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Abstract: Proton cyclotron waves (PCWs) can be generated by ion pickup of Martian exospheric particles in the solar wind. The solar
wind ion pickup process is highly dependent on the “IMF cone angle” — the angle between the solar wind velocity and the
interplanetary magnetic field (IMF), which also plays an important role in the generation of PCWs. Using data from 2.15 Martian years of
magnetic field measurements collected by the Mars Atmosphere and Volatile Evolution (MAVEN) mission, we have identified 3307
upstream PCW events. Their event number distribution decreases exponentially with their duration. A statistical investigation of the
effects of IMF cone angle on the amplitudes and occurrence rates of PCWs reveals a slight tendency of PCWs" amplitudes to decrease with
increasing IMF cone angle. The relationship between the amplitude and IMF cone angle is weak, with a correlation coefficient r = —0.3.
We also investigated the influence of IMF cone angle on the occurrence rate of PCWs and found that their occurrence rate is particularly
high for intermediate IMF cone angles (~18°-42°) even though highly oblique IMF orientation occurs most frequently in the upstream
region of the Martian bow shock. We also conclude that these variabilities are not artefacts of temporal coverage biases in MAVEN
sampling. Our results demonstrate that whereas IMF cone angle strongly influences the occurrence of PCWs, IMF cone angle may also

weakly modulate their amplitudes in the upstream region of Mars.
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1. Introduction

For a planet such as Mars without a global intrinsic magnetic field,
solar wind interacts directly with the planetary exosphere and
subsequently causes exospheric neutrals to escape from the plan-
et in a particular physical way, i.e., by ion pickup. In this process,
neutral atoms can be ionized via photo-ionization, electron im-
pact ionization, or charge exchange processes (Zhang et al., 1993).
The newborn ions are further accelerated by solar wind convec-
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tion electric field and will eventually be assimilated into the rap-
idly moving solar wind (Yoon and Wu CS, 1991). At Mars, due to
the small size of the bow shock (subsolar shock distance at ~1.5Ru
from the center of Mars), the hydrogen exosphere extends bey-
ond the bow shock; neutral atoms from the exosphere can thus
be picked up at distances of several planetary radii from the plan-
et (Yamauchi et al., 2015).

It has been suggested that such newborn ions produced in the
pickup process, especially protons, may constitute a significant
non-thermal component of the total solar wind ion distribution
function, which is unstable and can provide free energy to gener-
ate various plasma instabilities (Wu CS and Davidson, 1972; Wu CS
and Hartle, 1974). The IMF cone angle ay g, which is the angle
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between the solar wind velocity and the IMF direction, is a key
parameter in determining what type of instability may grow (Tsur-
utani and Smith, 1986; Tsurutani et al., 1987). When the IMF cone
angle ay g = 0°, newborn ions form a cold beam that interacts with
the solar wind via the electromagnetic ion/ion right-hand (RH)
resonant instability in the solar wind frame (Gary et al., 1984, and
references therein). At the opposite extreme, ay g = 90°, newborn
ions form a ring in velocity space that can drive instability in the
electromagnetic ion/ion left-hand (LH) mode. If 0° < ay 5 < 90°,
newborn ions correspond to ring-beam distributions which can
drive either or both RH and LH instabilities. At relatively small val-
ues of this angle, the RH mode is the dominant ion/ion mode with
a maximum growth rate that increases with ay g (Gary and Mad-
land, 1988). At sufficiently large values of ay g, the LH mode ap-
pears, with growth rates that, similarly, increase as ay,g increases
(Gary and Madland, 1988). Based on computer simulations of
wave growth generated by fresh pickup ions, the critical value of
ay,g at which the RH mode has the larger maximum growth rate,
can be different. For instance, Brinca and Tsurutani (1989) have
suggested this typical value to be around 75°, whereas Gary and
Madland (1988) shows that RH mode can have larger maximum
growth rate than LH mode up to ayg = 90° In the spacecraft
frame, different wave modes are observed left-handed and at a
frequency very close to the local proton gyrofrequency, due to the
Doppler shift effect associated with the relative velocity between
the spacecraft and the solar wind (Brinca, 1991). Therefore, the
waves with frequencies close to the local proton gyrofrequency
are called proton cyclotron waves (PCWs).

