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Abstract We perform a survey of 1-Hz waves at Mars utilizing Mars Atmosphere and Volatile EvolutioN
(MAVEN) spacecraft observations for a Martian year. We find that the 1-Hz wave occurrence rate shows
an apparent variation caused by masking of the waves by background turbulence during the times when
the background turbulence levels are high. To correct for this turbulence masking, we select waves that
occur in time intervals where the background turbulence levels are low. We find that the extreme ultraviolet
flux does not affect the wave occurrence rate significantly, suggesting that the newly born pickup ions
originating in the Mars’s exosphere contribute minimally to the 1-Hz wave generation. We find that the
wave occurrence rates are higher for low Mach numbers and low beta values than for high Mach numbers
and high beta values. Further, we find that a high percentage of 1-Hz waves satisfy the group-standing
condition, which suggests that a high percentage of the waves seen as monochromatic waves in the
spacecraft frame can be broadband waves in the solar wind frame that have group velocities nearly equal
and opposite to the solar wind velocity. We infer that the wave occurrence rate trends with the Mach
number and proton beta are a consequence of how the Mach numbers and beta values influence the wave
generation and damping or how those parameters affect the group-standing condition. Finally, we find
that the 1-Hz waves are equally likely to be found in both the quasi-parallel and the quasi-perpendicular
foreshock regions.

1. Introduction

One-hertz waves are whistler mode waves, which have frequencies near 1 Hz as measured in a spacecraft
frame, and these waves are observed frequently in planetary upstream regions. These low-frequency
upstream whistler waves have been observed at Mercury (Fairfield & Behannon, 1976; Le et al., 2013; Orlowski
et al., 1990, 1995; Russell, 2007), Venus (Orlowski et al., 1990; Orlowski & Russell, 1991; Orlowski et al., 1995;
Russell, 2007), Earth (Balikhin et al., 1997; Fairfield, 1974; Greenstadt et al., 1995; Heppner et al., 1967; Holzer
et al., 1972; Hoppe et al., 1981, 1982; Orlowski et al., 1990, 1995; Russell et al., 1971; Russell & Farris, 1995;
Russell, 2007; Tsurutani et al., 2001), Mars (Brain et al., 2002), Saturn (Orlowski et al., 1992, 1995; Russell, 2007;
Sulaiman et al., 2017), Jupiter (Tsurutani et al., 1993), Uranus (Smith et al., 1989, 1991), the Moon (Halekas et al.,
2006, 2013; Nakagawa et al., 2003, 2011; Tsugawa et al., 2011, 2012, 2014, 2015), and at interplanetary shocks
(Ramírez Vélez et al., 2012; Wilson et al., 2009). The frequency of these waves monotonically decreases for
planets that are farther away from the Sun. For example, at Mercury, these waves typically have frequencies
close to 2 Hz, whereas at Saturn, these waves have frequencies close to 0.1 Hz (Orlowski et al., 1990). However,
the frequencies of these waves, as observed in the spacecraft frame, are typically higher than the local pro-
ton gyrofrequency. Upstream whistlers are observed as circularly or elliptically polarized waves. While these
waves are intrinsically right-hand polarized, they are observed in both right-hand and left-hand polarization
states in a spacecraft frame. This is a consequence of Doppler shift, where the intrinsically right-hand polar-
ized waves that propagate toward the Sun at small angles are swept back by the solar wind flow undergoing
maximal Doppler shift and are seen as left-hand polarized waves, whereas the waves that propagate at larger
angles suffer minimal Doppler shift and are seen in their intrinsic right-hand polarized state (Fairfield, 1974;
Orlowski & Russell, 1991). The amplitude of these waves gradually decreases with increasing distance from
the bow shock indicating that the waves are generated at the bow shock or upstream of the bow shock. These
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waves can also be seen far upstream of the bow shock as their group velocities can exceed the solar wind flow
velocity enabling them to propagate upstream against the solar wind flow.

While there are numerous observations of 1-Hz whistler waves throughout the solar system, their exact gener-
ation mechanism remains elusive. A variety of mechanisms has been proposed as the sources of these waves.
These include, upstream ion beams (Gurgiolo et al., 1993; Hellinger & Mangeney, 1997; Hellinger et al., 1996;
Hoppe et al., 1981, 1982; Krauss-Varban et al., 1995; Wong & Goldstein, 1987, 1988), electron beams (Feldman
et al., 1983; Sentman et al., 1983; Smith et al., 1991; Wong & Smith, 1994), steepening of low-frequency waves
(Bertucci et al., 2007; Hoppe & Russell, 1980; Tsurutani et al., 1993), generation at the bow shock through pro-
cesses such as cross field and anisotropy-driven instabilities (Orlowski et al., 1995), and nonlinear phenomena
associated with the bow shock (Balikhin et al., 1997; Hellinger et al., 2007; Krasnoselskikh et al., 2002; Walker
et al., 1999).

