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[1] Due to the lack of an intrinsic magnetic field at Venus, the Venus ionosphere acts
as the obstacle to the incoming solar wind flow. Induced currents flowing on the
ionopause resist the penetration of the solar wind magnetic fields into the ionosphere.
The Venus Express magnetometer occasionally observes plasma waves near the
ionopause. These waves propagate quasi-perpendicularly to the background magnetic
field, which are distinctively different from the lightning-generated whistler waves. Both
case and statistical studies are performed on the Venus Express magnetometer data in
32 Hz and 128 Hz resolutions for these quasi-perpendicular propagating waves. These
waves are found to be strongly associated with current sheets near the ionopause, either
occurring at the center of a sharp current, or occurring at the edge of a current. The earlier
Pioneer Venus Orbiter electric field observations also detected plasma waves associated
with field-aligned currents near the ionopause region, and the wave studies in this paper are
possibly the magnetic counterparts of those earlier observations. These waves could be
generated from the free energy of currents at the ionopause and could lead to
dissipation of those currents.
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1. Introduction

[2] Due to the lack of significant global magnetic field,
the ionosphere of Venus acts as the primary obstacle to
the incoming solar wind plasma flow. A bow shock forms
in front of Venus to slow down the supersonic solar wind,
then the plasma flow diverts around Venus as the mag-
netic field lines drape around the planet. The ionopause is
the top boundary of the ionosphere, above which the
plasma density decreases sharply with altitude. On the
dayside, there are induced currents flowing on the iono-
pause, resisting the penetration of the solar wind magnetic
fields into the lower ionosphere. Depending on the relative
strength of the total pressure in the solar wind and that in
the ionosphere, the upstream fields can either be prevented
from entering the ionosphere or penetrate the ionosphere to
magnetize the region below the ionopause [Elphic et al.,

1980; Luhmann and Cravens, 1991]. The ionopause bound-
ary is typically around altitudes of 300 to 800 km at solar
maximum [Brace and Kliore, 1991] and around 250 km for
solar zenith angle from 0 to 90 degree at solar minimum
[Zhang et al., 2006], and it is at higher altitudes for smaller
solar wind pressure and also for regions with larger solar
zenith angle under the same solar wind condition.
[3] The magnetosheath region, which is between the

ionopause and bow shock, has mixed plasma from the solar
wind and from the Venus ionosphere, especially in the inner
magnetosheath region which is also called the magnetic
barrier [Zhang et al., 1991]. There is abundant plasma-wave
activity in the magnetosheath region, at the ionopause and
even in the ionosphere. These waves may be locally gener-
ated, such as in the ionospheric current sheets. Or they may
be initially generated at the bow shock, propagate through
the magnetosheath by the solar wind, and finally be absor-
bed within the ionosphere. Many significant wave phenom-
ena have been discovered at Venus by the Pioneer Venus
Orbiter (PVO) Electric Field Detector which was designed to
detect electric fields of plasma waves in four frequency
channels [Scarf et al., 1980]. These VLF and ELF plasma
waves have been found to play important roles for energy
transport and dissipation in the dynamics of the solar wind
coupling to the ionosphere [Strangeway, 1991]. For exam-
ple, whistler waves generated at the bow shock can propa-
gate through the magnetosheath and supply energy to the
ionosphere [Scarf et al., 1979; Taylor et al., 1979]. Waves
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may also play a role in the generation of the ionopause
current layer, affecting the thickness of the current sheet and
providing dissipation [Elphic et al., 1981]. Furthermore,
current sheets are observed in cold plasma clouds within the
magnetosheath. It has been suggested that the waves
observed within these clouds produce anomalous resistivity,
resulting in electron acceleration which may produce aurora
at Venus [Russell et al., 1982; Scarf, 1985]. More recently,
Strangeway and Russell [1996] performed statistical analy-
sis on the PVO plasma wave data and magnetic field data.
They find that the waves are co-located with field-aligned
currents above the ionosphere and the OETP ionopause
(with OETP ionopause being where the PVO Langmuir
probe or orbiter electron temperature probe measures a
density of 100 cm�3). These waves were mostly detected in
the 100 Hz channel but sometimes extended to higher fre-
quencies, where they may be identified as whistler mode,
lower hybrid or ion acoustic waves [Strangeway and
Russell, 1996]. These authors argue that it is possible that
the plasma waves are generated by the field-aligned currents
but understanding the relationship between them requires

