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SHAN ET AL.

The study is restricted to waves which are observed well below the local proton cyclotron frequency.
Using the magnetic ﬁeld observations from Venus Express between May 2006 and February 2012, 115
quasi-monochromatic ULF wave trains have been identiﬁed. Statistical results show that the wave periods are
mainly from 20 to 30 s in the spacecraft frame, which is about 2–3 times of the local proton cyclotron period.
The transverse power dominates the power spectrum, and most of the waves display nearly circular or
slightly elliptical polarization in the spacecraft frame. Moreover, these ULF waves mainly have small relative
amplitudes with respect to the ambient ﬁeld magnitude B0 for parallel component (δB||/B0 less than 0.3),
while the range of relative amplitudes for perpendicular component δB⊥/B0 is from ~0.1 to ~1.0. Wave
propagation angles are mainly less than 30° with respect to the mean magnetic ﬁeld direction. The obtained
results are very similar to the wave properties seen for ULF waves present in the terrestrial foreshock, which
suggests that backstreaming ions in the Venusian foreshock form an important energy source for the
generation of the waves.

1. Introduction
A planetary bow shock and its subsequent related foreshock region are signiﬁcant physical phenomena
inherent to a planet immersed in the solar wind plasma. In the foreshock region of Earth, a signiﬁcant wave
activity associated with backstreaming particles is observed [Hoppe et al., 1981; Russell and Hoppe, 1983;
Thomsen et al., 1985; Wilson, 2016, and references therein]. The foreshock region is bounded by the shock
surface and the interplanetary magnetic ﬁeld line, which is tangent to the latter. This region has different
physical properties compared to the pristine solar wind. Particles emanating from the shock are subject
upstream to the drift resulting from the convective solar wind electric ﬁeld. Faster particles will be found
backstreaming more upstream comparatively to the slower ones. Due to this velocity ﬁltering, the electrons
will be seen ﬁrst from the tangent line boundary, while the ions are observed further downstream inside the
ion foreshock boundary.
Upstream of the Earth’s bow shock, several different types of backstreaming ion distributions, including ﬁeldaligned (termed reﬂected in earlier literature), gyrating, intermediate, and diffuse ions, have been identiﬁed
from early spacecraft observations [Gosling et al., 1978; Paschmann et al., 1981; Fuselier, 1995]. Field-aligned
beam distributions are usually seen from the quasi-perpendicular region to oblique regions, and their energy
is from few to several keV [Paschmann et al., 1980; Bonifazi and Moreno, 1981; Kucharek et al., 2004; Meziane
et al., 2005]. Detailed investigations indicate that their thermal energy is controlled by the solar wind thermal
energy and the shock geometry [Meziane et al., 2013]. Observed downstream from the ﬁeld-aligned beam
source region, intermediate and gyrating ion distributions are usually thought to arise from ﬁeld-aligned distributions through the nonlinear wave-particle interaction [Winske and Leroy, 1984; Hoshino and Terasawa,
1985; Mazelle et al., 2000, 2003]. Under rare interplanetary magnetic ﬁeld (IMF) conditions, both ﬁeld-aligned
beams and gyrating ions can be observed simultaneously due to the ﬁnite gyroradius effect of the latter
(gyrating ions) [Meziane et al., 2004a]. This simultaneous observation occurs when the spacecraft crosses
the boundary between the two populations. Gyrating and intermediate ion distributions may also emanate
from the quasi-parallel shock [Gosling et al., 1982; Meziane et al., 2004b]. The production mechanisms of both
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ﬁeld-aligned beams and gyrating ions have also been investigated by numerical studies [Burgess, 1987;