At Mars, Brain et al. (2002) made the first observation and characterization of 1-Hz whistler waves utilizing
Mars Global Surveyor measurements spanning a time period from 13 September 1997 to 23 September 1998.
These waves were observed upstream of the planetary bow shock and these waves had frequencies between
0.4 Hz and 2.3 Hz. The waves were mostly transverse; that is, the waves had more power transverse to the
magnetic field than parallel to it. The waves were also elliptically polarized, and they propagated at oblique
angles to the ambient magnetic field. In particular, the angles between the magnetic field and the wave vector
𝜃kB were typically between 19∘ and 40∘. Waves that propagated at smaller angles to the sunward direction,
that is, below 66∘, were found to be left-hand polarized, whereas waves that propagated at higher sunward
angles were found to be right-hand polarized. This trend in the wave polarization with the sunward angles was
explained by Brain et al. (2002) in terms of Doppler shift. In this study Brain et al. (2002) were able to observe
1-Hz waves at Mars to a distance of 10 planetary radii. However, the wave amplitudes were found to diminish
with increasing distance from the planetary bow shock. Brain et al. (2002) suggested that these waves are
generated in the upstream region of Mars due to bow shock and foreshock phenomena in analogy with other
planets. Recently, 1-Hz waves at Mars have also been observed by the Mars Atmosphere and Volatile EvolutioN
(MAVEN) spacecraft (Connerney et al., 2015).

In this study, we use the MAVEN spacecraft observations to characterize 1-Hz waves using observations span-
ning a single Martian year. MAVEN’s science orbit has a period of 4.5 hr with an apoapsis of 6,200 km and a
periapsis of 150 km. Its orbit precesses in such a way that the apoapsis is located in the undisturbed solar wind
upstream from the bow shock at times and inside the induced magnetosphere at other times (Jakosky et al.,
2015). When the spacecraft apoapsis is located upstream of the bow shock, upstream measurements can be
obtained for typically 4 to 5 months. In between this 4- to 5-month time segments we lose the upstream
coverage for typically 2 months because of the precession of the spacecraft apoapsis to the night side. Thus,
MAVEN’s orbit enables obtaining a large number of measurements in the upstream region and this is ideal
for studying upstream phenomena at Mars. For the study of 1-Hz waves, we have the following objectives:
(1) Determine how the upstream drivers such as extreme ultraviolet (EUV) flux, Mach number, and plasma beta
influence the wave occurrence rate. (2) Determine how the wave occurrence rate varies in the quasi-parallel
and quasi-perpendicular foreshock regions.

The EUV flux levels vary at Mars due to changes in the Mars-Sun distance as Mars revolves around the
Sun. Mars’s hydrogen exospheric density increases with the increasing EUV flux levels (Halekas et al., 2017;
Yamauchi et al., 2015) and that the upstream waves, such as proton cyclotron waves, can be excited by reso-
nance with newly born pickup protons (Bertucci et al., 2005; Delva et al., 2011; Mazelle et al., 2004; Romanelli
et al., 2013; Ruhunusiri et al., 2016; Russell et al., 1990). Thus, if the 1-Hz waves are generated by resonance
with newly born pickup protons originating in Mars’s extended exosphere, we would expect the wave occur-
rence rate to increase with the increasing EUV flux levels. However, EUV is not always the dominant source
for pickup ions (Curry, Liemohn, Fang, Brain, et al., 2013; Curry, Liemohn, Fang, Ma, et al., 2013). Similarly, if
the 1-Hz waves are generated by steepening of low-frequency waves such as the proton cyclotron waves,
we would also expect the 1-Hz wave occurrence rate to be high during the times of high EUV flux levels
where the proton cyclotron waves have been observed to have a high occurrence rate (Romanelli et al., 2016;
Ruhunusiri et al., 2017). Barabash and Lundin (1993) and Yamauchi et al. (2011) observed upstream ion popu-
lations at Mars, using Phobos 2 and Mars Express observations, which were suggested as reflected ions from
the bow shock. Recently, Meziane et al. (2017) observed electron populations upstream of Mars’s bow shock
using MAVEN observations, which were interpreted as reflected solar wind electrons from the bow shock.

RUHUNUSIRI ET AL. ONE-HERTZ WAVES AT MARS 3461



Journal of Geophysical Research: Space Physics 10.1029/2017JA024618

Thus, it is conceivable that such reflected particles can generate 1-Hz waves. If the 1-Hz waves are generated
due to resonance with reflected ions from the bow shock, we would expect to observe a high wave occurrence
rate at high Mach number conditions as these conditions lead to a greater proportion of reflected particles
from the bow shock (Leroy et al., 1982). If the 1-Hz waves are preferentially observed in the quasi-parallel
foreshock region, it is indicative of generation of waves via resonance with field-aligned beams. High elec-
tron beta conditions lead to increased wave damping via Landau damping (Gary & Mellott, 1985). Thus, we
would expect to see a lower occurrence rate of 1-Hz waves for high electron beta conditions if Landau damp-
ing is effective at damping these waves. Thus, determining whether the 1-Hz wave occurrence rates show any
variations with the upstream parameters and variations in quasi-parallel and quasi-perpendicular foreshock
regions may enable us to identify how the waves are generated and damped.

