.6 UT (0.8 seconds), there is a wave train with
several wave fronts. Figure 14 shows the shock and the
waves in the shock-normal coordinate system, the closeup of
the waves and the corresponding hodograms. The FFT
analysis shows (Figure 14d) that the peak frequency of the
waves is 8.8 Hz. They propagate at angles qBk = 81� and
qnk = 56� and their Int/Min ratio is 47. They appear as LH
polarized fluctuations. It is interesting that these waves
propagate at such a large angle and that they are so transverse
and circularly polarized (Max/Int is �1).
[70] The observed properties of upstreamULF and whistler

waves can be explained in terms of their formation mecha-
nism and the degree of damping that they suffer. The ULF
waves have group velocities that are smaller than the veloc-
ities of IP shocks (these are similar to the Alfven speed which
at 1 AU is �50 kms�1). They must therefore be formed
locally by beam instabilities. In the case of planetary shocks,
the ULF waves have simple forms further upstream and they
steepen and become more compressive as they are convected
towards the shock fronts. In the case of the ULF waves in our
sample no steepening has been observed. It is possible that
particle density gradients are not strong enough to cause the
steepening [Scholer, 1993]. Alternatively the IP shocks
could catch up with the waves before they can steepen
substantially.
[71] The HF upstream waves belong to the whistler

branch. Their group velocities exceed those of the IP shocks
so these waves may propagate away from them. The whistler
waves are Landau damped, so that their amplitude on average
diminishes with the distance from shock fronts. Waves that
propagate more parallel to the upstream IMF experience less
Landau damping than more obliquely propagating waves.
Therefore further away from the shocks the HF waves tend
to be more field aligned and less compressive.

3.3. Downstream HF Waves

[72] We observe coherent HF fluctuations with frequencies
�0.9 Hz downstream of four (40%) IP shocks (Figure 7).
Similar fluctuations were first discovered by Balikhin et al.
[2008] in the bow shock of Venus. Their amplitudes are
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largest in the Bl component of the B-field, while in the Bm

component they are much smaller. Their relative phases
differ by p/2. The fluctuations of the Bm component are
heavily damped and tend to disappear after �5 s. The
polarization of these waves changes from very elliptical,
almost linear to completely linear. The Bn component also
fluctuates with amplitudes that are between those of Bl

and Bm and exhibit a phase difference of p relative to the
B fluctuations.

4. Conclusions

[73] We performed a study of waves around ten ICME
associated IP low Mach-number shocks observed by
STEREO spacecraft during the years 2007–2010. This is the
first attempt to systematically study micro-scale structures in
regions around IP shocks driven by ICMEs. The shocks were
observed during a minimum of solar activity, when most
ICMEs had moderate velocities. The ICMEs were isolated
phenomena, meaning that the spacecraft observed one ICME
at the time instead of the superposition of various ICMEs
or ICMEs and SIRs (which can be observed during the
maximum of solar activity). Here we briefly summarize
the most important results of this work:
[74] 1. No phase standing whistler precursors were

observed upstream of shocks in our sample even though the
Mms of the shocks were low (≤2.3). This is due to the fact
that none of the shocks was laminar since their upstream
betas were not ≪1 [e.g., Duboulz and Scholer, 1993].
[75] 2. It is the first time we observe fluctuations, similar

to those reported by Balikhin et al. [2008] in the foreshock
of Venus, downstream of ICME driven IP shocks. Russell
et al. [2009] reported such fluctuation downstream of IP
shocks, but did not discriminate between SIR driven and
ICME driven shocks. The majority of the shocks in their
sample were probably SIR driven.
[76] 3. In the case of upstream whistlers that are modu-

lated in wave trains, the properties of wave fronts depend on
their location in the train. The wave fronts in the middle of
the trains have larger amplitudes, are more planar and
propagate more parallel to the B-field direction. The average
whistler properties also change with the distance from the
shock. Closer to the shock transition the wave fronts are
more compressive on average and propagate more obliquely
with respect to the upstream IMF.
[77] 4. We show that even IP shocks with small Mms, such

as those in our sample, can perturb large regions in front of
them.
[78] 5. We exhibit several shocks with quasi-perpendicular

geometry and with ULF/proton foreshocks in their upstream
region. In some cases only ULF wave or suprathermal pro-
ton foreshock exists. When both are present, they can have
very different extensions in the data.
[79] 6. The shock fronts that precede ICMEs can be very

complex. Their forms vary in space and they change with
time [e.g., Rouillard et al., 2011; Krauss-Varban et al.,
2008]. The latter is especially important. The IP shocks
start perturbing their upstream regions from the moment they
are formed. The phenomena observed in these regions, such
as waves and suprathermal particles, depend on the history
of the shock’s geometry. However, the observed geometry
of the shocks is an instantaneous property and this may be

the reason why we observe ULF waves and suprathermal
ions upstream of quasi-perpendicular shocks. In order to
study the impact that upstream ULF waves have on the sur-
face of IP shocks, multispacecraft observations with small
separation between them will have to be performed in the
future. The spacecraft would have to be separated by dis-
tances that are less than or similar to the wavelengths and
correlation lengths of the waves. If we suppose that typical
wavelengths of the ULF waves upstream of IP shocks are
similar to those in the Earth’s foreshock (�1 Earth radius)
[seeHoppe et al., 1981; Le and Russell, 1990; Le et al., 1993;
Archer et al., 2005], and their correlation lengths are sev-
eral times as large [Archer et al., 2005] then these distances
will range between several thousand and several tens of
thousands of kilometers.
[80] 7. No wave steepening and therefore no shocklets

were observed upstream of the shocks. Steepened waves are
a common feature upstream of planetary shocks and have
also been observed upstream of few IP shocks with higher
Mms [Wilson et al., 2009].
[81] Since the solar activity is currently increasing again,

we expect many more ICME driven IP shocks to be observed
by the STEREO and WIND missions in the following years.
This will enable us to perform statistical studies of transient
shocks and of their associated waves. As the solar activity
rises, so will the speed of many ICMEs. The associated
shocks can be stronger, with higher Mach numbers. It will be
interesting to examine the waves that are associated with
shocks driven by fast ICMEs and study shock properties as
well as the extent of the region they perturb ahead of them.
Also, the study of electron distribution functions in the
regions near the IP shocks will help to clarify their associa-
tion with the whistler wave precursors.
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