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[1] We investigate the characteristics of 9 interplanetary shocks associated with
stream interaction regions observed by both STEREO-A and STEREO-B spacecraft
during the years 2007–2008. Interplanetary shocks modify the plasma both upstream
and downstream of the front shock. As they propagate, interplanetary shocks
encounter solar wind with different characteristics (density, velocity) and different
orientations of ambient magnetic field relative to the shock normal. Thus, it is
interesting to compare dual observations of stream interaction shocks at the locations
of the two spacecraft to determine the role of these parameters in controlling both the
structure at the shock but also in the regions upstream and downstream from the
shock. The range of shock normal angle (QBn) values observed by spacecraft covered
the range from �20° to �81°. The largest difference in QBn for the same shock
observed at two different longitudinal locations was �39°. The shock magnetosonic
Mach numbers covered the range of �1.1 to �2.2, having a largest change for the
same shock of �0.9. The jump in the field magnitude, i.e., the ratio of downstream
magnetic field intensity to upstream magnetic field intensity (Bd/Bu), ranged from
�1.1 to �2.25. The largest difference in the jump in field magnitude for the same shock at
two different locations was �0.72. These variations with longitude of shock properties
observed with the STEREO dual mission show the non-homogeneous character of the
plasma in the heliosphere, and they need to be taken into account to understand in detail how
these shocks modify the solar wind, and affect the acceleration processes of energetic
particles in the solar wind.
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1. Introduction

[2] One of the first recognized phenomena of solar wind
dynamics was the interaction between solar wind streams
propagating with different velocities. Fast streams originate
in coronal holes [Krieger et al., 1973] and slow streams arise
in the streamer belt [Feldman et al., 1981; Gosling et al.,
1981] from both the edges of coronal holes [e.g., Arge and
Pizzo, 2000] and the cusps of coronal streamers [Wang
et al., 2000; Sheeley et al., 2001]. When a fast solar wind

stream overtakes a slower one, it forms a region where the
density and temperature are enhanced as the slow solar wind
is compressed and accelerated. This interaction creates a
pressure ridge between the two streams, slowing down the
fast stream, deflecting it, and speeding up the slow stream
and deflecting it. As the streams move outward from the Sun
the velocity of the fast compressional mode drops because of
the decreasing magnetic field and the change in velocity
across the discontinuity becomes larger than the fast mode
velocity and a shock can form. Eventually the change in
velocity is great enough for two shocks, forward and
reverse to form [see, e.g., Blanco-Cano, 2010, and refer-
ences therein]. When the sources of fast solar wind i.e.
coronal holes are nearly time-stationary and recur every
27 days on successive solar rotations, the stream interaction
regions (SIRs) are known as corotating interaction regions,
or CIRs [Gosling et al., 2001]. However, some SIRs do not
persist as long as a solar rotation and are not seen 27 days
later. It is natural to believe therefore that CIRs are more
time-stationary than SIRs but studies with STEREO-A and
STEREO-B and intercomparisons with models show that
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both SIRs and CIRs are variable and the stream source
strengths seem to be changing continually [Jian et al.,
2009, 2011].
[3] Both CIRs and SIRs are commonly bounded by

forward-reverse shock pairs [e.g., Gosling and Pizzo, 1999].
Previous studies, using single spacecraft observations, have
shown that SIR associated shocks are generally weak close
to 1 AU. Since we know that the solar wind is not homo-
geneous, then we expect that SIR shocks structure will not
be spatially uniform. In this study, one of our main objec-
tives is to use the STEREO dual mission observation
capabilities to investigate the characteristics of shocks from
the same SIR observed at two different locations. We focus
on shock structure and on the observed waves upstream and
downstream from the shocks.
[4] A large part of our knowledge about collisionless

shocks comes from studies of the Earth’s bow shock, where
in situ measurements are obtained much of the time. The
foreshock is permeated by waves with periods of about 30 s,
which can be left-hand or right-hand polarized in the
spacecraft frame [see Blanco-Cano, 2010, and references
therein]. There are also linearly polarized steepened waves,
known as shocklets, which are associated with discrete wave
packets [Russell et al., 1971], and 1 Hz waves [Fairfield,
1974]. Since the speed of the solar wind relative to the
spacecraft vastly exceeds the propagation speed of these
shock-associated waves, the Doppler-shift by the moving
solar wind plasma is important in comparing the waves at
the “stationary” bow shock in comparison with the traveling
interplanetary shock. This means also that to study the
waves and shock structure of interplanetary shocks, a higher
sampling rate is required than at the bow shock. STEREO
provides this with sample rates of 8 Hz and on occasion
32 Hz.
[5] There are a few manuscripts addressing the char-