2. Method

To identify 1-Hz waves, we use a method that is similar to the ones that were employed by Brain et al. (2002)
and Halekas et al. (2006) in their studies of 1-Hz waves at Mars and the Moon. In particular, we identify 1-Hz
waves using an automated search procedure. We start with a time series of the full resolution (32 Hz) vec-
tor magnetic field in the Mars Solar Orbital coordinate system (see Figure 1b), which is measured by the
MAVEN magnetometer (Connerney, Espley, DiBraccio et al., 2015; Connerney, Espley, Lawton, et al., 2015).
Then using a 32-s window, we take the Fourier transform of each component of the magnetic field using a
Hanning window every 32 s and compute the magnetic field power spectra (shown in Figure 1c). We search
for peaks in the power spectra for frequencies between 3fi and 3 Hz, where fi is the local proton gyrofre-
quency (see Figure 3b of Ruhunusiri et al., 2017, for a distribution of fi in the Mars plasma environment).
Here the lower-frequency limit of 3fi was selected to avoid selection of proton cyclotron waves, and 3 Hz
was used as the upper-frequency limit because Brain et al. (2002) did not find any low-frequency upstream
whistler waves above 3 Hz. To identify peaks, first, we select the frequency where the power attains a maxi-
mum value. Then we require that the power at that frequency be at least 3 times higher than the mean power
in the low-frequency range spanning 3fi to f − 2𝛿f and be at least 4 times higher than the mean power in
the high-frequency range f + 2𝛿f to 3 Hz, where f is the frequency corresponding to the maximum power
and 𝛿f is the frequency resolution of the fast Fourier transform power spectra. Here we select a lower power
threshold for the low-frequency range, since the turbulence levels in the low-frequency range are higher than
the high-frequency range (Ruhunusiri et al., 2017). We find that this selection of a factor of 3 and 4 in the
low- and high-frequency ranges, respectively, for the peak identification ensures that the 1-Hz waves that can
be discerned by a visual survey of the power spectra are identified in the automated search routine as 1-Hz
waves (see Figures 1c and 1d). We also require that the power of a peak be greater than 0.5 nT2/Hz to ensure
that the spacecraft reaction wheel signatures are not misidentified as 1-Hz waves. These reaction wheel sig-
natures can be seen for frequencies below 3 Hz occasionally, and the power of these signatures is typically
0.1 nT2/Hz or lower. Using the method described above, we identify 1-Hz waves for the following time periods
where MAVEN had upstream coverage: 1 December 2014 to 17 March 2015, 4 June 2015 to 25 October 2015, 5
December 2015 to 12 April 2016, 1 June 2016 to 30 September 2016, and 1 December 2016 to 31 March 2017.

We plot the distributions of the EUV flux, the magnetosonic Mach number, and proton beta in Figure 2 for all
the time periods mentioned above, and we use these distributions to determine how the wave occurrence
rate varies with these parameters as will be described in section 3. MAVEN’s Extreme Ultraviolet Monitor mea-
surements (Eparvier et al., 2015) are used to determine the EUV flux (Lyman-alpha flux) shown in Figure 2a.
We compute the upstream magnetosonic Mach number and proton beta (shown in Figures 2b and 2c) using
MAVEN’s Solar Wind Ion Analyzer (SWIA) measurements of the ion moments and the magnetometer mea-
surements of the magnetic field as described in p. 11 of Halekas et al. (2017). Here we use the proton beta as
a proxy for the electron beta to determine how it influences the wave occurrence rate as high electron beta
conditions should lead to increased wave damping (Gary & Mellott, 1985).

3. Observations and Interpretations

Prior to exploring how the upstream parameters influence the wave occurrence rate, we must first determine
whether these waves are indeed consistent with whistler mode waves. To determine this, we plot his-
tograms for angles between the sunward direction and the wave vector 𝜃kx in Figure 3 for left-hand polarized
waves and right-hand polarized waves separately. Figure 3 depicts that the left-hand polarized waves occur
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Figure 1. (a) Solar Wind Ion Analyzer energy spectrum shown to provide context for the wave observation. (b) Magnetic
field time series. (c) Magnetic field power spectrum. (d) One-hertz wave flag which is the output of the automated
search procedure for 1-Hz waves. Here time intervals corresponding to 1 or the red colored time intervals correspond to
times where 1-Hz waves have been identified by the automated routine. (e–i) One-hertz wave parameters: frequency,
power, transverse ratio, ellipticity, and wave angle. (j) The ratio of the group-standing frequency in the spacecraft frame
fgsc(= 𝜔gsc∕2𝜋) to the wave frequency in the spacecraft frame f .

preferentially for smaller 𝜃kx angles, whereas the right-hand polarized waves occur at larger 𝜃kx angles near
90∘. These are the same trends seen by Brain et al. (2002) in his survey of 1-Hz waves using Mars Global
Surveyor data which led them to suggest that the 1-Hz waves are in fact consistent with whistler mode waves
which are intrinsically right-hand polarized. These right-hand polarized waves that have smaller 𝜃kx angles
undergo maximum Doppler shift due to the solar wind convection and are seen in the spacecraft frame as
left-hand polarized waves, whereas waves that propagate at large 𝜃kx angles undergo minimal Doppler shift
and are seen in their intrinsic right-hand polarized state. Thus, our observations also show that the 1-Hz waves
at Mars are consistent with whistler mode waves.