further investigation. In the nightside ionosphere, impulsive
wave events often present at low altitudes and could be
generated by lightning activities in the Venus atmosphere
which propagate to the spacecraft [Russell, 1991].
[4] The Venus Express (VEX) magnetometer [Zhang

et al., 2007] has detected short-lived, quasi-perpendicular
propagating compressional waves near the currents right
above ionopause, in both 32 Hz and 128 Hz resolution data.
These measurements allow us to study the magnetic coun-
terpart of the waves in earlier PVO electric field observations.
In the next sections, we first show case studies on such
waves, and then perform statistical studies on the wave
properties and their association with currents near the iono-
pause. Finally, we discuss the possible wave modes and their
effects at the ionopause.

2. Case Studies on the Waves Near the Ionopause
Currents

[5] During September 10, 2006, an ICME (interplane-
tary coronal mass ejection) event arrived at Venus and

Figure 1. The magnetic field observations of 1 Hz resolution during 0300 to 0500 UT on September 11,
2006. The dashed line marks the periapsis of 300 km and the two arrows mark the time of two
wave events.
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was observed by Venus Express [Zhang et al., 2008;
Balikhin et al., 2008]. On September 11, 2006, the plasma
environment around Venus was still determined by the
interaction of the planet’s ionosphere with the magnetic field
and plasma in that ICME. The calibrated magnetic field
measurements of 1 Hz resolution are shown in Figure 1
during 0300 to 0500 UT on September 11, 2006. The
dashed line marks the periapsis of 300 km and the two arrows
mark the time of two wave events. The data are in the VSO
coordinate system, in which the x axis points from Venus to
the Sun, the z axis is parallel to the northward pole of the
Venus orbital plane, and the y axis completes the right-
handed set and points toward dusk. During this interval, the
spacecraft flew from the downstream tail region toward the
upstream, passing the terminator plane at 0333 UT. It was in
the ionosphere and magnetosheath regions near periapsis
around 0334 UT which was at 300 km altitude, crossed the
upstream bow shock for the first time at 0422 UT and moved
into the solar wind. At 0434 UT, the spacecraft moved back
into the magnetosheath and then crossed the bow shock for
the second time at 0444 UT and entered the solar wind
thereafter. The ionosphere (at altitudes as low as the periapsis
at 300 km) is strongly magnetized as shown in Figure 1, due
to the enhanced magnetic pressure and dynamic pressure in
the ICME. In this paper, we focus only on the two wave
events marked by the arrows in Figure 1.

[6] Figure 2 shows the detrended 32 Hz data in the
spacecraft frame, in which the two wave events are marked
by arrows. The data are in the spacecraft coordinate system
and have un-calibrated instrumental offsets before being
detrended. For event 1, Fourier transform of the 32 Hz data
during 0331:21 to 0331:31 UT is shown in Figure 3a. This
power spectrum is calculated from the magnetic field
observations in the spacecraft coordinates after we corrected
the instrumental offsets in the spacecraft frame. Then, we
applied wave analysis to the power spectrum, based on the
principal axis method [Rankin and Kurtz, 1970] and the
Means method [Means, 1972]. The wave activity for event 1
has a frequency of 0.66 Hz (i.e., 2.5 times of the local proton
gyrofrequency), an amplitude of 1.85 nT, a propagation
angle of 47 degrees (from the background magnetic field),
and is right-handed polarized with an ellipticity of 0.70. We
apply similar analysis to event 2, which is between 0337:16
and 0337:36 UT (power spectrum shown in Figure 3b). The
wave activity for event 2 has a frequency of 0.56 Hz (i.e., 0.8
times of the local proton gyrofrequency), an amplitude of
2.44 nT, a propagation angle of 89 degrees, and is right-
handed with ellipticity of 0.78.
[7] Both of the two wave events occurred at an altitude

of 400 km in the ionosphere. From Figure 1, we note that
the two wave events are collocated with two strong
ionospheric current sheets, around 0331 to 0333 UT for