PCWs at Mars were first reported in Russell et al. (1990), based on
observations from the Phobos mission. They proposed a hypo-
thesis that the waves were related to the solar wind picking up
newly-ionized hydrogen atoms from the Martian exosphere. Their
hypothesis was later confirmed by Barabash et al. (1991). Sub-
sequent studies on PCWs were made based on Mars Global Sur-
veyor (MGS) observations (e.g., Brain et al,, 2002; Mazelle et al.,
2004; Wei HY and Russell, 2006; Romanelli et al., 2013; Bertucci et
al., 2013; Wei HY et al,, 2011, 2014) and the recent MAVEN mission
(Connerney et al., 2015a; Romanelli et al., 2016), in which the re-
corded waves are at about the local proton gyrofrequency, left-
hand polarized, and propagating quasi-parallel with respect to
the IMF. Venus has a plasma environment similar to that of Mars;
PCWs have been identified at the upstream of Venus (Delva et al.,
2008, 2011). Moreover, PCWs have also been reported in the mag-
netospheres of Jupiter and Saturn (Blanco-Cano et al., 2001; Leis-
ner et al,, 2006; Russell et al., 2016; Meek et al., 2016; etc.), and at
comets (Tsurutani, 1991; Mazelle and Neubauer, 1993).

It is generally believed that PCW amplitudes are determined
primarily by the number and kinetic energy of newborn ions, and
by the fraction of kinetic energy that is lost to the waves during
the wave growth. As a result, wave activity could also be used to
diagnose local exospheric neutral densities and ion production
rates (Huddleston et al., 1998; Cowee et al., 2007). Numerical simu-
lations of wave generation excited by newborn ions, for varying
plasma conditions and IMF cone angles, have been widely ex-
plored (e.g., Gary et al., 1984; Winske and Gary, 1986; Gary et al.,
1988; Gary et al., 1989; Cowee et al., 2012). Among these studies,
Gary et al. (1988) simulated the case for ay g = 0° and showed that

the energy density of magnetic field fluctuations is a function of
local plasma parameters, particularly the ion injection rate. Gary et
al. (1989) extended these results to nonzero ay g and showed that
the peak amplitude of magnetic field fluctuation during wave
growth is proportional to cos® (avg) when 0° < ayg < 45°. Cowee
et al. (2012) suggested that the relation between local ion cyclo-
tron wave amplitudes and local ion pickup rates can be influ-
enced by multiple key factors, i.e., the growth time of the instabil-
ity, non-uniform ion production rates, and the injection angles of
newborn ions. In recent years, observations from the MAG instru-
ments onboard MGS and MAVEN also invited studies of these
waves. The wave amplitudes were found to decrease with radial
distance from Mars, indicating that Mars is the source of these
waves (Wei HY and Russell, 2006; Romanelli et al., 2013; Wei HY et
al., 2014). Moreover, Romanelli et al. (2013) found a decreasing
tendency of the wave amplitudes with increasing IMF cone angle,
based on data from the MGS Science Phasing Orbits (SPO).
However, Wei HY et al. (2014) did not observe such a decreasing
tendency in data collected during the first aerobreaking phase
(AB1) of MGS. Linear theory predicts that, in addition to affecting
wave amplitudes, the IMF cone angle should also affect the linear
growth rate of the waves (Gary, 1993). Analyzing MGS data, Wei
HY et al. (2014) found that the waves occur more frequently for in-
termediate IMF cone angles, with the largest occurrence rate at
around 45°. Romanelli et al. (2016) first confirmed the previously
reported long-term temporal variability in the occurrence rate of
PCWs (Romanelli et al., 2013; Bertucci et al., 2013) with MAG meas-
urements from MAVEN; they related the temporal variabilities of
PCW abundance to changes of hydrogen exospheric densities on
the Martian dayside. Their study has comprehensively discussed
the temporal changes in PCW abundance, but does not address
sufficiently the influence of the IMF cone angle; although IMF
cone angle plays a significant role in the generation of waves ex-
cited by newborn ions, there is no agreement as to the effect of
IMF cone angle on wave characteristics, particularly on wave amp-
litudes that are essential to estimating local ion pickup rates.