To determine how the upstream parameters such as the EUV flux, Mach number, and proton beta influence
the 1-Hz wave occurrence rate, we plot orbit maps for the wave occurrence rates for high and low values of
these parameters (see Figures 4a and 4b, 5a and 5b, and 6a and 6b). The median wave occurrence rates along

RUHUNUSIRI ET AL. ONE-HERTZ WAVES AT MARS 3463



Journal of Geophysical Research: Space Physics 10.1029/2017JA024618

Figure 2. Histograms for upstream parameters: (a) Extreme ultraviolet flux, (b) Mach number, and (c) proton beta.

with their upper and lower quartiles are also shown in these figures corresponding to high and low values
of the upstream parameters (see Figures 4c, 5c, and 6c). We find that the wave occurrence rates are significantly
different only for the case of high versus low EUV flux levels (see Figures 4a and 4b). In particular, we find that
the wave occurrence rates are lower for high EUV flux levels than for the low EUV flux levels.

Now we will determine the reason for the observation of the low occurrence rates of 1-Hz waves for high EUV
flux levels. Halekas et al. (2017) demonstrated that the hydrogen exosphere closely tracks with the EUV flux
with a maximum occurring when the EUV flux levels are the highest. A high-hydrogen exospheric density
should subsequently lead to a high density in newly born pickup protons (Yamauchi et al., 2015), which can
generate waves via mechanisms such as resonance (Mazelle et al., 2004). However, if these newly born pickup
protons are responsible for the generation of 1-Hz waves, we should observe high wave occurrence rates
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Figure 3. Histograms for the angles between the sunward direction and the wave vector 𝜃kx for left- and right-hand
polarized waves separately. The preference for the observed left-hand polarized wave to have smaller 𝜃kx angles and the
right-hand polarized waves to have larger 𝜃kx angles indicate that the 1-Hz waves at Mars are consistent with whistler
mode waves, which are intrinsically right-hand polarized in the solar wind frame.

for high EUV flux levels, not low occurrence rates as we observe. Thus, we require a different explanation to
describe the observed dependence of the wave occurrence rates with the EUV flux levels.

Tsugawa et al. (2014) suggested that the 1-Hz waves at the Moon tend to have higher power and narrower
spectra when the angle between the magnetic field and the solar wind velocity 𝜃BV is small while the waves
tend to have lower power and broader spectra when 𝜃BV is large. Thus, can the observed wave occurrence
rate dependence with the EUV flux levels be a consequence of times corresponding to low and high EUV
fluxes having different 𝜃BV distributions? To answer this, we plot the distributions of 𝜃BV for high and low EUV
flux conditions in Figure 7 and we find that the 𝜃BV distributions are comparable for both the high and low
EUV flux conditions. Thus, the observed wave occurrence rate dependence with the EUV flux levels is not a
consequence of 𝜃BV having different distributions for times with low and high EUV flux levels.

We hypothesize that the 1-Hz waves are masked by enhanced turbulence levels due to an enhanced occur-
rence rate of lower-frequency proton cyclotron waves, which become prominent during the times of high EUV
flux levels. Romanelli et al. (2016) observed this enhancement in the occurrence rate of the proton cyclotron
waves near Mars’s perihelion where the EUV flux levels are high. Turbulence levels at higher frequencies can
be enhanced by low-frequency waves resulting from a turbulent cascade of energy (Tsurutani et al., 1995).
Such energy cascade processes have been previously reported in the upstream region of Mars (Ruhunusiri
et al., 2017). To demonstrate this enhancement in turbulence during times with high EUV flux levels, we plot
the median power spectra for the upstream magnetic field fluctuations in Figure 8 for frequencies between
3fi (which has a median value near 0.1 Hz) and 3 Hz, where we searched for the 1-Hz waves for high and low
EUV flux levels separately. Figure 8 depicts that the turbulence levels are considerably higher during the times
with high EUV flux levels than during the times with low EUV flux levels. This enhanced turbulence during the
times with high EUV flux levels can lead to masking of the 1-Hz waves, leading to an apparent reduction in
the 1-Hz wave occurrence rate during those times.