Gedalin et al., 2008; Savoini and Lembège, 2015], which relate both ﬁeld-aligned and gyrating distributions
to the same reﬂection process at the shock. Finally, diffuse ion distributions originate from ion reﬂection or
scattering at the quasi-parallel shock region [Fuselier, 1995; Scholer, 1995; Su et al., 2012]. They also may result
from ﬁeld-aligned beam disruption [Paschmann et al., 1981].
Inside the foreshock, the interaction of backstreaming particles with solar wind ions excites a variety of wave
activities. Several distinct wave modes are observed in the terrestrial foreshock [Orlowski et al., 1990; Le and
Russell, 1994; Greenstadt et al., 1995; Burgess, 1997; Blanco-Cano et al., 1999]. The so-called ‘30s’ ( typical period
in the spacecraft frame) ultralow frequency (ULF) wave is one of a main type of wave activity, and it has been
extensively observed in the Earth’s foreshock [Hoppe and Russell, 1983; Thomsen et al., 1985; Meziane et al.,
2001; Mazelle et al., 2003; Eastwood et al., 2005a, 2005b; Wilson et al., 2013] and other terrestrial bodies including Venus [Russell and Hoppe, 1983; Orlowski et al., 1994; Shan et al., 2014], Mars [Mazelle et al., 2004], Saturn
[Orlowski et al., 1995; Bertucci et al., 2007; Andrés et al., 2013], and Mercury [Le et al., 2013], and also at quasiperpendicular interplanetary shocks [Wilson et al., 2009]. Hoppe and Russell [1982] also found that there is a
linear trend between wave frequency and ambient magnetic ﬁeld strength for the different planets.
About the typical upstream parameters for the Venusian bow shock, the solar wind conditions at 0.72 AU
based on Pioneer Venus Orbiter (PVO) observations [Russell et al., 2006] give a average value of plasma beta
of 0.66 and a fast magnetosonic Mach number at the subsolar point of 4.2 for solar maximum case, while the
corresponding numbers are 2.5 and 5.6 for the solar minimum case (from the website http://ppi.pds.nasa.
gov/).
Linear theory and numerical simulations results reveal that ﬁeld-aligned beams are the most efﬁcient population to drive the ion/ion electromagnetic right-hand resonant mode unstable compared to other foreshock ion
distributions [Gary et al., 1981; Gary, 1991; Winske and Quest, 1986; Mazelle et al., 2003; Lu et al., 2006, 2009].
Global hybrid simulations show that the sinusoidal quasi-monochromatic ULF waves are generated by ﬁeldaligned beams [Blanco-Cano et al., 2006a]. Due to solar wind convection, the produced waves are blown back
to the shock causing signiﬁcant changes of its structure [Blanco-Cano et al., 2006b]. Mazelle et al. [2005, 2007]
have shown from Cluster observations that the ULF waves are generated by ﬁeld-aligned beams at the inner
edge of the gyrating ion regions and that during wave-particle interaction these beams have evolved into
gyrophase-bunched ions.
Using ISEE 1 and 2 data, Hoppe and Russell [1983] identiﬁed sinusoidal ULF waves upstream of the Earth bow
shock and that these waves are magnetosonic with frequency about 0.1 times of ion cyclotron frequency and
wavelength ~1 RE in the solar wind rest frame. The waves are right-hand polarized in solar wind rest frame but
appear left-hand polarized in the spacecraft frame because of the Doppler shift. Beneﬁting from multiple
spacecraft analysis, recent statistical investigations presented more accurate results [Eastwood et al.,
2005a], which have shown that the quasi-monochromatic ULF waves have an average period of 31 s in the
spacecraft frame, a wavelength of about 1.5 RE, and the mean propagation angle with the ambient ﬁeld is
about 21°.
Based on two ULF wave events with similar IMF conditions, a previous study [Le and Russell, 1992a] indicated
that the power spectrum of ULF wave in the deeper foreshock appeared broader than a wave near the foreshock boundary, and the wave amplitude and polarization were also different. Larger amplitude and higher