In the present work, we use MAVEN’s high-resolution magnetic
field data to characterize upstream PCWs and study comprehens-
ively the influence of IMF cone angle. The MAVEN mission was
launched in November 2013 and arrived at Mars in September
2014. Its orbit has a nominal periapsis altitude of 150 km, an
apoapsis altitude of 6220 km, and a period of about 4.5 hours
(Jakosky et al., 2015). The orbit was designed in such a way that
the apoapsis is located at times in the undisturbed solar wind up-
stream from the bow shock, and at other times inside the induced
magnetosphere. When the spacecraft apoapsis is located up-
stream from the bow shock, upstream measurements can be ob-
tained for typically 4 to 5 months. In between these 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 us to obtain a large
number of measurements in the upstream region, which is ideal
for studying upstream phenomena at Mars. We use MAVEN data
spanning approximately 2.15 Martian years to investigate the two
important characteristics of PCWs, i.e., their amplitudes and occur-
rence rates. We focus mainly on the impact of IMF cone angle on
these two characteristics. The present work is structured as fol-
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lows. In Section 2 we show a typical example of PCWs detected by
MAG and the statistics of these PCWs. In Section 3 we present stat-
istical analyses of the influence of IMF cone angle on the amp-
litude and occurrence rate of these waves. Finally, our findings
and conclusions appear in Section 4.

2. Observations

2.1 Data Description

The MAG instrument onboard MAVEN is a fluxgate magnetomet-
er that provides vector magnetic field measurements over a broad
range (to 65536 nT per axis) at a sampling cadence of 32 Hz and
accuracy of 0.25 nT (Connerney et al., 2015b). To investigate the
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relatively low frequency of PCWs (0.06 Hz for IMF values ~4 nT),
we have resampled MAG data from 32 Hz to 1 Hz. We also used
the MAVEN Solar Wind lon Analyzer (SWIA) to extract upstream
solar wind parameters. SWIA is a toroidal electrostatic analyzer
that measures ion fluxes and ion moments over a broad energy
range (from 10 eV to 25 keV) with a sampling cadence of 4 s (Hale-
kas et al., 2015). We use here the onboard-calculated moments of
the ion distribution functions to measure the solar wind velocity,
at a time resolution of 4 seconds.

2.2 PCW Observations on 07 January 2017
Here we show an example of a PCW event in the upstream region

MAVEN MAG observation on Orbit #4415

(@) 25||||,||||||,|||||||,|||||||||||||||||||||||||||,|||

BS 1 1 BS,

20 1 1 1 1
[ 1 1 [
[ 1 1 [

15 [ 1 1 [
[ 1 1 [ ]
[ 1 1 [

10 1 1 1 !
[ 1 1 [

5 ' : \ B

1 o ATy YT e ey 1 m, rsere y

MAG
Byso (NT)
o

Y e T P T YT Ty 1 701 el

.:;vll ) |||""| ||| |
T o s amiwerrsamarmisas e ORI

(b)

107

Frequency (Hz)

102

104

103

1102

110

10°

Transverse power spectral density (nT%/Hz)

107

hh:mm  02:55 03:25 03:55
2017.01.07

Figure 1.

04:25 04:55 05:25

Universal Time

Proton cyclotron wave event observed by MAVEN on January 07, 2017. The location of the bow shock in this orbit is marked by black

dashed lines; the subinterval marked by red dashed lines is analyzed in Figure 2. (a) The 1-Hz magnetic field in MSO coordinates observed by
MAG; (b) Dynamic Fourier spectra of the transverse power derived from the MAG data, with the local proton gyrofrequency marked by white line.
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of Mars. Figure 1a presentsthe 1-Hz magnetic field measure-
ments in Mars-centered Solar Orbital (MSO) coordinates during
MAVEN orbit 4415 on 07 January 2017. The MSO coordinate sys-
tem is defined as follows: the X axis points toward the Sun, the Z
axis is perpendicular to Mars's orbital plane and positive toward
the ecliptic north, and the Y axis completes the right-handed sys-
tem. In this time interval (02:55-05:25 UT), MAVEN was mainly in
the upstream solar wind and crossed the bow shock (BS) at
03:07:20 UT and 05:15:15 UT, respectively, as indicated by the ver-
tical black dashed lines. The mean IMF during the upstream peri-
od was [2.25, -2.22, 0.66] nT. Figure 1b shows the dynamic Fouri-
er spectra of the transverse power, which is calculated by sum-
ming powers of magnetic field By component and By component
in the field-aligned (FA) coordinate system, which is defined as fol-
lows: the +Z axis is defined as the direction of the mean magnetic
field during a period of time (in this study, typically ten local pro-
ton cyclotron periods); two vectors perpendicular to the mean-
field direction complete the right-handed coordinate system. The
compressional power given by the power from the B; component