To demonstrate that the 1-Hz wave occurrence rate is indeed influenced by the low-frequency turbulence
levels, we compute the mean power spectral density for frequencies less than 3fi and plot 1-Hz wave occur-
rence rate orbit maps for high and low values of the mean power spectral density in that frequency range
in Figure 9. The median low-frequency turbulence level is 2.6 nT2/Hz. Thus, turbulence values of 1.2 nT2/Hz
and 4.9 nT2/Hz are selected surrounding this median value to bin observational data into low versus high tur-
bulence levels. We find that the wave occurrence rates are significantly lower for high turbulence levels than
for the low turbulence levels indicating that the wave masking leads to an apparent reduction of 1-Hz wave
occurrence rate. Similar observations have been made recently for whistler mode waves in the solar wind.
For example, a recent investigation of whistler mode waves in the solar wind by Lacombe. et al. (2014) have
revealed that a low level of background turbulence is one of the necessary conditions for the observation of
these waves. Lacombe. et al. (2014) suggested that this is a consequence of masking of whistler mode waves
by background turbulence when the background turbulence levels are high.
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Figure 4. (a, b) Orbit maps for the 1-Hz wave occurrence rates for low (<0.0027 W/m2) and high (>0.0032 W/m2)
extreme ultraviolet (EUV) flux levels. (c) Median wave occurrence rates and lower and upper quartiles for the low and
high EUV flux levels. (d, e) Orbit maps for the 1-Hz wave occurrence rates for low (<0.0027 W/m2) and high
(>0.0032 W/m2) EUV flux levels under low turbulent conditions (<1.2 nT2/Hz). (f ) Median wave occurrence rates and
lower and upper quartiles for the low and high EUV flux levels under the low turbulent conditions. Note that the results
shown in (a)–(c) have not been corrected for turbulence masking effects, whereas results shown in (d)–(f ) have been
corrected for turbulence masking effects. The turbulence masking corrected results shown in (d)–(f ) reveal that the
wave occurrence rates do not vary significantly with the EUV flux levels. MSO = Mars Solar Orbital.

Turbulent masking can also preclude the identification of any intrinsic dependencies of the wave occurrence
rate with upstream parameters. This can be the reason as to why we did not observe a significant change of
the wave occurrence rate with the high and low values of Mach numbers and proton beta values as can be
seen in panels a and b in Figures 5 and 6, respectively.

To determine the dependencies of the wave occurrence rates on the upstream parameters excluding the
biases due to wave masking effects, we plot the wave occurrence rate orbit maps for high and low values
of EUV flux levels, Mach numbers, and proton beta values only selecting time segments with low values of
low-frequency background turbulence in panels d and e of Figures 4–6. We find that the wave occurrence
rates for both the low and high EUV flux levels under low turbulence levels are comparable (see Figures 4d–4f ).
The absence of a significant dependence of the wave occurrence rate with the EUV flux levels indicates that the
newly born pickup ions produced in Mars’s exosphere contribute minimally to the generation of 1-Hz waves.
We find that the 1-Hz wave occurrence rates are higher for the low Mach numbers than for the high Mach
numbers under low turbulent conditions (see Figures 5d–5f ). We also find that the 1-Hz wave occurrence rates
are higher for low proton beta values than for the high proton beta values under low turbulent conditions
(see Figures 6d–6f ).

To aid us in the identification of the mechanism behind the observed dependencies of the wave occurrence
rates with the Mach numbers and proton beta values, we plot distributions of wave parameters such as the
wave frequency, power, transverse ratio, ellipticity, and 𝜃kB for high and low values of Mach numbers and
proton beta values under low turbulent conditions in Figures 10 and 11. We find that the frequencies of
1-Hz waves are biased toward lower values for the low Mach numbers than for the high Mach numbers (see
Figure 10a). We also find that the percentage of low-amplitude waves are higher for the high Mach number
conditions than for the low Mach number conditions (see Figure 10b). The distributions for transverse ratio,
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Figure 5. (a, b) Orbit maps for the 1-Hz wave occurrence rates for low (<6.1) and high (>8.0) magnetosonic Mach
numbers. (c) Median wave occurrence rates and lower and upper quartiles for the low and high Mach numbers.
(d, e) Orbit maps for the 1-Hz wave occurrence rates for low (<6.1) and high (>8.0) magnetosonic Mach numbers under
the low turbulent conditions (<1.2 nT2/Hz). (f ) Median wave occurrence rates and lower and upper quartiles for the low
and high Mach numbers under the low turbulent conditions. Note that the results shown in (a)–(c) have not been
corrected for turbulence masking effects, whereas results shown in (d)–(f ) have been corrected for turbulence masking
effects. The turbulence masking corrected results shown in (d)–(f ) reveal that the wave occurrence rates are higher for
the low Mach numbers than for the high Mach numbers. MSO = Mars Solar Orbital.

ellipticity, and 𝜃kB, for both low and high Mach number conditions, are comparable. We find that the wave fre-
quencies tend to be lower for the low proton beta values than for the high proton beta values (see Figure 11a).
The wave parameters such as wave power, transverse ratio, ellipticity, and 𝜃kB have comparable distributions
for both the low and high values of proton beta.

Investigations of 1-Hz wave at Mercury have revealed that the wave amplitudes are much larger than those
at Earth (Le et al., 2013). Since the upstream Mach numbers at Mercury are relatively lower than those at
Earth, Le et al. (2013) suggested that this is indicative of low Mach number conditions being preferred over
high Mach number conditions for the generation of 1-Hz waves. Our observations of the high occurrence rate
of 1-Hz waves for the low Mach number conditions than for the high Mach number conditions along with
the observation of the low percentage of low-amplitude 1-Hz waves for low Mach number conditions are
consistent with these previous interpretations that the 1-Hz waves are likely to be generated under low Mach
number conditions. If the waves are likely to be generated under the low Mach number conditions, it rules
out reflected particles from the bow shock as a dominant source for the generation of 1-Hz waves at Mars, as
low Mach numbers lead to a lower proportion of reflected particles from the bow shock. Our observation of
the low occurrence rate of 1-Hz wave for high proton beta values (which is a proxy for electron beta values) is
consistent with enhanced Landau damping of waves at high electron beta values (Gary & Mellott, 1985).