acteristics of waves associated with interplanetary shocks.
Tsurutani and Smith [1983] determined the properties of
waves with frequencies below 3 Hz observed upstream of
low Mach number (2–3) interplanetary shocks, using ISEE-3
spacecraft observations. In this study, they also found large
amplitude quasiperiodic downstream waves in most of the
more than 100 shocks examined. In the same way, Russell
et al. [1983] analyzed interplanetary shocks observed by
ISEE-1, ISEE-2, and ISEE-3 spacecraft in 1978 and 1979.
They found two upstream waves classes: whistler mode
precursors which occur at low Mach numbers, and upstream
turbulence whose amplitude at Mach numbers greater than
1.5 is controlled by the angle of the field orientation to the
shock normal. The former waves are right-hand circularly
polarized and quite narrowband. The latter waves are more
linearly polarized and have a broadband featureless spec-
trum. Recently, Wilson et al. [2007, 2009, 2010] have
examined large amplitude electrostatic waves, low fre-
quency whistler waves and shocklets associated with inter-
planetary shocks (with Mach numbers in the range �1–6)
using high time resolution data obtained by Wind spacecraft.
They found that the wave amplitude of ion acoustic waves is
correlated with the fast mode Mach number and with the
shock strength. Russell et al. [2009a], analyzed observations
of low-Mach number shocks measured by STEREO and
found both upstream and downstream waves. In disagree-
ment with the prediction of early theory [see Biskamp,

1973], this study revealed that the downstream waves arise
for a wide variety of shock conditions, and not only for
QBn > 88.5° [see Balikhin et al., 2008]. These downstream
waves appear to be compressional fluctuations and may be
generated by kinetic relaxation as proposed by Ofman et al.
[2009].
[6] Traditionally, low Mach number, low plasma b shocks

have been called laminar due to their well-defined structure
[Kennel et al., 1985]. Shock structure depends strongly on
the plasma beta (b), on the angle between the shock normal
and the upstream magnetic field (QBn), and on the upstream
magnetosonic Mach number (Mms) (or Alfvénic (MA)). The
Mms is the ratio between the shock speed and the magneto-
sonic (or Alfvénic) speed, and is indicative of shock strength.
As is the case for other shocks traveling in the heliosphere,
SIR shocks become stronger as they move outward from the
Sun. An important factor in controlling the type of shock is
the direction of the upstream magnetic field relative to the
shock normal. Depending on the QBn value, shocks are
classified as quasi-parallel shocks if QBn < 45°, and quasi-
perpendicular shocks if QBn ≥ 45°.
[7] In a quasi-perpendicular shock reflected particles can

not move upstream from the shock, but are transmitted
downstream and a foreshock region is not expected to be
formed. In contrast when QBn < 45°, reflected protons can
move upstream and a foreshock forms. In theory, laminar
subcritical shocks can reach steady state through collision-
less resistivity alone, and can provide dissipation through
wave damping [Kennel et al., 1985]. Whistler waves can
phase stand in the flow while the wave energy moves
upstream and damps. If the Mach number exceeds a critical
value then one part of the dissipation is associated with ions
that are reflected by the compressed magnetic field in the
shock before being transmitted downstream. Upstream of the
ramp is the foot, which is associated with the reflected ions
and in which the field begins to rise from its upstream value;
downstream of the ramp is the overshoot region, in which the
magnetic field is larger than its downstream value by a factor
which increases with Mach number. However, observations
show that the transition between subcritical and supercritical
shock characteristics is not as sharp as predicted by the the-
ory. Hence, some subcritical shocks appear to be reflecting
ions and develop overshoots [Mellott and Livesey, 1987].
Stream interaction driven interplanetary shocks are important
to study since most of them are weak, sub-critical or mar-
ginally critical. Thus, by understanding their characteristics
we can learn how shock physics changes from subcritical to
supercritical shocks.
[8] The acceleration mechanisms occurring at highly

oblique and perpendicular shocks are not yet well under-
stood. Interplanetary quasi-parallel supercritical shocks are
expected to develop a foreshock with some features similar
to Earth’s foreshock. The quasi-parallel orientation of the
magnetic field allows reflected ions to escape upstream
before being overtaken by the shock. As the reflected ions
flow against the incoming plasma, they drive ion beam
instabilities. These instabilities excite large amplitude waves
in the upstream region forming a foreshock region. Studies
of interplanetary shocks can be very useful to investigate
how their foreshock structure differs from the case of plan-
etary foreshocks. Determining foreshock waves properties
and their influence on shock structure is important to
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enhance our understanding of acceleration processes at these
shocks.
[9] Since the launch of the STEREO mission at the end of