is not shown in Figure 1 since PCWs are predominantly transverse
waves. As seen in Figure 1b, distinctive wave fluctuations in the vi-
cinity of the local proton gyrofrequency (indicated by the white
line in Figure 1b) were observed during the entire upstream solar
wind period of the orbit.

To investigate the wave properties, we apply a wave analysis pro-
gram to the magnetic field data collected during the subinterval
03:30-03:50 UT (indicated by the red dashed lines in Figure 1)
based on the Means method (Means, 1972). Using the informa-
tion contained in the imaginary part of the covariance matrix of
the magnetic field, the Means method is able to analyze the polar-
ization properties of plane waves, such as direction of propaga-
tion, ellipticity, and polarization. Notably, the Means method is su-
perior to other methods in determining the sense of wave polariz-
ation. The calculations of the wave parameters are explicitly indic-
ated in Means (1972) and Egs. (20) and (23) in Rankin and Kurtz
(1970), respectively. More details about the Means method can be
found in these references.

(a) 3 MAVEN MAG field components in MSO coordinates (nT), 07 JAN 2017
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Figure 2. Proton cyclotron waves during the subinterval 03:30-03:50 UT, as indicated by the red dashed lines in Figure 1. (a) Magnetic field
measured by MAVEN; (b) Power spectrum of time series shown in Figure 2a; the green line indicates the local proton gyrofrequency.
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Figure 2a shows the 1-Hz magnetic field in MSO coordinates dur-
ing the subinterval 03:30-03:50 UT, and Figure 2b displays the
power spectral density for both the compressional and transverse
components. As seen in Figure 2b, the wave was identified as
mainly transverse (i.e., the transverse power was about two or-
ders higher than the compressional power at the local proton

gyrofrequency) with a narrow peak frequency at around the local
proton gyrofrequency, fe, (i.e, 0.043 Hz in this case; fop = %
where |B| is the averaged magnetic field magnitude). From the
wave analysis based on the Means method, the wave is found to
be left-handed with an ellipticity of —0.85, and to exhibit a polariz-
ation of 0.97 and a propagating direction of 15° with respect to
the mean background magnetic field. The event has an amp-
litude of 0.36 nT and an averaged IMF cone angle ay g of ~41°. The
wave amplitude is determined from the transverse power spec-
tral density in a frequency interval [0.8f,, 1.2f]. The IMF cone
angle ay g was defined as ay g = cos™! (|x- b|), where x denotes
the unit vector of the solar wind velocity and b denotes the unit
vector of the magnetic field. The solar wind velocity vectors were
derived from the SWIA moments data. To survey the general
properties of PCWs as a function of cone angle, a statistical study
is performed based on MAG measurements in the following.