Figure 2. The two plasma wave events observed in the 32 Hz resolution magnetic field around 0331 UT
and 0337 UT in the spacecraft coordinates with un-calibrated offsets. The red arrows mark the two
wave events.
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event 1, and 0336 to 0339 UT for event 2. Using mini-
mum variance analysis, the normal directions of the two
current sheets are found to be [0.05, �0.44, 0.90], and
[0.36, �0.37, 0.86], for event 1 and 2 respectively, both in
the VSO coordinate system. Since the positions of these
current sheets are [�0.09, 0.02, 1.06] Venus radii (Rv)
and [0.37, �0.24, 0.97] Rv in the VSO coordinates, both
currents sheets are nearly in the local horizontal plane,
with their normals along the vector from the center of
Venus.
[8] The large propagation angles of these waves to the

magnetic field imply that they could not be whistler waves
which are often generated at the bow shock and transported
toward downstream into the magnetosheath region by the
solar wind. It appears more likely that these waves are gen-
erated locally. The current sheets collocated with them could
be their energy sources. In turn, the waves may lead to dis-
sipation of the associated currents. For event 1, the wave
occurs near the upper boundary of current sheet 1 and at a
solar zenith angle of 96 degrees. The wave propagation
angle is about 48 degrees from the current sheet normal
direction. For event 2, the wave occurs inside current sheet 2
and at a solar zenith angle of 71 degrees. The wave propa-
gates nearly parallel to the current sheet normal direction.
[9] Waves with similar properties are also seen in the

128 Hz resolution data, with examples shown in the next
section. In order to further understand this type of wave, we
analyze the 128 Hz data to obtain the wave occurrence rate
and the statistical behavior of wave properties like ampli-
tude, ellipticity, etc. This type of wave is rarely observed in
32 Hz data but more often observed in the 128 Hz data,
possibly because of the stronger background noise level in

the lower frequency range. Thus our statistical study focuses
on the events observed in 128 Hz data.

3. Statistical Studies on the Waves Near
the Ionopause Currents

[10] The VEX magnetometer measures the magnetic field
up to 128 Hz resolution from a few minutes to about ten
minutes near the periapsis, which covers most of the low
altitude ionosphere regions where we look for the waves.
This allows us to search for waves in a higher frequency
range. In the 128 Hz data, there are lightning-generated
whistler waves which have been comprehensively studied in
Russell et al. [2008, 2011] and Daniels et al. [2012]. These
lightning generated waves have propagation angles nearly
parallel to the background magnetic fields, which is dis-
tinctively different from the waves we study in this paper.
Thus we should be able to separate the waves we study from
those lightning-generated waves even if they both appear in
the 128 Hz data. Like the 32 Hz data, the 128 Hz data are in
the spacecraft coordinates and have un-calibrated instru-
mental offsets. The 128 Hz data also include the strong
interference from instrumentation on the body of the space-
craft, which is typically below 42 Hz. Thus we need to apply
a high-pass filter to the data to eliminate the interference.
[11] We examine the data between December 17, 2006

and April 7, 2007. We analyze 58 wave events in the high-
resolution, 128 Hz data. These events are selected by first
applying a high-pass filter to the data to eliminate the
instrumental interference as much as possible, then identi-
fying wave bursts with amplitudes greater than twice the
ambient field noise level, and finally adding the correct field

Figure 3. (a) Spectrum of wave event 1 during intervals 0331:21 � 0331:31. The spectrum is calculated
from the magnetic field in the spacecraft coordinates after correction of the offsets. The gray curve shows
the transverse power and the black curve shows the compressional power. (b) Spectrum of wave event 2
during intervals 0337:16 � 0337:36. The spectrum is calculated from the magnetic field in the spacecraft
coordinates after correction of the offsets. The gray curve shows the transverse power and the black curve
shows the compressional power.
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zero level in the spacecraft frame back to the filtered data to
do wave analysis. Wave events were not detected in every
orbit examined. We will discuss this in the next section. The
wave events can be separated into two groups by their wave
properties. Figure 4 shows wave propagation angle versus
the ratio of compressional wave amplitude over transverse
wave amplitude. We see that the quasi-parallel propagating

waves are dominated by the transverse amplitudes, while the
quasi-perpendicular propagating waves have significant
compressional amplitudes. The dashed and solid lines mark
the ratio of 0.6 and the propagation angle of 45 degrees,
respectively. Thus we sort them into two groups, with one
group having amplitude ratios less than 0.6 and propagation
angles smaller than 45 degrees, and the other group having

Figure 5a. An example of the time series and spectrum of the transverse wave.