2006, a considerable number of interplanetary shocks have
been detected by both spacecraft. Because the Sun was at its
minimum phase, there are very few events related to inter-
planetary coronal mass ejections (ICMEs), and the majority
of interplanetary shocks during 2007–2008 are associated
with SIRs. The high resolution provided by STEREO mag-
netic field data has allowed us to identify waves of different
types in the vicinity of SIR associated shocks. Jian et al.
[2009] have studied three 2007 SIRs in detail and demon-
strated the variability of SIRs and their associated shocks.
They found that these investigated shocks are still in devel-
opment at 1 AU. In this work we investigate the char-
acteristics of 9 interplanetary shocks associated with SIRs
observed by both STEREO-A and STEREO-B spacecraft
during the years 2007–2008. The complete list of stream
interaction shocks is available at: http://www-ssc.igpp.ucla.

edu/forms/stereo/stereo_evel_3.html. The comparison of dual
observations of SIR associated shocks allow us to get insight
in SIR evolution and changes in shock structure, strength,
and orientation. Moreover, these changes in shock structure
are important for the type of waves that can be generated in
the upstream and downstream shock regions. In this work
we provide these observations.

2. Observations and Analysis

[10] The IMPACT (In situ Measurements of Particles And
CME Transients) investigation [Luhmann et al., 2008] on
the STEREO mission [Kaiser et al., 2008] provides multi-
point solar wind and suprathermal electron, interplanetary
magnetic field, and solar energetic particle measurements.
The magnetic field instrument (IMPACT-MAG) [Acuña
et al., 2008] on board each STEREO spacecraft returns
vector field measurements at 8 Hz and 32 Hz. STEREO also
carries The Plasma and Suprathermal Ion Composition
(PLASTIC) investigation that returns solar wind moments
with 1 minute time resolution [Galvin et al., 2008]. These
instruments are used to identify SIRs based on the following
criteria [Jian et al., 2006]: (1) an increase of solar wind
speed, (2) a pile-up of total perpendicular pressure (Pt) with
gradual decreases at both sides from the Pt peak to the edges
of the interaction region, (3) bulk flow velocity deflections,
(4) an increase and then decrease of proton number density
(Np), (5) an enhancement of proton temperature Tp), (6) an
increase of the entropy defined as ln(Tp3/2/Np) [Siscoe and
Intriligator, 1993; Crooker et al., 1996], and (7) a compres-
sion of the magnetic field. In their classification of stream
interactions Jian et al. [2006] required that the variations in
the solar wind must satisfy at least 5 of the criteria to be
classified as a SIR.
[11] The forward and reverse shocks are identified using

8-Hz magnetic field data. At forward shocks, the solar wind
speed, proton number density, proton temperature, and
magnetic field should increase simultaneously. At reverse
shocks, solar wind speed increases, while proton number
density, proton temperature, and magnetic field all decrease.
We rotated these data into shock normal coordinates to
examine the properties of associated shock waves and field
changes. The magnetosonic Mach number (Mms) is obtained
from Rankine-Hugoniot equations using magnetic field and
solar wind moments measurements at 1-minute resolution.
[12] Figure 1 shows plasma data from STEREO/PLASTIC

and magnetic field data from STEREO/IMPACT for April
21–24, 2007 within an example of an observed stream
interaction region. Both spacecraft observed two interplan-
etary shocks during this period of time, corresponding to the
forward and reverse SIR shocks. On April 21 STEREO-A
observed a well developed forward quasi-perpendicular
(QBn = 77°) shock. The sharp jump in the quasi-perpendicular
shock is in contrast to the more gradual and fluctuating
quasi-parallel (QBn = 40°) shock observed by STEREO-B
on April 22, �11 hours later. The Mach number for the
forward shock was lower at STEREO-A (Mms = 1.40) than
STEREO-B (Mms = 1.81). On April 23 STEREO-A observed
a well developed reverse quasi-perpendicular (QBn = 73°)
shock, while STEREO-B observed a reverse quasi-parallel
(QBn = 34°) shock, �6 hours later. The Mach number for the