The observed dependencies of the wave occurrence rate with the Mach numbers and beta values may not
be necessarily related to the dependence of the wave generation mechanism or damping with these param-
eters as interpreted above. Instead, it is possible that this dependence may have to do with the observability
of waves in the spacecraft frame. While the 1-Hz waves appear monochromatic in the spacecraft frame,
they may not be necessarily monochromatic in the plasma frame. In fact, broadband waves that satisfy a
group-standing condition, in which the component of the wave group velocity parallel to the solar wind flow
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Figure 6. (a, b) Orbit maps for the 1-Hz wave occurrence rates for low (<0.6) and high (>1.7) proton beta values.
(c) Median wave occurrence rates and lower and upper quartiles for the low and high proton beta values. (d, e) Orbit
maps for the 1-Hz wave occurrence rates for low (<0.6) and high (>1.7) proton beta values under the low turbulent
conditions (<1.2 nT2/Hz). (f ) Median wave occurrence rates and lower and upper quartiles for the low and high proton
beta values under the low turbulent conditions. Note that the results shown in (a)–(c) have not been corrected for
turbulence masking effects, whereas results shown in (d)–(f ) have been corrected for turbulence masking effects. The
turbulence masking corrected results shown in (d)–(f ) reveal that the wave occurrence rates are higher for the low
proton beta values than for the high proton beta values. MSO = Mars Solar Orbital.

Figure 7. Distributions for the angle between the magnetic field and the solar wind velocity 𝜃BV for times
corresponding to low (<0.0027 W/m2) and high (>0.0032 W/m2) extreme ultraviolet (EUV) flux levels. The 𝜃BV
distributions corresponding to the low and high EUV flux levels are comparable. This indicates that the observed wave
occurrence rate trend with the EUV flux levels seen in Figures 4a and 4b is not a consequence of any 𝜃BV distribution
differences between the times with low and high EUV flux levels.
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Figure 8. Median turbulence spectra for low (<0.0027 W/m2) and high (>0.0032 W/m2) extreme ultraviolet flux levels.
The turbulent levels are high during the times of high extreme ultraviolet flux, enabling masking of the 1-Hz waves.

velocity becomes equal or becomes nearly equal to the solar wind flow velocity, can appear monochromatic
and highly peaked (in a power spectrum) in the spacecraft frame due to Doppler shift (Tsugawa et al., 2014).
The group-standing condition is a function of the solar wind velocity, magnetic field, solar wind density, angle
between the wave vector and the magnetic field, and the angle between the wave vector and the sunward
direction (Tsugawa et al., 2014). Thus, the observed wave occurrence rate dependence with the Mach num-
bers and beta values can be a consequence of how the group-standing condition is satisfied for different
Mach numbers and proton beta values. An evidence in favor of this is that at both the low Mach numbers
and low proton beta values, where we observe a high occurrence rate of waves, we find that the wave fre-
quencies tend to be lower. If the group-standing condition leads to the appearance of waves in the spacecraft
frame at lower frequencies, the waves tend to appear highly peaked than if they appear at higher frequencies
(Tsugawa et al., 2014).

In order to determine whether the 1-Hz waves at Mars satisfy the group-standing condition, the ratio of the
group-standing frequency to the wave frequency in the spacecraft frame needs to be computed. If this ratio
is nearly equal to 1, then a wave satisfies the group-standing condition. To compute the group-standing fre-
quency, we start with the whistler wave dispersion relation from Fairfield (1974): c2k2∕𝜔0 = −𝜔2

pe∕(𝜔0 −
Ωe cos 𝜃kB), where 𝜔0 is the wave frequency in the plasma frame or the solar wind frame, Ωe is the electron
gyrofrequency, and c is the speed of light. The group velocity of the wave which is derived from this equation is
Vg = c

𝜔pe
[𝜔0(Ωe cos 𝜃kB −𝜔0)]1∕2

(
2(Ωe cos 𝜃kB − 𝜔0)k̂∕Ωe cos 𝜃kB − tan 𝜃kB�̂�

)
, where k̂ is the unit wave vector

and �̂� is a unit vector perpendicular to k̂ (see equation (3) in Fairfield, 1974). We determine the group-standing
frequency 𝜔g0 in the plasma frame numerically by solving Vsw − Vg ⋅ V̂sw = 0 where V̂sw is the unit vector

Figure 9. (a, b) Orbit maps for the 1-Hz wave occurrence rates for low (<1.2 nT2/Hz) and high (>4.9 nT2/Hz) turbulence
levels. (c) Median wave occurrence rates and lower and upper quartiles for the low and high turbulence levels. The wave
occurrence rate is significantly lower for the high turbulence levels than for the low turbulence levels indicating masking
of waves under high turbulent conditions. MSO = Mars Solar Orbital.
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Figure 10. (a–e) Histograms of 1-Hz wave characteristics for low (<6.1) and high (>8.0) Mach numbers under low
turbulent conditions (<1.2 nT2/Hz): frequency, power, transverse ratio, ellipticity, and the angle between the wave vector
k and the magnetic field B, 𝜃kB. The wave frequencies tend to be lower for the low Mach numbers than for the high
Mach numbers.