compressional waves were interpreted as a further evolution of less compressional and lower amplitude
waves [Hoppe and Russell, 1983]. Numerical simulations suggested that sinusoidal waves and highly compressive ﬂuctuations are present at different positions and associated with different type of foreshock ion distributions [Blanco-Cano et al., 2006a]. The observed frequency in the spacecraft frame has a bandwidth due to
the Doppler shift associated with the solar wind speed and its variations. Moreover, the bandwidth in the
spacecraft frame will be larger for oblique propagations.
ULF wave activity has also been reported upstream of Venus bow shock. Russell and Hoppe [1983] identiﬁed
one ULF wave case with a frequency of ~0.03 Hz. Another detailed case study revealed a transverse ULF wave,
with wave power peak at 0.08 Hz and frequency band less than 0.04 Hz, an amplitude of ~1.2 nT, left-hand
elliptically polarized in the spacecraft frame, and a propagation angle of 12° from ambient magnetic ﬁeld
[Orlowski et al., 1995]. Near the Venusian bow shock, Shan et al. [2014] identiﬁed ﬁve quasi-monochromatic
SHAN ET AL.
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ULF wave events originating from the upstream of the quasi-parallel shock and which seem to have been
transmitted downstream. These waves were found to have similar properties in the foreshock and magnetosheath: frequency 0.04–0.05 Hz in spacecraft frame, an average oblique propagation angle of ~32°, lefthanded elliptical polarization, and large amplitude, indicating that the waves are magnetosonic waves, which
are blown from upstream to downstream by the solar wind.
Recent observational studies have shown that there are proton cyclotron waves which are excited by
newborn protons through ion/ion resonant instability in the upstream region of Venus [Delva et al., 2008,
2011]. Those waves occur mainly downstream of the terminator plane because of higher density of newborn
ions in that region [Delva et al., 2015]. Their frequency in the spacecraft frame is exactly at the local proton
gyrofrequency (with less than 20% deviation), which is much higher than for the foreshock ULF waves
generated by backstreaming ions. Moreover, the foreshock ULF waves are only observed when the IMF lines
are connected to the bow shock on the contrary to the proton cyclotron waves seen everywhere in the
upstream region of the bow shock.
For the present work, we investigate the statistical properties of quasi-monochromatic foreshock ULF waves
observed upstream of the Venusian bow shock by using 1 Hz magnetic ﬁeld measurements from Venus
Express [Zhang et al., 2006]. One important aim of the present study is to compare the terrestrial foreshock
with the Venusian one.
Although, Venus’ size is similar to that of Earth, the lack of a global magnetic ﬁeld may induce differences that
could be instructive. Many differences can be expected for the shock and the foreshock at Venus compared
to the terrestrial case (magnetized planet) for nearly the same planet size. First, the standoff distance of the
Venusian bow shock is much less than the planetary radius. The ﬁrst consequence is that it makes the relative
value of the curvature radius of the shock compared to the upstream solar wind proton gyroradius much
smaller particularly on the dayside compared to the Earth case. This may inﬂuence the reﬂection mechanisms
of the particles, which are the source of the ULF waves, and the particle properties can differ from what is
expected by analytical calculations assuming a locally planar shock. Second, that makes the size of the
bow shock and associated foreshock much smaller. Thus, the instabilities have much less time and space
to grow, propagate, and evolve through the wave-particle interaction processes.