Figure 1. Forward (FS) and reverse (RS) interplanetary
shocks observed by STEREO-A/B spacecraft on April 21–
24, 2007. ∣B∣ is the magnetic field intensity, Vp is the proton
speed, Np is the proton density, Tp is the proton temperature,
and Total P is the total pressure, which represents the sum of
the magnetic pressure and the perpendicular plasma (ion
plus electron) thermal pressure. A constant electron temper-
ature of 130,000 K is assumed. Due to the lack of alpha par-
ticle data, we assume its number density is 4% of the proton
density, and its temperature is 4 times the proton tempera-
ture. STEREO magnetic field and plasma data are plotted
at a resolution of 1 minute each.
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reverse shock was lower at STEREO-A (Mms = 1.22) than
STEREO-B (Mms = 2.12).
[13] High time-resolution (8 Hz, and 32 Hz when available)

magnetic field data just upstream and downstream of all
9 shock pairs (18 single shocks) analyzed were examined
to determine the presence (or absence) of waves and their
characteristics. We found that low frequency waves were
detected upstream and downstream of almost all the shocks
examined. Upstream from the shocks, whistlers, low fre-
quency waves ( f ≤ 1 Hz), and some broadband-low-
frequency fluctuations are observed. There are two shocks
where foot and overshoot signatures are observed. No waves
were found upstream from one shock, another one shows a
few whistlers observed by STEREO-A and no clear waves in
STEREO-B. Downstream from the shocks there are whis-
tlers, low frequency waves, and low frequency fluctuations.

2.1. Weak Quasi-Perpendicular Shock

[14] On January 14, 2007 a weak stream interaction
shock crossed STEREO-A at 19:35:08 UT. This quasi-
perpendicular forward shock crossed STEREO-B �26 min
later than STEREO-A. The separation angle in the ecliptic
plane between the spacecraft was �0.3°. Figure 2 shows a
5-minute time window where both shocks are observed. The
time in STEREO-A remains fixed while in STEREO-B is
shifted backwards in time by Dt � 25 min in order to com-
pare this shock at the two different locations. Qualitatively

the shock structure is the same at the two locations. The
shock wave normal angle, Mach number, and field jump are
similar for both shocks: QBn = 68° and 65°; Mms = 1.10 and
1.18; Bd/Bu = 1.19 and 1.24, for STEREO-A and STEREO-B,
respectively.
[15] Figure 3 shows a 1-minute zoom, using 32-Hz mag-

netic field data, of the stream interaction shock observed by
STEREO-A and shown in Figure 2. This higher resolution
allows us to see in greater detail the magnetic field variations
than do the lower resolution data at 8 Hz. No 32-Hz data
were available for STEREO-B for this shock. As can be seen
in Figure 3, the whistler waves upstream of the shock
observed by STEREO-A appear as trains of different
amplitude with the largest amplitude train observed just
before the shock transition. No overshoot is observed, and
downstream the waves do not appear as trains of different
amplitude. We use minimum variance analysis (MVA)
[Sonnerup and Scheible, 1998], and fast Fourier transform
(FFT) to analyze wave properties. Basically our analysis
starts with an inspection, using 8 Hz (or 32 Hz) magnetic
field data in radial-tangential-normal (RTN) coordinates, of
the upstream and downstream regions very close (few min-
utes) to each shock. If a wave pattern (magnetic field oscil-
lations) is observed then we apply a FFT analysis in order to
identify wave power at various frequencies to see which
frequencies are contributing to the fluctuations. Moreover,
our FFT analysis computes transverse and compressive
powers for a better contrast and characterization of the
waves. The compressive power is defined from the total
power Ptot, which is the result of applying FFT to the total
magnetic field ∣B∣, while the transversal power is defined as

Figure 2. Weak quasi-perpendicular forward shock
observed by STEREO-A/B on January 14, 2007. The time in
STEREO-A remains fixed while in STEREO-B is shifted by
Dt � 25 min backward. This shock crossed STEREO-B �
26 min later than STEREO-A. The separation angle between
the spacecraft was �0.3° on the ecliptic plane. As a conse-
quence of this small separation, the shock structure is qualita-
tively the same at the two locations, and the shock wave
normal angle, Mach number, and field jump are also similar
for both shocks.

Figure 3. One-minute zoom of the weak quasi-perpendicular
forward shock, shown in Figure 2, observed by STEREO-A
on January 14, 2007. Magnetic field data are at 32-Hz
resolution which allows us to see in more detail the mag-
netic field variations upstream and downstream from the
shock.
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∣Pr + Pt + Pn � Ptot∣, where Pr, Pt, Pn, are the fluctuating
wave power along the magnetic field components Br, Bt and
Bn. Wave propagation angles (QBok and Qnk) and polariza-
tion properties are obtained by applying MVA. We find that
whistler precursors are observed with frequencies around
0.9 Hz (STEREO-A) and 0.15 Hz (STEREO-B). Figure 4
shows the FFT analysis applied on a 30-second interval of
time (19:34:30–19:35:00 UT), using 32-Hz magnetic field
data, just before the shock crossed STEREO-A. In this case,
the compressive (dash-dotted line) and the transversal (solid
line) powers have similar values, showing a main peak
around �0.9 Hz. In the same way, using MVA over five
specific time intervals, we find that these whistler waves
propagate at angles ranging from QBok = 25° to QBok = 59°
(STEREO-A), and fromQBok = 28° toQBok = 41° (STEREO-
B), with respect to the ambient magnetic field. Their angle
of propagation with respect to the shock normal, for the
same five time intervals, ranges from Qnk = 18° to Qnk =
42 (STEREO-A), and from Qnk = 38° to Qnk = 43°
(STEREO-B). Compressive waves can also exist down-
stream from these shocks for a variety of shock conditions
[Russell et al., 2009b]. Downstream from this shock
compressive waves are observed with frequencies around
0.6 Hz in both STEREO-A/B spacecraft. These waves
propagate at angles which range from QBok = 28° to QBok =
67 (STEREO-A), and from QBok = 1° to QBok = 5°, with
respect to the ambient magnetic field. Their angle of prop-
agation with respect to the shock normal ranges from Qnk =