2.3 Statistics of PCWs

To identify all the PCW events during more than two Martian
years, we first examined the MAG data taken in November 2014
and selected all the PCW events manually, according to the theor-
etical predications and the selection criteria in previous work (Wei
HY et al., 2014). By analyzing the properties of these PCW events,
we determined the following specific selection criteria: (1) the ra-
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tio of the transverse power to compressional power is greater
than 1.5 and the transverse power derived within 20% of the local
proton gyrofrequency is enhanced, i.e. the enhanced power peak
is at least roughly 2 times larger than its neighbor power; (2) the
wave is left-handed with ellipticity less than -0.7; (3) the percent
polarization is greater than 70%; (4) the propagation angle with
respect to the average magnetic field is smaller than 30 degrees.
In this work, we first determine the Martian upstream region by
analyzing manually the combined observations of magnetic field
and plasma data. Then we apply these four criteria to the public
MAG data collected only during the following eight time periods,
during which MAVEN had upstream coverage: 30 October 2014 to
19 March 2015, 3 June 2015 to 5 November 2015, 2 December
2015 to 13 April 2016, 26 May 2016 to 10 October 2016, 29
November 2016 to 1 April 2017, 20 May 2017 to 30 September
2017, 23 November 2017 to 3 May 2018 and 13 June 2018 to 14
November 2018. Using the criteria described above, we identified
automatically 3307 upstream PCW events for the statistical study.
Figure 3 shows the histogram of the duration of these PCW obser-
vations in units of local proton cyclotron period. The durations of
the observed waves range from 3 local proton gyroperiods up to
about 500 local proton gyroperiods. The number of PCW events
observed decreases exponentially with increasing duration, with a
least square fitted function of N = 2604e-0.03%x where x is in units
of local proton cyclotron period (red line in Figure 3). The good-
ness-of-fit is 0.99. A total of 3307 PCWs are represented in the dis-
tribution; the durations of 52.9% of the events were less than 20
local proton gyroperiods.

Figure 4 displays the spatial distribution of PCW amplitudes aver-
aged in each 0.1Ry X 0.1Ry bin in cylindrical MSO coordinates. The
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Figure 3. Histogram of the duration of PCWs in 20 local proton cyclotron period bins. The red line marks the least square fitted function N =

26040039 where X is in units of local proton cyclotron period.
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Figure 4. Spatial distribution of PCW amplitudes, averaged in each 0.1Ry X 0.1Ry bin. The black solid line marks the bow shock location from

the empirical model of Trotignon et al. (2006) and color coding is wave amplitude.

coordinate system is centered on Mars with the X axis pointing to
the Sun and the rho axis pointing radially outward from the X axis.
The color coding represents the amplitude of PCWs. 0.1Ry X 0.1Ry
bin resolution ensures us a good statistical study and allows us to
obtain a reasonably good spatial variation, although other similar
bin resolutions may also work well. The typical bow shock loca-
tion from the empirical model of Trotignon et al. (2006) is marked
by the black curve.

According to Figure 4, we find that the wave amplitudes are
nearly constant in the region we observed. In order to study vari-
ations of amplitude with altitude, we also applied a linear regres-
sion (not shown here) involving the altitude. To eliminate the ef-
fect of the IMF cone angle, we divided all events into different
groups according to IMF cone angles. Applying linear regression
to each group of events within the same cone-angle range we
find that the variations of amplitude with altitude are negligible.
In particular, the amplitude remains nearly constant in the alti-
tude range of 2-3Ry, which is the main region in which the PCWs
studied here were observed to occur. Previous studies based on
MGS data (Wei HY and Russell, 2006; Romanelli et al., 2013; Wei HY
et al., 2014) have reported that the wave amplitudes decrease
slowly with radial distance from the planet, however this tend-
ency could not be confirmed in our results since the spatial cover-
age of MGS and MAVEN are different. MAVEN's altitude coverage
is no more than 2Ry whereas MGS can detect up to 15Ry during
its AB1 phase. This means that the key factor in controlling PCW
amplitude — pickup ion density, may not change significantly
within the region in which data analyzed in this study were collec-
ted. However, the rich data collected by MAVEN in such a narrow
altitude range was ideal for our purpose, which was to study the
effect of IMF cone angle on PCW amplitude without the complica-
tion of the influence on wave amplitudes of distance from Mars.