Figure 4. Wave propagation angle versus the ratio of compressional amplitude over transverse ampli-
tude. The dashed line and solid line marks the ratio of 0.6 and the angle of 45 degrees. The quasi-parallel
propagating waves are dominated by transverse amplitudes, while the quasi-perpendicular propagating
waves have significant compressional amplitudes.
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amplitude ratios larger than 0.6 and propagation angles
greater than 45 degrees. Figures 5a shows examples of the
two groups. From both the time series and the power spectra,
we see clearly one wave has dominant transverse power
(called transverse waves below) and one wave has dominant
compressional power (called compressional waves below).
The transverse waves propagate in a quasi-parallel mode, so
they are likely to be the lightning generated whistler waves.
The compressional waves propagate quasi-perpendicular to
the magnetic field. These waves are possibly the same type
of waves we studied in the 32 Hz data in the last section, and
we will see below that their occurrence is also strongly
associated with current sheets.

[12] Further, we examine whether the transverse waves
and compressional waves are associated with the currents
near the ionopause. Figure 6 shows altitude profiles of the
transverse amplitude of the transverse waves (circles) and
the compressional amplitude of the compressional waves
(triangles), with the filled symbols marking the cases asso-
ciated with current crossings. As listed in Table 1, only 35%
of the transverse waves are associated with currents, while
88% of the compressional waves are current-associated.
Thus the compressional waves are clearly current-associ-
ated, while the transverse waves may have only a coinci-
dental association with ionospheric currents. The current-
associated waves occur in two situations. One situation is a
wave seen near the center of a sharp current, and the other is
a wave seen at the edge of a current. Figures 7a and 7b show
two examples of the magnetic fields for the two situations
for current-associated compressional waves, and Figure 7c
shows the background field of non-current-associated
transverse wave, with the red arrows marking the where the
waves were observed.
[13] Figure 8 shows the altitude of these waves versus

the wave ellipticity, with the positive ellipticity for right-
handed waves and the negative ellipticity for the left-
handed waves. We see that the transverse waves are
mostly right-handed and the compressional waves are both
left-handed and right-handed. Since these waves are
observed close to the Nyquist frequency of 64 Hz, if the
waves have frequencies above the Nyquist frequency, a

Figure 6. Altitude profiles of the transverse amplitude of
the transverse waves (circles) and the compressional ampli-
tude of the compressional waves (triangles), with the filled
symbols marking the cases associated with current crossings.

Table 1. The Current-Association Ratio for the Transverse Waves
and the Compressional Waves

Transverse Wave Compressional Wave

Current-associated 12 21
Not Current-associated 22 3
Total Number of Cases 34 24
Current-associated Ratio 35% 88%

Figure 5b. An example of the time series and spectrum of the compressional wave.
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right-handed wave may appear to be left-handed due to
aliasing which is the wave power above the Nyquist fre-
quency being folded back into the lower frequency range,
and vice versa. In the next section, we discuss the possible
wave modes and whether these wave properties agree with
their generation mechanisms.

4. Discussion and Conclusions

[14] From the above analyses, the majority of the trans-
verse waves occur at lower altitudes (i.e., less than 450 km),
propagate quasi-parallel to the magnetic field, are right-
handed polarized and not clearly associated with ionospheric
currents. They are consistent with whistler waves generated
from lightning activity, which have been observed by Venus
Express and comprehensively studied by Russell et al.
[2007, 2008, 2011] and Daniels et al. [2012]. These
authors have found that lightning generated waves have
peak occurrence rate at low latitudes and wave amplitude

decrease with altitude [Russell et al., 2011], which are also
the features of the transverse waves in this study (see
Figure 6). However, we notice that, in our study the trans-
verse wave events at high altitudes (i.e., greater than
450 km) are also strongly associated with current sheet
crossings and these events may not be the lightning-gener-
ated but could also possibly be current-generated whistler
mode waves.
[15] The compressional waves mostly occur at higher

altitudes (i.e., above 450 km), propagate quasi-perpendicular
to the magnetic field, are both left-handed and right-handed
polarized and strongly associated with ionospheric currents.
The similar wave properties between the two waves detected
during September 10, 2006 in the 32 Hz data and the com-
pressional waves detected more frequently in 128 Hz data
show that they probably share the same generation mecha-
nism, i.e., they are possibly generated from the free energy
of currents near the ionopause and could lead to dissipation
of the currents.