28° to Qnk = 47° (STEREO-A), and from Qnk = 65° to Qnk =
71° (STEREO-B).

2.2. Strong Quasi-Perpendicular Shock

[16] Figure 5 shows a quasi-perpendicular shock observed
by both STEREO-B (November 19, 2007) and STEREO-A
(November 20, 2007) spacecraft. The separation angle
between the spacecraft was �40.8°. The shock observed
by STEREO-B is stronger (Mms = 1.84) compared with
STEREO-A (Mms = 1.18). Plasma b and Bd/Bu values are
also higher in STEREO-B (b = 2.34; Bd/Bu = 1.84) com-
pared with STEREO-A (b = 1.14; Bd/Bu = 1.12). When the
Mms increases, the interplanetary shock profile changes and
starts to develop foot and overshoot regions, which are
common signatures of supercritical shocks. This explains
why the magnetic field intensity profile observed by
STEREO-B shows a foot and an overshoot region, which are
associated with ion reflection and gyration, while the lower
plasma b and Mms shock observed by STEREO-A does not.
[17] Both shocks also show whistler precursors in the

upstream region. On STEREO-A whistler precursors appear
during a very short time interval and their amplitude is small
while in STEREO-B these precursors are superposed on the
foot region. Upstream from the shock whistler precursors are
observed with frequencies around 0.9 Hz (STEREO-A) and
2 Hz (STEREO-B). These waves propagate at angles that
range from QBok = 2° to QBok = 12° (STEREO-A), and from
QBok = 22° to QBok = 31° (STEREO-B), with respect to the
ambient magnetic field. Their angle of propagation with
respect to the shock normal ranges from Qnk = 62° to Qnk =
76° (STEREO-A), and from Qnk = 29° to Qnk = 38°

Figure 4. Power spectral density upstream from the weak
quasi-perpendicular forward shock shown in Figure 3,
observed by STEREO-A on January 14, 2007, with 32-Hz
magnetic field data resolution. The transverse and compres-
sive powers show a main peak around �0.9 Hz.

Figure 5. Strong quasi-perpendicular forward shock observed
by STEREO-A/B on November 19–20, 2007. The time in
STEREO-A remains fixed while in STEREO-B is shifted by
Dt �34 hours forward. The shock observed by STEREO-B
shows foot and overshoot regions, which are common signa-
tures in supercritical shocks.
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(STEREO-B). The large values of Qnk for the upstream
precursors suggest that they are not phase standing waves.
These fluctuations are similar to the waves found by
Wilson et al. [2009] who explain their origin in terms of
electron instabilities. In the downstream region STEREO-A
observed whistlers with frequencies around 0.1 Hz while in
STEREO-B waves are observed with frequencies around
0.4 Hz. These waves propagate at angles which range from
QBok = 1° to QBok = 14° (STEREO-A), and from QBok = 2°
to QBok = 20° (STEREO-B), with respect to the ambient
magnetic field. Their angle of propagation with respect to
the shock normal ranges from Qnk = 62° to Qnk = 78°
(STEREO-A), and from Qnk = 56° to Qnk = 89° (STEREO-
B). Figure 6 shows the MVA analysis performed on a
5-second interval where whistler waves were observed
downstream from the shock at STEREO-A. We can notice
that these waves are right-hand circularly polarized in the
spacecraft frame.
[18] Table 1 summarizes shock parameters and the upstream

and downstream waves analysis of the 9 shocks associated
with SIRs that were observed by both spacecraft. According
to Table 1, upstream from shock fronts whistler waves, low
frequency waves, and some broadband-low-frequency fluc-
tuations are observed in most of the events with frequencies
ranging from �0.15 up to �2 Hz. The average values for the
angles QBok and Qnk are �25°, and �51°, respectively,
which tell us that these upstream waves propagate on
average at quasi-parallel angles with respect to the mag-
netic field, and at quasi-perpendicular angles with respect
to the shock normal. Two shocks (numbers 6 and 9) also
show foot and overshoot regions on STEREO-B crossings.