3. IMF Influence on PCWs

3.1 IMF Influence on PCWs’ Amplitude

Figure 5 shows the amplitude of the waves as a function of IMF
cone angle. The gray dots correspond to the amplitude of each
PCW event. The red curve represents the median amplitudes with

error bars of upper and lower quartiles calculated in ten cone
angle bins, which have cone angle of 0°-26°, 26°-34°, 34°-40°,
40°-46°, 46°-51°, 51°-56°, 56°-61°, 61°—66°, 66°-73°, 73°-90° de-
gree. The bin size was chosen to ensure approximately equal
numbers of cases in each bin. From the median values displayed
in the figure, we note that the amplitude of the PCWs has tend-
ency to decrease as the IMF cone angle increases, from 0.34 nT at
cone angle of ~20° to 0.16 nT at cone angle of ~80°. However, the
data points are largely scattered, so we performed a statistical
analysis to evaluate the reliability of the effect of IMF cone angle
on wave amplitudes. The Spearman correlation coefficient r = -0.3
indicates that the correlation between IMF cone angle and wave
amplitudes is very weak. Thus, based on the statistical results, we
suggest that PCWs' amplitudes have at most a small and slightly
decreasing dependence on IMF cone angle; moreover, the amp-
litudes vary very slowly with IMF cone angle, even though the me-
dian values display a descending trend. The significant scattering
in Figure 5 indicate that the relationship between wave amp-
litudes and IMF cone angle is weak, or there exist other major
factors contributing to wave amplitude growth, which will be ad-
dressed in the discussion section.

3.2 IMF Influence on PCWs’ Occurrence

IMF cone angle, besides affecting PCW amplitudes, also determ-
ines the velocity distribution of pickup ions, which could control
the type of instability, as we have previously mentioned. To in-
vestigate which cone angle conditions most favor PCW genera-
tion at Mars, we calculated the occurrence rate of PCWs as a func-
tion of IMF cone angle. In this work, we have folded the angle ay g
between 90° and 180° into 0°~90° (i.e., ay g=180°-ay g when ay g is
greater than 90°), since linear theory indicates that it is the angle
between the direction of both vectors but not the sense of them
that affects wave growth (see, e.g., Gary, 1993). Figure 6a shows a
histogram for all 60-s-averaged IMF cone angle data in upstream
solar wind, regardless of wave activity; Figure 6b shows the same
histogram as Figure 6a but only for times when PCWs were ob-
served. The dashed lines in Figure 6a and Figure 6b represent the
median values in the two groups. The occurrence rate for each
cone angle bin shown in Figure 6c is derived by dividing Figure 6b
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Figure 5. PCW amplitudes as a function of IMF cone angle, for all upstream wave events. The red circles mark the medians with error bars of

upper and lower quartiles in each cone angle bin.

by Figure 6a. Although the IMF is more oblique from the solar
wind velocity at Mars, PCWs tend to occur more often at medium
IMF cone angles and less frequently at large IMF cone angles. The
PCW occurrence rate reaches its highest value at the cone angle
range of ~18°-42°, and then decreases slowly as the cone angle
increases from ~42° to ~72°.

Previous studies have reported a temporal variability of the occur-
rence of PCWs observed upstream of Mars, indicating that PCWs
occur more frequently around the time of perihelion/southern
summer solstice than at the times of spring and autumn equi-
noxes, a trend similar to those of Martian dayside hydrogen exo-
spheric density and the solar extreme ultraviolet (EUV) flux at the
Martian environment (Bertucci et al., 2013; Romanelli et al.,, 2016).
Thus, seasonal changes in solar EUV heating and ultimately hydro-
gen exospheric density also have an impact on wave occurrence.
To investigate whether the changes of PCW occurrence for vari-
ous IMF cone angles are relevant to seasonal changes, we exam-
ine whether there are significant differences in MAVEN's temporal
sampling at different IMF cone angles. We first sort all the eight
time periods into two groups, according to the solar longitude
(Ls): time periods close to the Martian perihelion (PH, Ls = 251°)
with high PCWs occurrence rate (containing 30 October 2014 to
19 March 2015, 26 May 2016 to 10 October 2016, 29 November
2016 to 1 April 2017 and 13 June 2018 to 14 November 2018) and
time periods close to the Martian aphelion (APH, Ls = 71°) with
low PCWs occurrence rate (containing 3 June 2015 to 5 Novem-
ber 2015, 2 December 2015 to 13 April 2016, 20 May 2017 to 30
September 2017 and 23 November 2017 to 3 May 2018). Then in
Figure 7 we plot the distributions of these two groups as a func-
tion of IMF cone angle; the red bar represents the percentage of

time periods close to the Martian PH and the blue bar represents
the same detail for the Martian APH. As can be seen in the histo-
gram, the distribution for different IMF cone angles are similar to
each other, showing approximately no asymmetry for any IMF
cone angle range. For various IMF cone angles, the percentage of
PH time periods remains nearly constant at around 0.55, slightly
higher than the percentage of APH time periods, 0.45. This com-
parison therefore also suggests that temporal variabilities in the
occurrences of PCWs cannot be the reason for the observed rela-
tionship between IMF cone angle and PCW occurrence rate.