2. Measurements and Wave Selection
Venus Express was launched on 9 November 2005 and arrived in the Venus orbit on 11 April 2006. The spacecraft has an elliptical polar orbit (period 24 h) with a periapsis of 250–300 km and an apoapsis of ~12 RV
(Venus radius 6052 km); this allowed two bow shock crossings per orbit. The orbital plane is ﬁxed in space
and therefore performs a full rotation through the plasma regions in one Venusian year. Magnetic ﬁeld data
with 1 Hz data rate are available throughout the full orbit [Zhang et al., 2006].
First, the bow shock crossings are identiﬁed, which allow us to distinguish the measurements in the foreshock
from the magnetosheath. In the solar wind, the typical value of magnetic ﬁeld is about 7 nT. Due to lack of
reliable plasma data, a precise determination of solar wind parameters is not possible. Based on Shan
et al.’s [2015] bow shock model, the angles θBn (angle between IMF and shock normal) can be estimated.
In the VSO system of coordinates, x axis points to the Sun, y axis is oriented along the Venusian orbital velocity, and z axis completes the right-hand system. The magnetic ﬁeld data in VSO (Venus Solar Orbital) frame
are transformed into mean ﬁeld coordinates deﬁned as follows: z axis is along the direction to mean magnetic
ﬁeld (averaged over an arbitrarily deﬁned time interval), y axis is perpendicular to z axis and VSO x axis, and x
axis completes the right-handed coordinated set. Therefore, the compressional magnetic ﬁeld component is
given by the parallel component (Bz) in the mean ﬁeld system and the transverse component vector is easily
derived from the difference between each magnetic ﬁeld vector and the parallel component. In order to
identify quasi-monochromatic ULF waves, an automatic survey on the MAG data from May 2006 to
February 2012 is realized. A fast Fourier transform (FFT) procedure is performed on each 10 min data interval
(lowest frequency of ~0.00167 Hz). The time interval should be chosen long enough to contain a sufﬁcient
number of wave periods in order to compute a reliable power spectral density by using FFT while allowing
to compute an average magnetic ﬁeld providing a good quantitative estimate of the local ambient ﬁeld.
This is required to obtain physically reliable parallel and transverse waveﬁeld components. However, the time
interval must not be too long to avoid variations of the ambient ﬁeld. Different time intervals have been tried,
SHAN ET AL.
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Figure 1. ULF wave occurrence in the Venusian foreshock observed by Venus Express on 2 June 2006. The subinterval
marked by the plus-minus sign and triangle is used in Figure 2. (bottom row) The part of the VEX orbit during the wave
observations is also shown in red line. The dashed lines represent the model bow shock. In Figure 1 (bottom middle), the
projections of interplanetary magnetic ﬁeld and shock normal are also plotted.