Downstream from shock fronts whistler waves, low fre-
quency waves, and fluctuations with frequencies ranging
from �0.2 up to �1.5 Hz, are observed. The average values
in our set of events areQBok � 35°, andQnk � 58°. Hence, as
in the upstream regions, these downstream waves propagate
on average at quasi-parallel angles with respect to the mag-
netic field, and at quasi-perpendicular angles with respect to
the shock normal, respectively. The shock number 4,
observed by STEREO-A, also shows mirror mode waves in
the downstream region [see Russell et al., 2009b].

3. Solar Wind Conditions

[19] The plasma and magnetic field conditions upstream
from shock fronts play an important role in determining
whether or not we see similar shocks on STEREO-A/B. We
would expect that the plasma parameters change signifi-
cantly while both spacecraft are drifting apart, i.e., if we see
similar shocks on STEREO-A/B it is because the plasma
parameters also look the same in their surrounding regions,
while at greater separations the plasma parameters could
show more variations and we would see different char-
acteristics in the stream interaction region observed by the
two spacecraft. However, the analysis of the nine events
used in this work shows that shock parameters are different
at the two locations, but there is not a general trend to con-
clude that parameters are increasingly different as longitu-
dinal separation increases. It is possible that our data set is
not sufficiently large to see a clear trend.
[20] Table 2 shows average magnetic field (∣B∣) and

plasma (Np and Tp) values (used to compute plasma b)

Figure 6. Magnetic field hodograms obtained by the MVA performed on a 5-second interval of time
(23:50:20–23:50:25) downstream from the shock observed by STEREO-A on November 20, 2007, where
whistler waves were observed. These waves are right-hand circularly polarized in the spacecraft frame and
propagate at an angle of �1° to the magnetic field, with a frequency around 0.1 Hz (see Table 1). The
intermediate to minimum eigenvalue ratio is �46. The asterisk indicates the beginning of the interval.
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corresponding to all upstream regions from shock fronts
observed by both spacecraft. Moreover, we also added
average plasma b, Bd/Bu, and Mms values. We can notice
that, on average, the magnetic field, the proton density, and
the proton temperature values are higher in STEREO-A
compared to STEREO-B, which tell us about the different
plasma conditions each spacecraft encounters at different
locations.
[21] The plasma b was quite variable between STEREO-A

and STEREO-B independent of their separation (see Table 1).
Plasma conditions reveal marked differences at the time
the shock crossed each spacecraft (see Figure 7). In the
case of the shock observed by STEREO-A the average
values (upstream from shock front) of ∣B∣, Np, and Tp were
13.41 nT, 19.64 cm�3, and 4.8� 104 K, respectively. On the
other hand, plasma conditions for the shock observed by
STEREO-B were ∣B∣ = 3.71 nT, Np = 9.63 cm�3, and Tp =
5.3 � 104 K. This indicates that STEREO-A was in a loca-
tion where magnetic field and density were higher compared

with STEREO-B. However, the temperature at STEREO-B
was higher than that at STEREO-A at the moment the shock
crossed it.
[22] Figure 8 shows the spacecraft location with the

Parker’s spiral overplotted for the shock number 8 (see
Figure 5). The approximate distance between STEREO-A
and STEREO-B is �106 � 106 km (�0.7 AU). The black
arrows represent the shock normal at each spacecraft, while
the solid bars represent the shock front at each location. This

Table 1. Shock Parameters and the Upstream and Downstream Wave Analysis Corresponding to 9 Shocks Associated With SIRs
Observed by Both STEREO-A and STEREO-B Spacecrafta