}

Figure 7a. An example of the background fields for current-associated compressional waves, with the
wave occurring at the center of a sharp current. The arrow marks when the wave was observed. The
dashed line marks periapsis.
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[16] Figure 9 shows the location of these waves, with lat-
itude measured from the equatorial plane in the VSO coor-
dinates and the longitude measured from noon local time.
The circles represent the transverse waves and the triangles
represent the compressional waves, with filled symbols
marking the waves associated with ionospheric currents. We
can see that the compressional waves mostly occur at rela-
tively lower latitudes and closer to the noon local time,
where we expect strong draping of field lines due to the
Venus-solar wind interaction which generates currents near
the ionopause of Venus. However, we do not know the
occurrence rate of these waves at lower latitudes near the
subsolar regions, because the periapsis of the VEX was near
the polar region of northern hemisphere during the orbits we
examined.
[17] Because these compressional waves have wave

vectors nearly perpendicular to the background magnetic
field and wave magnetic field is quasi-parallel to the

ambient field, the wave electric field should be quasi-
perpendicular to the background magnetic field. The
compressional waves are observed for the background
fields from 20 to 70 nT, thus the electron cyclotron fre-
quency is from 560 to 1960 Hz. And the electron plasma
frequency is from 28400 to 89800 Hz for electron den-
sities from about 10 to 100 cm�3. The lower hybrid
frequency is from 13 to 46 Hz, assuming the ions are
protons. For oxygen ions, the lower hybrid frequency
would be a factor of four lower. The PVO observations
of current-associated waves in PVO Electric Field
Detector have been attributed to whistler mode waves,
lower hybrid waves, or ion acoustic waves [Strangeway
and Russell, 1996]. The compressional waves in our
study are likely to be the magnetic counterparts. Ion
acoustic waves are ruled out because they are electrostatic
and the whistler mode is less likely because it propagates
quasi-parallel to the field. From the wave frequency

}

Figure 7b. An example of the background fields for current-associated compressional waves, with the
wave occurring at the edge of a current. The arrow marks when the wave was observed. The dashed line
marks periapsis.
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ranges and the wave properties, the compressional waves
most possibly correspond to the lower hybrid mode. The
lower hybrid mode is on the same branch of the cold
plasma dispersion relation as the electromagnetic whistler
mode, and could have a large propagation angle to the
background magnetic field. There could be some Doppler
shift in the observed wave frequencies due to the motion
of the spacecraft or the complicated convection flow in
the ionosphere. Lower hybrid waves are also observed in
the auroral regions of the Earth often associated with
field-aligned currents, and they are of great significance
for providing ion heating [Andre, 1997]. In the Venus
ionosphere or magnetosheath regions, these quasi-perpen-
dicular propagating lower hybrid waves could be Landau
resonant with electron beam in the current sheet and lead
to current dissipation. They could also be a heating
mechanism, which would explain the enhanced electron
temperature occasionally observed around current layers.
However, it requires further investigation on both the VEX
magnetic field and plasma data to fully understand how

the waves influence the plasma and currents around. On
the VEX orbits we examined, waves are not seen on every
orbit and for about half of the orbits we see current sheets
but no waves. Some of these orbits have instrumental
interference extending to frequencies higher than 42 Hz
which may affect the detection of waves, but other orbits
show no such interference and it is not obvious why
waves were either not growing or not detected. Under-
standing this requires detailed analysis on wave instabil-
ities and plasma conditions for wave growth, which will
be carried out in future work.
[18] In summary, we study the plasma waves observed

by the VEX magnetometer high resolution data, and find
there is a special group of waves which propagate quasi-
perpendicular to the background magnetic field. These
waves have significant compressional power and are usu-
ally associated with currents near the ionopause region.
The observed wave properties and the wave frequency
ranges most likely correspond to lower hybrid mode.
These waves are probably generated by the free energy of

}

Figure 7c. An example of the background fields for non-current-associated transverse waves. The arrow
marks when the wave was observed. The dashed line marks periapsis.
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the currents near the ionopause and may contribute to
current dissipation and heating of the plasma. In future
work, we will investigate wave generation conditions by
combining the plasma data with magnetic field. In order to
understand what roles these waves play in the Venus
ionosphere, our future work will also examine how the
wave properties depend on the strength and thickness of
the ionospheric current sheet, and also how they depend
on the solar zenith angle and the thickness and altitude of
ionopause.

[19] Acknowledgments. Masaki Fujimoto thanks the reviewers for
their assistance in evaluating this paper.
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