and the chosen one appeared to be appropriate. The compressional and transverse power parts are separated, and the local proton cyclotron frequency fcp (~0.1 Hz for typical magnetic ﬁeld value) is calculated.
The wave events that fulﬁll the following criteria on the dominating power part are selected:
1. In the frequency range 0.012 Hz–0.1 Hz or 0.012 Hz–fcp (with fcp < 0.1 Hz), there is only one power peak
whose frequency is equal or less than 2/3 fcp. At this point, we verify that the lower limit of frequency
range (0.012 Hz) is higher than the lowest frequency in the FFT procedure and the peak frequency is
sufﬁciently lower than the local fcp, because our aim is to exclude proton cyclotron waves.
2. Near the peak power Pmax, the frequency band corresponding to limit frequencies fmin and fmax for which
the power spectral density is equal to 0.3 Pmax. The frequency band should have a very narrow range that
is equal to or less than 0.010 Hz in the present investigation. That means, only the quasi-monochromatic
ULF waves are selected by this survey.
3. The identiﬁed peak should be associated with a sufﬁciently strong power, which is about at least 2 times
larger than its neighbor power.

3. Data Analysis and Statistical Results
Using an automatic survey, we identiﬁed a total number of 115 quasi-monochromatic wave trains,
which included 157 events of 10 min. In the case where the interval between two selected subintervals is 3
times larger than the wave period, we consider those cases as two distinct events. A case event is ﬁrst
analyzed. Figure 1 shows magnetic ﬁeld measurements (Bx, By, and Bz components in VSO frame) on 2
June 2006. Figure 1 (bottom row) show the spacecraft positions (red line) and here adopted model bow
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shock (dashed line) from Shan et al.
[2015]. During the time interval of interest, the spacecraft moved from the position (2.54, 2.78, 2.59) RV to (2.45,
2.67, 2.22) RV in the upstream region,
and the IMF is nearly in the x-y plane of
VSO frame. Because of the unavailability
of plasma data, we are unable to adjust
the Venusian bow shock according to
the ram pressure when VEX observed
the waves in the foreshock region.
Figure 1 (bottom middle) shows the
projection of the IMF ﬁeld (black arrow)
and the shock normal (blue arrow),
computed from the bow shock model;
it appears that the wave interval is
located well inside the foreshock region.
The IMF direction makes an angle
θBn ~ 26° with the shock normal, indicating a quasi-parallel geometry. Finally,
based on the used bow shock and at
the time of interest, VEX spacecraft is
located at ~2.4 RV from the bow shock.
Figure 2 shows the power spectrum,
separated into the transverse (red) and
compressional (black) parts, and hodograms for a subinterval (from 00:09:18
Figure 2. Wave power spectrum for compressional (black) and transverse
to 00:10:15 UT indicated by the plus sign
(red) magnetic ﬁeld components and hodograms of the ULF wave case on
2 June 2006. The red arrow and blue dashed line mark the peak frequency and triangle on Figure 1) of the wave
for the maximum power and local proton gyrofrequency, respectively,
shown in Figure 1. The peak frequency
with the associated error bars. (bottom) The hodograms from MVA of a
of the waves (indicated by the red
subinterval with length ~3 wave periods. The plus-minus sign and triangle
arrow) fsc = 0.051 ± 0.003 Hz in the
indicate the start and end of the subinterval, respectively.
spacecraft frame, and the local proton
cyclotron frequency (marked by the
dashed line) fcp = 0.098 ± 0.015 Hz, which is about 1.9 times the peak frequency. It is clear that the transverse
part dominates the power spectrum around the peak frequency. The minimum variance analysis (MVA)
method [Sonnerup and Scherble, 1998] is used for hodograms analysis in principal axis coordinates [Rankin
and Kurtz, 1970; McPherron et al., 1972]. Here a subinterval of about 3 times the wave period is selected for
the MVA. The underscripts i, j, and k refer to the maximum, intermediate, and minimum variance eigenvalues,
respectively, as well the associated principal axes and eigenvectors; Bi and Bj are the magnetic ﬁeld components in the wave plane, while Bk is parallel (or antiparallel) to the wave propagation direction. The plusminus sign and triangle on the (Bi, Bj) hodogram indicate the start and end of the analyzed interval, respectively. It results from the MVA technique that the ratios of the maximum to intermediate (λi/λj) and intermediate to minimum (λj/λk) eigenvalues are 1.6 and 14.7, respectively. The prior ratio describes the polarization of
the wave: a value close to 1 means circular polarization, while larger values mean elliptical or even linear
polarization for very large ones. Therefore, the obtained value of λi/λj(=1.6) indicates a nearly circular or
slightly elliptical polarization. The latter ratio provides an estimation of the uncertainty on the wave propagation direction [Sonnerup and Scherble, 1998], and the larger this value, the smaller this uncertainty. Usually, a
numerical value larger than 5 stipulates that the entailed error is not signiﬁcant. The obtained value for the
present case is obviously large enough for a reliable analysis. In the Bi  Bj plane, the ambient magnetic ﬁeld
points into the plane. Therefore, the apparent polarization in the spacecraft frame is left-handed with respect
to the average magnetic ﬁeld. We found that the IMF cone angle (the angle between the average magnetic
ﬁeld and x axis of VSO system) θBx = 21° ± 4°, and the angle between the wave propagation direction and the
SHAN ET AL.
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ambient magnetic ﬁeld θkB = 20° ± 2°. It
appears that the wave propagation
direction is nearly parallel to the ambient magnetic ﬁeld and near the x
axis. Assuming a solar wind speed of
450 km/s, an estimation of the wavelength can be obtained; we found
λ ~ 1.35 RV. This appears very similar to
the typical values seen in the case of
the Earth foreshock.

Figure 3. Spatial distributions of observations of 115 ULF wave trains in
the VSO cylindrical coordinates. The grey curves are the orbit limits, and
VEX cannot go outside of this region. The dashed line indicates the model
bow shock. The color coding is corresponding to the ratios of compressional to transverse power of the waves.