Number and
Shock Type

Spacecraft and
Shock Date/Time Bd/Bu QBn b Mms

Upstream Downstream

Waves QBok Qnk Waves QBok Qnk

01-F SA 07/01/14 19:35:08 1.19 68 DG 1.10 whistlers
f � 0.9 Hz

59 18 whistler
f � 0.6 Hz

63 65

SB 07/01/14 20:01:27 1.24 65 DG 1.18 whistlers
f � 0.15 Hz

38 43 whistler
f � 0.6 Hz

1 69

02-F SA 07/04/21 18:59:15 1.57 77 3.91 1.40 whistlers
f � 2 Hz

14 63 whistler
f � 0.2 Hz

76 159

SB 07/04/22 06:09:27 1.58 40 5.70 1.81 low frequency waves
f � 0.6 Hz

5 39 fluctuations
f � 0.7 Hz

23 52

03-R SA 07/04/23 06:53:44 1.32 73 1.67 1.22 fluctuations
f � 0.3 Hz

17 73 fluctuations
f � 0.3 Hz

6 72

SB 07/04/23 13:21:10 1.65 34 4.32 2.12 low frequency waves
f � 0.15 Hz

27 42 fluctuations
f � 0.2 Hz

37 70

04-F SA 07/05/07 08:11:54 1.72 80 4.35 1.53 few whistlers
f � 2 Hz

49 32 whistlers and mirror
mode waves, f � 1 Hz

45 40

SB 07/05/07 09:42:49 1.65 63 2.24 1.55 no clear waves – – whistlers
f � 1.5 Hz

78 151

05-F SA 07/05/22 01:59:45 1.21 47 0.96 1.20 small whistlers
f � 0.5 Hz

83 80 few whistlers
f � 1.5 Hz

67 44

SB 07/05/22 17:29:52 1.33 81 0.24 1.25 fluctuations
f � 0.8 Hz

3 81 whistlers
f � 1.5 Hz

8 81

06-R SA 07/07/11 20:22:25 2.25 62 1.04 2.20 no clear waves – – whistlers
f � 0.4 Hz

77 17

SB 07/07/11 07:44:44 1.97 63 0.94 1.83 whistlers, f � 0.8 Hz, foot
and overshoot in shock

43 20 no clear waves – –

07-R SA 07/09/30 11:09:06 1.55 77 0.30 1.42 fluctuations
f � 0.5 Hz

2 79 whistlers
f � 0.7 Hz

16 70

SB 07/09/29 07:54:21 1.87 41 1.96 2.20 small whistlers
f � 1.5 Hz

2 47 fluctuations
f � 0.7 Hz

38 72

08-F SA 07/11/20 23:50:02 1.12 61 1.14 1.18 whistlers
f � 0.9 Hz

2 62 whistlers
f � 0.1 Hz

1 66

SB 07/11/19 13:49:36 1.84 62 2.34 1.84 whistlers, f � 2 Hz, foot
and overshoot in shock

22 36 low frequency waves
f � 0.4 Hz

15 89

09-F SA 08/12/06 05:42:30 1.42 45 7.50 1.50 low frequency waves
f � 1 Hz

32 76 low frequency waves
f � 0.4 Hz

20 39

SB 08/12/07 04:35:30 1.44 20 DG 1.98 whistlers
f � 0.4 Hz

4 22 whistlers
f � 0.2 Hz

29 21

aColumn 1 shows the event number and shock type (forward (F) or reverse (R)). Column 2 shows the spacecraft (STEREO-A or STEREO-B),
date (yy/mm/dd) and time (hh:mm:ss) of the shocks as they crossed each spacecraft. Column 3 is the ratio of downstream magnetic field intensity
to upstream magnetic field intensity (Bd/Bu). Column 4 shows the shock normal angle QBn. Column 5 is the ratio of the plasma pressure to the
magnetic pressure (plasma b), where DG indicates a data gap. Columns 6 shows the magnetosonic Mach number (Mms). Columns 7–12 show
the results of the wave analysis we applied in order to determine the type of waves observed and their properties (upstream and downstream
from the shocks), where QBok is the angle at which the waves propagate with respect to the ambient magnetic field, and Qnk is the angle at
which waves propagate with respect to the shock normal.

Table 2. Average ∣B∣, Np, Tp, Plasma b, Bd/Bu, and Mms Corre-
sponding to 9 Shocks Associated With SIRs Observed by Both
STEREO-A and STEREO-B Spacecraft

∣B∣ (nT) Np (cm
�3) Tp (K) Plasma b Bd/Bu Mms

SA 7.4 10.5 8.4 � 104 2.6 1.5 1.4
SB 5.3 6.5 5.7 � 104 2.5 1.5 1.75
Average 6.35 8.5 7.1 � 104 2.55 1.5 1.58
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spatial scale of the SIR shock tells us how the shock char-
acteristics change basically with longitude, which is also
reflected in the downstream region observed by each
spacecraft (see Figure 7). Mms is lower in STEREO-A (1.18)
compared to STEREO-B (1.84), which is related, as we have
seen, to the inhomogeneity in the solar wind stream char-
acteristics that are present in the heliosphere.