in the direction of the solar wind. Then, we find the wave vector kg associated with this frequency from the
whistler wave dispersion relation. Finally, we find the group-standing frequency in the spacecraft frame 𝜔gsc

by using the Doppler shift equation 𝜔gsc = 𝜔g0 +kg ⋅Vsw. We plot the ratio of the group-standing frequency in
the spacecraft frame computed in this manner to the observed wave frequency in the spacecraft frame for the
example wave shown in Figure 1j. As can be seen in Figure 1j, this ratio is nearly equal to 1, and this indicates
that the example wave shown in Figure 1, in fact, satisfies the group-standing condition.

We compute this ratio for the 1-Hz waves identified for all the low turbulent conditions and plot a histogram
of this ratio in Figure 12. We find that a high percentage of the waves have a ratio nearly equal to 1 implying
that a large fraction of the waves satisfy the group-standing condition. This suggest that a large fraction of
1-Hz waves that are seen as monochromatic waves in the spacecraft frame may not be monochromatic waves
in the solar wind frame, but rather, they may have a broad distribution of frequencies.

Now we will determine how the group-standing frequency varies with the Mach number and proton
beta. For this, we first compute the group-standing frequency for median upstream and wave parameters.
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Figure 11. (a, e) Histograms of 1-Hz wave characteristics for low (<0.6) and high (>1.7) beta values under low turbulent
conditions (<1.2 nT2/Hz): frequency, power, transverse ratio, ellipticity, and the angle between the wave vector k and
the magnetic field B, 𝜃kB. The wave frequencies tend to be lower for the low proton beta values than for the high proton
beta values.

Then, we vary these parameters to correspond to increasing or decreasing Mach numbers or proton beta val-
ues to determine how the group-standing frequency varies. This calculation reveals that the group-standing
frequency decreases when decreasing either the Mach number or the proton beta (see Table 1). As noted
previously, we observe that at both the low Mach numbers and low proton beta values the wave frequen-
cies tend to be smaller (see Figures 10a and 11a). Since we determined that a large percentage of the
1-Hz waves satisfy the group-standing condition, this observed wave frequency trends are consistent with
what is expected from the group-standing condition. The lower the group-standing frequency, the wave
becomes more peaked aiding it to be observable (Tsugawa et al., 2014) and leading the waves to have a high
occurrence rate corresponding to those conditions. Thus, the observed wave occurrence rate variations
with the Mach number and proton beta, seen in Figures 5d–5f and 6d–6f, are consistent with how the
group-standing condition varies with the Mach number and proton beta.

We find that the wave occurrence rates in both the quasi-parallel and quasi-perpendicular foreshock regions

are comparable under low turbulent conditions. This result is obtained by plotting RMSE (=
√

Y2
MSE + Z2

MSE)
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Figure 12. Histograms for the ratio of the group-standing frequency in the spacecraft frame fgsc(= 𝜔gsc∕2𝜋) to the wave
frequency in the spacecraft frame f for 1-Hz waves at Mars under low turbulent conditions (<1.2 nT2/Hz). A high
percentage of the waves have a ratio near 1 indicating that a large fraction of the 1-Hz waves at Mars satisfy the
group-standing condition.

versus XMSE maps shown in Figure 13 for low turbulent conditions. The quasi-parallel foreshock region is the
region where the angle between the upstream magnetic field and the bow shock normal becomes small
(typically <30∘), whereas the quasi-perpendicular foreshock region is where the angle between the upstream
magnetic field and the bow shock normal is large (typically >60∘). Here MSE stands for the Mars Solar Electric
coordinate system in which the XMSE axis is aligned antiparallel to the direction of the dominant solar wind
flow, YMSE axis is directed along the upstream magnetic field perpendicular to the solar wind flow, and ZMSE axis
points along the upstream convective electric field. While the nominal Parker interplanetary magnetic field
orientation is 56∘ to the Mars-Sun line at Mars, MAVEN observations have shown that the magnetic field ori-
entation can take a range of values, with a majority lying between 40∘ and 140∘ (Ruhunusiri et al., 2017),

Table 1
Comparison of the Group-Standing Frequencies for High Versus Low Mach
Numbers and Proton Beta

B (nT) n (cm−3) Mach number fgsc (Hz)

3.5 2.2 6.0 0.3

2.7 2.2 6.9 0.4

1.5 2.2 8.3 0.7

2.7 1.3 6.0 0.2

2.7 2.2 6.9 0.4

2.7 7.2 8.3 1.2

B (nT) n (cm−3) Proton beta fgsc (Hz)