We now present the statistical results as
based on the automatic identiﬁcation
of ULF waves; 115 cases are found
between May 2006 and February 2012.
Figure 3 shows the location of all the
considered wave trains upstream of
Venus bow shock. The dashed grey line
represents the model bow shock, while
the grey lines indicate the limiting orbits
of the spacecraft. These observations
indicate that the waves can be present

Figure 4. Histograms of 115 ULF waves. (top) The period and ratio period to local proton cyclotron period. (bottom) The
histogram of ratios of compressional to transverse power.
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Figure 5. Histograms of 157 ULF waves’ parameters obtained from MVA method. (top) Eigenvalue ratios; (bottom left)
wave propagation angles and (bottom right) shock normal angles.

in all the foreshock regions accessible by the spacecraft and up to large distances near the apoapsis (~12 RV).
Moreover, most of the cases are observed upstream of the terminator plane. These results are very different
from proton cyclotron waves investigated by Delva et al. [2015], who found more events downstream of the
terminator plane.
Figure 4 provides the ULF wave statistical properties obtained from our analysis. The wave period in second
of time (Figure 4, top left) and normalized to the proton cyclotron period—Tcp (Figure 4, top right) distributions is shown. Most of ULF waves (~62%) have a 20–30 s period, which is about 2  3 × Tcp. Figure 4 (bottom)
shows the histogram of the compressional to transverse power ratio; it indicates that 71% of the waves are
dominated by the transverse part (i.e., Pcomp/Ptran < 1). The color coding in Figure 3 shows the Pcomp/Ptran
ratio values. We ﬁnd that the transverse waves occur in all the foreshock regions. Even near the bow shock,
there are waves with weaker compressional parts.
The speciﬁc wave properties, obtained with the MVA technique, are shown in Figure 5. Only events with
ratios of intermediate to minimum (λj/λk) eigenvalues larger than 5 for which errors on θkB is less than 10°
are considered. The top histograms show the ratios of the maximum to intermediate (λi/λj) and intermediate to minimum (λj/λk) eigenvalues. Most of the ratios (λi/λj) are close to 1, which illustrates that the waves
have mainly a nearly circular or slightly elliptical polarization. Simultaneously, the ratios (λj/λk) are
sufﬁciently large (with 64% cases >10) indicating a high reliability of the MVA method. Even under stringent conditions (λj/λk > 10), the histogram would be very similar (not shown here). Figure 5 (bottom left)
shows the distribution of wave propagation angle θkB; we found a mean value equals to 22.5° ± 15.6°. Most
angles (~78%) are less than 30°.
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The shock normal angles θBn associated
with each event is also determined: we
obtained a mean value of θBn = 30.5°
± 17.9°. It is clear that most of the waves
are observed in the quasi-parallel foreshock region (θBn < 45°).

Figure 6. Histogram of 157 ULF waves’ angle between the wave propagation directions obtained from MVA method and the X-VSO axis, assuming
propagation toward the Sun.

Figure 6 displays the histogram of the
angle θkx between the wave vector
and the x axis of the VSO system
forcing this angle to be between 0
and 90° (using only |ekx| where ekx
is the eigenvector associated with
the minimum variance). This gives an
indication of the angle between the
direction of propagation and the solar
wind velocity which plays an important
role in the Doppler shift between the
plasma rest frame and the spacecraft
frame: we ﬁnd a mean value of
θkx = 29.2° ± 15.7°. It is clear that for
most of the waves ±k is not at a large
angle with respect to the solar wind
velocity vector, which implies a strong
Doppler shift.

Figure 7 shows the spatial distributions of waves as a function of the same parameters as in Figure 5: λi/λj
(Figure 7, top left), λj/λk (Figure 7, top right), θkB (Figure 7, bottom left), and associated θBn (Figure 7, bottom
right). In Figure 7 (top left), circularly or slightly elliptical polarized waves were observed everywhere in the

Figure 7. Spatial distribution of 157 ULF wave intervals in the VSO cylindrical coordinates for (top left) λi/λj, (top right) λj/λk,
(bottom left) θkB, and (bottom right) θBn.
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Figure 8. Histograms of the (top left) parallel and (top right) perpendicular amplitudes and (bottom left) the ratios between
them from 157 selected subintervals as same as Figure 5.