4. Summary

[23] Interplanetary shocks are complex structures sur-
rounded by regions where a variety of wave modes exist.
STEREO dual observations show that the characteristics of a
shock can change dramatically from one region to another in
both the upstream and downstream regions. As STEREO-A
and STEREO-B drift apart, the shocks that they see occur in
different solar wind conditions. So they should see different
upstream fields and plasma conditions. We find that the
variations with longitude of shock parameters do not vary
more as the spacecraft separation increases, they just vary
without following a trend. This may be due to the fact that
our data set is not sufficiently large to see a clear trend.
[24] We analyzed 9 shocks associated with stream inter-

action regions (SIRs) observed by both STEREO-A and
STEREO-B spacecraft during the years 2007–2008, when
the Sun was at its solar minimum phase of activity. These
events took place during a very low solar activity phase

where the interplanetary medium is dominated mainly by
recurrent high-speed streams coming from polar, midlatitude
large scale, and low latitude small scale coronal holes [e.g.,
Kilpua et al., 2009]. This sample of events considers only
shocks that were observed by both spacecraft, and no other
selection criteria was used. For this study the separation
angle between the spacecraft was in the range �0.2° to
�86°. We found that both spacecraft observed shocks with a
wide variety of QBn (range: [�20° to �81°]), shock mag-
netosonic Mach number (range: [�1.1 to �2.2]), and field
jump (range: [�1.1 to �2.25]) values. The largest changes
for QBn, shock magnetosonic Mach number, and field jump,
at the two different longitudinal locations, were �39°, �0.9,
and �0.72, respectively.
[25] Our study shows that the upstream and downstream

regions associated with shocks can be permeated by differ-
ent types of waves and that low Mach number shocks are
much more complex structures than originally thought [see
also Wilson et al., 2007, 2009, 2010]. Upstream from shock
fronts whistler and low frequency, likely beam generated
(associated with quasi-parallel shocks) waves were present.
Downstream from shock fronts whistler waves and com-
pressive fluctuations, including mirror modes were found.
Further work, including the study of ion and electron dis-
tributions, is needed to determine exactly the origin of each
type of wave and the microphysics that determines the
characteristics of interplanetary shocks and their surrounding
regions. The large angles of propagation with respect to
shock normal found for the whistler precursors indicates that
they are not phase standing waves. These fluctuations
resemble the waves found by Wilson et al. [2009] whose
origin has been attributed to electron kinetic instabilities

Figure 7. One-minute resolution plasma parameters of the
shock number 8 observed by STEREO-A/B on November
19–20, 2007. The solid line shows the time where the shock
crossed STEREO-A (open circles), and the dash-dotted line
shows the time where the shock crossed STEREO-B (filled
squares). The time in STEREO-A remains fixed while the
time in STEREO-B is shifted by Dt �34 hours forward.
The parameters for the shock observed by STEREO-A are
QBn = 61°, Mms = 1.18, Bd/Bu = 1.12, while those for the
shock observed by STEREO-B are QBn = 62°, Mms = 1.84,
Bd/Bu = 1.84.

Figure 8. Spacecraft location with the Parker’s spiral over-
plotted for the shock number 8 observed by STEREO-A/B
on November 19–20, 2007. The black arrows represent the
shock normal at each spacecraft, while the solid bars repre-
sent the shock front at each location. The axes on the plot
are in the Heliocentric-Earth-Ecliptic (HEE) coordinate sys-
tem, where X is the Sun-Earth line in astronomical units
(AU), and Z points to the north pole.
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such as the whistler heat flux and/or the whistler anisotropy
instabilities. On the other hand, the existence of a foot and
overshoot for some of the shocks indicates that ion reflection
is taking place so that some of the low frequency waves
observed further upstream may be generated by ion instabil-
ities such as the right-hand resonant instability via cyclotron
resonance. For the interplanetary shocks where ion reflec-
tion is taking place we expect foreshock regions filled with
suprathermal ions upstream from these shocks, where wave
particle interactions take place modifying both wave and
particle distributions characteristics. Examining in more
detail wave particle interactions near interplanetary shocks
will enhance our understanding about how thermalization
takes place in these shocks and will give us insight about
acceleration processes.
[26] A recent study has shown, by analyzing dynamic

energy spectra from the STEREO-PLASTIC ion spec-
trometer, that ICME driven shocks can have very long
(many hours) foreshock regions with suprathermal ions in
contrast to the stream interaction shocks that show much
smaller heated regions upstream (X. Blanco-Cano et al.,
manuscript in preparation, 2011). This suggests that ICME
driven shocks have been in existence longer, almost all the
way from the Sun, whereas the stream interaction shocks
analyzed in this work have only been in existence a short
time before being observed at 1 AU. Hence, the ICME
shocks would have heated protons and generated upstream
waves over a long distance and the integral/average fore-
shock would depend on the average shock structure from
the Sun to STEREO which might be quite different than
the local structure. For stream interactions this would be
less true since the near-shock upstream waves and hot
particle distributions are more related to the shock seen at
STEREO because that structure has just recently been
formed.
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