4. Discussion and Conclusions

In this paper, we have first determined how IMF cone angle influ-
ences upstream PCW amplitudes, based on MAG data from 2.15
Martian years of the MAVEN mission (10 October 2014 to 14
November 2018). After excluding variations of PCW amplitude
caused by radial distance from Mars, we found a slight tendency
of PCW amplitude to decrease as IMF cone angle increases. This
result is consistent with the observations of Romanelli et al.
(2013). Using MAG data collected during the MGS SPO phase, they
reported a slight shift toward smaller amplitudes as the IMF cone
angle increased. Interestingly, Wei HY et al. (2014) found no clear
variation in wave amplitude with IMF cone angle during the first
aerobreaking phase (AB1) of MGS. Indeed, upstream PCWs ob-
served in Wei HY et al. (2014) could extend as far as 15Ry beyond
the bow shock, which may lead to a rapidly changing pickup ion
density and ultimately to the absence of wave amplitude depend-
ence on IMF cone angle. Therefore, the difference between the
results in Wei HY et al. (2014) and Romanelli et al. (2013) could be
due to the different spatial coverages sampled by MGS during
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Figure 6. (a) Histogram of IMF cone angles for upstream solar wind (blue solid line); the vertical blue dashed line denotes the median value; (b)
Histogram of IMF cone angles for wave events (red solid line); the vertical red dashed line denotes the median value; (c) Occurrence rate of PCWs.

AB1 vs. SPO. In this study, the data we used were collected in the
altitude range of 1.5Ru-3Rw; our result is thus comparable with
that of Romanelli et al. (2013). This result could be explained by
theoretical predictions and numerical simulations of the genera-
tion of the waves excited by newborn ions. Nonlinear theories
predict that the pickup ions will lose more energy to the waves in
the instance of pure “beam”-driven instability (RH mode) than in
the case of pure “ring”-driven instability (LH mode) (Winske and
Gary, 1986), leading to a lower saturation energy for smaller drift
velocity (Vswcosay g) of newborn ions (Gary et al., 1988). Gary et al.
(1989) simulated the magnetic fluctuation level for varying IMF
cone angles and showed that, if other plasma parameters such as
pickup ion production rate are fixed, the peak amplitude of mag-
netic field fluctuation during wave growth is proportional to
cos® (av,g) at 0° < ay g < 45°. Moreover, Cowee et al. (2012) carried
out an analysis of the evolution of wave energy, assuming varying
pickup ion production rates and IMF cone angles, using the 1D hy-
brid simulation of the Martian plasma environment. Their simula-
tion results indicated that for relatively high ion production rates
(higher than 10“#cm3s! with a radial distance smaller than 5Ry
from Mars), the saturation wave energy is highest for ayg = 0°,

and then decreases as ay g increases. In our work, the spatial distri-
bution of PCWs events is limited in the region within the radial
distance range of 1.5-3.0Ry, which means that for such relatively
high ion production rates, the saturation wave energies in the re-
gion should decrease with increasing ay . The amplitudes of the
waves at other planets were also discussed. Inside Jupiter and Sat-
urn’s magnetospheres, pickup ions generally form a “ring” distri-
bution in velocity space (pickup angle is 90°) since the corotating
plasmas in Jupiter and Saturn’s magnetospheres are moving
nearly perpendicularly to the ambient magnetic field. Cowee et al.
(2007) carried out 1D hybrid simulations of SO,* ring instability in
the lo plasma torus and predicted that, for conditions at lo, at
most ~25% of the energy of the newborn ion population is lost to
wave growth. In contrast to newborn ion driven instability in the
magnetospheres of Jupiter or Saturn, newborn ions in cometary
environments, where larger amplitude waves are often observed,
are picked up into the solar wind and may form parallel drifting
beams. Cowee et al. (2007) thus simulated the beam driven in-
stability in a cometary environment and found that such instabil-
ity releases ~30% of the initial newborn ion beam energy to wave
growth, demonstrating that “beam”-driven instability can lose
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Martian PH (red bar) and time periods close to the Martian APH (blue bar), respectively.

more energy to wave growth than “ring”-driven instability. At
comet Giacobini-Zinner, Tsurutani et al. (1989) reported the ab-
sence of large amplitude magnetic fluctuation near the water-
group gyrofrequency for conditions when ay g is near 90°.