3.8 2.2 0.3 0.3

2.7 2.2 0.6 0.4

1.5 2.2 1.9 0.7

2.7 1.1 0.3 0.2

2.7 2.2 0.6 0.4

2.7 6.9 1.9 1.1

Notes. The group-standing frequencies are determined using median values
of upstream parameters and wave parameters: proton density n = 2.2 cm−3,
B = 2.7 nT, 𝜃kB = 35∘ , 𝜃kV = 133∘ . To determine how the group-standing fre-
quency varies with the Mach number and the proton beta, we determine the
group-standing frequency by varying either the magnetic field or the proton
density, keeping the other fixed since both Mach number and the proton beta
are functions of the magnetic field and the proton density. To compute the
Mach numbers and proton beta values, we also used a median proton tem-
perature of T = 7.7 eV. We find that the group-standing frequency decreases
with decreasing Mach number and proton beta.
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Figure 13. (a, b) RMSE versus XMSE maps depicting the occurrence rate of the 1-Hz waves in the quasi-perpendicular and
quasi-parallel foreshock regions under low turbulent conditions (<1.2 nT2/Hz). (c) Median wave occurrence rates and
lower and upper quartiles for the quasi-perpendicular and quasi-parallel foreshock regions, respectively. The wave
occurrence rates are comparable in the quasi-perpendicular and quasi-parallel regions. MSE = Mars Solar Electric.

Figure 14. (a–e) Histograms of 1-Hz wave parameters for quasi-parallel and quasi-perpendicular regions under low
turbulent conditions (<1.2 nT2/Hz): frequency, power, transverse ratio, ellipticity, and 𝜃kB. The wave frequency
distribution tends to be slightly broader in the quasi-perpendicular region than in the quasi-parallel region.
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due to solar wind stream-stream interactions. This enables us to determine the wave occurrence rates in
both the quasi-parallel and quasi-perpendicular foreshock regions for varying angles between the solar wind
velocity and the magnetic field. In the MSE orbit plot maps, when Bx > 0 or when the upstream magnetic
field is facing sunward, the quasi-parallel foreshock region is located in the YMSE > 0 region, whereas the
quasi-perpendicular foreshock region is located in the YMSE < 0 region. When Bx<0 or when the upstream
magnetic field is facing antisunward, the quasi-parallel foreshock is located in the YMSE < 0 region, whereas
the quasi-perpendicular foreshock is located in the YMSE > 0 region. Thus, to determine the wave occurrence
rates in the quasi-perpendicular foreshock region, we plot wave occurrence rates in a RMSE versus XMSE map by
requiring that Bx > 0, YMSE <0, and the cone angle 𝜃Bx be less than 60∘ or Bx < 0, YMSE > 0, and 120∘<𝜃Bx <180∘,
during the wave observations (see Figure 13a). Similarly, to determine the wave occurrence rates in the
quasi-parallel foreshock region, we plot wave occurrence rates in a RMSE versus XMSE map by requiring that
Bx > 0, YMSE > 0, and 0∘ < 𝜃Bx < 60∘ or Bx < 0, YMSE < 0, and 120∘ < 𝜃Bx <180∘, during the wave observations
(see Figure 13b). Comparison of Figures 13a and 13b reveals that the wave occurrence rates are similar in both
the quasi-perpendicular and quasi-parallel foreshock regions.

Inspection of wave parameters in the quasi-parallel and quasi-perpendicular foreshock region under low
turbulent conditions reveals that the distribution of wave frequencies tends to be slightly broader in the
quasi-perpendicular region than in the quasi-parallel region (see Figure 14a). The other wave parame-
ters have comparable distributions in both the quasi-parallel and quasi-perpendicular foreshock regions
(see Figures 14b–14e).

4. Summary

We used a Martian year of MAVEN spacecraft observations to characterize 1-Hz waves at Mars. We find that the
wave occurrence rate becomes lower for high turbulence levels indicative of wave masking by background
turbulence. Similar turbulence masking can also affect identification of such waves elsewhere in the solar
system. Thus, the severity of turbulence masking should be assessed in future investigations of 1-Hz waves in
other planetary bodies and the Moon.

Survey of wave occurrence rates for the low turbulence conditions revealed that the wave occurrence rate
is the same for both the high and low EUV conditions indicating that pickup ions from Mars’s extended exo-
sphere contribute minimally to the 1-Hz wave generation. We find that the wave occurrence rate becomes
higher for the low Mach numbers than for the high Mach numbers. We also find that the wave frequencies
tend to be lower for the low Mach numbers than for the high Mach numbers. We infer that the observed
dependence of the wave occurrence rate with the Mach numbers can be a consequence of the low Mach
number conditions being preferred for wave generation over high Mach numbers or a consequence of how
Mach numbers influence the group-standing condition of the waves. We find a low occurrence rate of waves
for the high proton beta values. We also find that the wave frequencies tend to be lower for the low proton
beta values than for the high proton beta values. Based on these observations, we infer that the depen-
dence of wave occurrence rate with the proton beta values can be a consequence of Landau damping of
waves, which become prominent for high beta values or a consequence of how proton beta values influ-
ence the group-standing condition. We observe that the 1-Hz waves are equally likely to be found in both the
quasi-parallel and quasi-perpendicular foreshock regions. However, the frequency distribution of the waves
in the quasi-perpendicular region is slightly broader than that in the quasi-parallel region.
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