foreshock, and several wave cases with more elliptical polarizations (larger λi/λj, marked by red or green color)
appear mainly at further distance from the shock. While for θkB, more oblique propagation is observed when
closer to the shock and relatively more distant upstream from the terminator, but it usually corresponds to
low λi/λj. Cases associated with large θBn appear mostly downstream from the terminator.
Finally, we calculated the relative wave amplitude components (Figure 8) δBpa/Bo and δBpe/Bo, respectively,
for wave events with λj/λk > 5 and errors on θkB < 10°; δBpa (δBpe) is the parallel(perpendicular) wave amplitude component and Bo is the average magnetic ﬁeld. The amplitude components are calculated as
follows:
δBðt Þ ¼ BðtÞ  Bo
δBpa ðtÞ ¼ Bpa ðtÞ  Bo

(1)

δBpe ðt Þ ¼ δBðt Þ  δBpa ðtÞ
here t indicating the time series and the boldface represent vectors. For the parallel and perpendicular
components of each wave event, we calculated errors for each case. Figure 9 displays the histogram of the
errors for them

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


 δB2pa þ δB2pe  δB
δB
where δB is the mean amplitude of a wave event. The error on the determination of the amplitudes may come
from the deviation of the computed Bo. It appears on Figure 8 that most waves (~94%) have small relative
SHAN ET AL.
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parallel amplitudes in the range from ~0
to ~0.3, while most waves (~89%) have
a larger range of relative perpendicular
amplitudes from ~0.1 to ~1.0; i.e., most
waves have larger perpendicular (transverse) amplitudes compared to parallel
(compressional) amplitudes. The ratio
of parallel to perpendicular components
distribution is shown in Figure 8
(bottom), which is as expected similar
to the ratio of compressional to transverse power distribution as shown on
Figure 4.

4. Discussion and Conclusions
Earlier reports revealed the existence of
ULF waves upstream of the Venus
bow shock [Russell and Hoppe, 1983;
Figure 9. Histogram of the error on the computed parallel and transverse
Orlowski et al., 1995; Shan et al., 2014].
wave amplitudes shown in Figure 8.
For the present work, a statistical study
of Venusian foreshock ULF wave
properties is undertaken using 1 Hz VEX-MAG data. The study is restricted to wave trains that appear
quasi-monochromatic having an unambiguous frequency peak in the power spectrum. Based on a bow
shock model from Shan et al. [2015], the ULF wave events are localized within the Venusian foreshock. Our
statistics is based on 157 quasi-monochromatic wave events identiﬁed with a frequency far below the local
proton gyrofrequency. The observations indicate that the selected wave events are found within the entire
foreshock region that the spacecraft can explore; most of the cases are observed upstream of the terminator
plane. Precisely, the quasi-monochromatic ULF waves mainly appear in the upstream region of a quasiparallel shock. Moreover, the ULF waves occur up to a large radial distance ~12 RV from the center of planet.
These results are very different from those obtained from the investigation of proton cyclotron waves. The
ULF waves in the present study are always limited to the foreshock region, on contrary to proton cyclotron
waves that are also observed when the spacecraft is not magnetically connected to the bow shock [Delva
et al., 2015].
For each selected case the wave period, power spectrum of the compressional and transverse components,
polarization, propagation angle, and amplitude are determined. Our results show that most of the waves
(~62%) have 20–30 s wave period, which is about 2–3 times Tcp. The average period is about 27 s in the spacecraft frame very similar to the average wave period seen in the foreshock of Earth [Eastwood et al., 2005a]. This
is consistent with the foreshock wave relationship shown in an earlier study [Hoppe and Russell, 1982], due to
the different strength of IMF at different planets. The spread in the wave periods (Figure 4) may result from
the variation of solar wind speed, because the waves are convected by the solar wind ﬂow and Doppler shift
is signiﬁcant [Hoppe and Russell, 1983; Russell and Hoppe, 1983; Mazelle et al., 2003; Eastwood et al., 2005a] as
shown from the histogram of the angle θkx (Figure 6).
Since the plasma data are not available, an accurate determination of the wavelength is not possible.
However, for a typical solar wind velocity the wavelength can be estimated to one Venusian radius.
Another wave feature regards the transverse component which dominates the wave power contrary to the
nonlinear waves like steepened magnetosonic and shocklets, which have large compressional components
and are excluded from the present study. In the downstream region of the Venusian bow shock, lowfrequency ﬂuctuations are mainly dominated by the transverse power [Du et al., 2010]. Perhaps, these waves
seen downstream mainly come from the foreshock [Luhmann et al., 1983; Shan et al., 2014] because their
phase velocity is lower than the solar wind speed.
In a previous study used the mapping of the standard deviations of the magnetic ﬁeld components and
magnitude from more than 700,000 time intervals within nominal Parker spiral region (IMF cone angle from
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Figure 10. Histogram of IMF cone angles for the 157 ULF wave
subintervals.
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25° to 45°) to infer the ULF wave activity,
which appear conﬁned to the nose of
the shock [Crawford et al., 1998, their
plate 2]. But their study was not limited
to quasi-monochromatic ULF waves
and can also introduce many other solar
wind or foreshock transients, which can
impact the variance. In the present
study, the IMF cone angle for 157 subintervals has a large range from 0° to 60°
(Figure 10). The mean value is 27.2°
± 13.0°, which indicates a lower value
than the nominal range of Parker spiral
angles at Venus (25°–45°). A judicious
localization of wave events requires
the use of the solar foreshock coordinates system [Greenstadt and Baum,
1986] because the occurrence is
cone angle-dependent.