However, due to the large scattering of data points in Figure 5, the
correlation between PCWs’ amplitudes and IMF cone angle is not
strong enough to be statistically significant. We suggest that the
unsaturated state of PCWs at Mars could account for this result.
Despite the fact that the saturation wave energy will reach a high-
er level for smaller IMF cone angle, as theoretical considerations
and simulations have suggested, PCWs are not always observed at
a saturated state, but more often in a state of wave growth
(Cowee et al,, 2012). Once the exospheric hydrogen atoms are ion-
ized, the newborn ions are strongly influenced by IMF and solar
wind convection electric field, forming a non-Maxwellian velocity
distribution, which provides the free energy to generate instabilit-
ies. After initial ionization, a significant time may be required be-
fore observable wave fluctuations develop. For example, the sim-
ulation results in Cowee et al. (2012) suggest that, assuming a
nominal ion production rate (3.4x10 cm-3s"), about 10 cyclotron
periods (equivalent to 230 s for the case in Figure 1) are required
before saturation occurs for ay g = 0°. If we further assume that
the waves are being transported past Mars with the solar wind ve-
locity at ~ 400 km/s, they would travel a distance of 27Ry in 10 ion
cyclotron periods, which is much farther than the length of the

mass-loading region. Within such a large region, the non-uniform
pickup ion production rates are insufficient to feed the waves, and
the particles can also be scattered by the bow shock or assimil-
ated into the solar wind and swept away into the interplanetary
space. Therefore, the detectable waves in the upstream region are
mostly in a state of growth, which explains the wide range of scat-
tering in the amplitudes of PCWs seen in Figure 5.

We would also like to point out that signals from the spacecraft re-
action wheels can be detected by the magnetometer as low amp-
litude signals (~0.1 nT) (Connerney et al., 2015a) at variable but
narrow frequencies of ~0.5 and ~1.5 Hz. However, since these re-
action wheel signals only rarely match our PCW selection criteria
(e.g. registering within 20% of the local gyrofrequency), these
non-environmental signals should have an insignificant impact on
our statistical results.

Furthermore, we have determined the occurrence rate of PCWs as
a function of IMF cone angle based on the MAVEN data. We find
that PCWs tend to occur more often at medium IMF cone angles
(~18°-42°) and less frequently at large IMF cone angles, even
though the IMF is more oblique from the solar wind velocity in the
upstream region of the Martian bow shock. We also conclude that
these variabilities are not associated with biases of temporal cov-
erage of MAVEN sampling. The preference of occurrence at inter-
mediate IMF cone angles is also found in Wei HY et al., (2014). We
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infer that the preference for intermediate IMF cone angles is a
consequence of wave growth rate under different IMF cone
angles and pickup ion densities. For small IMF cone angles, al-
though the waves can reach a relatively high magnetic fluctu-
ation level as explained above, more time is needed to reach a de-
tectable level since the growth rate of the instability increases as
ay g increases (Gary and Madland, 1988), which lowers the detect-
ability of PCWs. For large IMF cone angles, although wave growth
rates are larger and times required to reach saturation are shorter
than for small angles, the saturation wave energy is lower than
that for small angles. This means that the waves for large IMF cone
angles can be detected by the spacecraft only when the pickup
ion density is high enough to generate sufficiently high magnetic
fluctuation levels. As a result, stricter conditions need to be satis-
fied for wave generation when the cone angle is highly oblique,
which naturally reduces the observed occurrence rate. Therefore,
only for intermediate IMF cone angles does wave growth require
relatively short times and modest pickup ion densities, so that a
high probability of detection is expected.
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