Based on MVA results, we found that
most of ULF waves show a nearly
circular or slightly elliptical polarization (λi/λj < 3) with propagation angles mainly less than 30°, with a mean
value 22.5° ± 15.6°. Again, these results are very similar to those found inside the Earth’s foreshock [Eastwood
et al., 2005b]. The small propagation angles strongly indicate that those ULF waves are excited by
backstreaming ions propagating sunward along the IMF. Both theory and observations suggest that the
backstreaming ions are connected to the generation of ULF waves [Gary, 1991; Hoppe and Russell, 1982;
Meziane et al., 2001; Mazelle et al., 2003], particularly, the growth rate of the ion-ion beam instability is
maximized for parallel propagation [Gary et al., 1981]. Similar values of the propagation angle are found in
the upstream region for the case studies of waves transmitted through the quasi-parallel shock by Shan
et al. [2014].
Moreover, although the quasi-monochromatic ULF waves are seen on IMF lines making an angle θBn
between 0° and 80°, most of the cases are associated with a quasi-parallel geometry (mean θBn = 31°).
We should, however, emphasize that the large value of θBn angles (~80°) are entailed with signiﬁcant errors
given that the bow shock model is quite poor at the ﬂanks. Although the results is bow shock modeldependent, our results is in good agreement with an earlier study for the Earth’s case carried out by Le
and Russell [1992b], showing that ULF waves are conﬁned in the foreshock region with θBn ≦ 50°. In addition,
we studied the parallel and perpendicular amplitudes for the ULF wave cases. We found that most of the
waves have small relative parallel wave amplitudes (less than 0.3), while the perpendicular amplitudes
are larger, 0.1–1.0 Bo, a result that is consistent with small propagation angles with respect to the
background ﬁeld.
Based on the properties found in the present study, it is strongly suggested that the quasi-monochromatic
ULF waves seen upstream of the Venusian bow shock are excited by foreshock backstreaming ions with a
process similar to the one operating in the terrestrial foreshock. From ISEE 2 observations at the Earth,
~83% of ﬁeld-aligned beams are in the foreshock with θBn > 26° [Bonifazi and Moreno, 1981]. The shock
normal angles found here for ~55% wave cases are larger than 26°.
The study of the association of Venusian foreshock ULF waves with backstreaming ion velocity distributions is
certainly necessary to understand the wave excitation mechanism. A possible route is to investigate the existence of an ULF boundary beyond which the IMF ﬂuctuations occur. Such boundaries have been reported in
the case of the Earth [Greenstadt et al., 1986; Meziane and d’Uston, 1998; Andrés et al., 2015] and Saturn [Andrés
et al., 2015]. Using PVO data, a preliminary investigation of Venus foreshock ULF boundary has been initiated
by Greenstadt et al. [1987], and it is certainly suitable to pursue this investigation with VEX-MAG data. This is
the scope of a future work.
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