
1. Introduction
Compared to Earth, Mars has a smaller induced magnetosphere and a denser neutral exosphere extending outside 
the bow shock, making the Martian magnetosheath a more suitable natural laboratory to study turbulence in 
a system with strong variability, short evolution time, and abundant free-energy sources such as pickup ions. 
The neutral exospheres of Mars extend beyond tens of Mars radii (RM), as revealed by the density profiles of 
neutral species over a wide range of altitudes derived from data provided by previous in situ spacecraft, including 
Phobos-2, Mars Express, and most recently, the Mars Atmosphere and Volatile EvolutioN (MAVEN) mission 
(Barabash et al., 1991; Chamberlain, 1963; Cravens et al., 2002; Dubinin et al., 2006; Rahmati et al., 2014). When 
neutral species encounter the solar wind plasma flow, they are ionized at a rate that depends on local parameters 
that determine charge exchange efficiency, such as density, speed, and temperature (Cravens et al., 1987; Fite 
et al., 1960). Subsequently, the newly ionized ions are accelerated by the solar wind convection electric field, 
producing pickup ions with a ring-beam velocity distribution function (VDF). Other ionization mechanisms, such 
as photo-ionization by solar extreme ultra-violet (EUV) radiation, also contribute and resulting in seasonal varia-
tions of the pickup ion densities (Modolo et al., 2005; Rahmati et al., 2014, 2017, 2018; Romanelli et al., 2016).

Because of the way the pickup ions are produced, they naturally present proton temperature anisotropy with 
Ti⊥ ≠ Ti‖, where Ti⊥ (Ti‖) is the proton temperature in the direction perpendicular (parallel) to the background 
magnetic field. The ring beam VDF of the pickup ions in velocity space is unstable to micro-instabilities, such 
as the ion cyclotron instability and the mirror instability (Cowee et al., 2008; Cowee & Gary, 2012; Gary, 1991; 
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Huddleston et al., 1999; Matteini et al., 2015; Russell et al., 1999). These instabilities generate short-wavelength 
fluctuations and reduce the free energy by scattering the pickup ions toward a more isotropic distribution in 
velocity space. The properties of pickup ions and the growth of ion anisotropy instabilities depend on the local 
plasma parameters, such as the pickup angle (αBV, the angle between the local plasma velocity, Vi, and the back-
ground magnetic field, B), the local number density ni and βi, where βi = 2μ0(nikBTi)/|B| 2, μ0 is the vacuum perme-
ability, kB is the Boltzmann constant, Ti the local ion temperature, and μ0 is the magnetic field strength (Cowee 
& Gary, 2012; Gary et al., 1993). The ion ring-beam instability generates significant magnetic-field fluctuations 
at frequencies below the proton cyclotron frequency in the form of proton cyclotron waves (PCWs), which have 
been frequently observed in the Martian environment (Andrés et al., 2020; Brain, 2002; Delva et al., 2015; Harada 
et al., 2019; Romanelli et al., 2013). If created by anisotropy instabilities, PCWs propagate predominantly in 
the direction parallel to the background magnetic field with a left-hand polarization (Gary & Madland, 1988; 
Huddleston et  al.,  1999). The occurrence rate of PCWs depends on the seasonal variation of the solar EUV 
irradiance at Mars, the dynamic pressure of the solar wind, and its Alfvén Mach number (Harada et al., 2019; 
Romanelli et al., 2013).

In planetary environments, magnetic-field fluctuations with a narrow-band “bump” in the power spectral density 
(PSD) are often attributed to the presence of locally generated waves. Apart from the narrow-band spectral 
“bump”, scale-invariant scalings such as the Kolmogorov f −5/3 scaling of the magnetic-field fluctuations are 
important characteristics of turbulence with an inertial energy cascade from large scales to small scales (Bruno & 
Carbone, 2013; Sahraoui et al., 2020; Tu & Marsch, 1995; Verscharen et al., 2019). The PSDs of the magnetic-field 
fluctuations in the magnetosheath present a f −1 scaling at MHD scales around Earth (Alexandrova,  2008; 
Czaykowska et al., 2001; Huang et al., 2017; Li, Jiang, et al., 2020), Saturn (Hadid et al., 2015), Mercury (Huang 
et  al.,  2020), Venus (Dwivedi et  al.,  2015; Terres & Li,  2021; Vörös et  al.,  2008a,  2008b) and Mars (Lentz 
et al., 2021; Ruhunusiri et al., 2017). The absence of a Kolmogorov scaling suggests the absence of a fully devel-
oped inertial-range cascade of energy. However, the physical mechanism for the existence of a broad-band f −1 
scaling rather than a f −5/3 scaling in planetary magnetosheath remains an open question.

In addition to the effects of quasi-parallel/quasi-perpendicular bow shock interactions, pickup-ion related energy 
injections potentially also contribute to the properties of the turbulence such as the broad-band spectral behavior 
and the nonlinear energy cascade rate. Ruhunusiri et al. (2017) show that the magnetic-field spectra are signif-
icantly flattened at MHD scales, which is similar to the results reported in other planetary magnetosheath. This 
effect is more prominent when Mars is closer to the sun, which is likely related to the presence of more PCWs 
as suggested by Romanelli et al. (2016). However, the physics of the interaction between coherent waves such as 
PCWs and background turbulence is not clear. 1D hybrid simulations show that the energy injected by pickup 
ion instabilities can inversely cascade to smaller wave numbers (Cowee et al., 2008; Gary & Winske, 1993), 
although observational evidence for this process is lacking. Romanelli et al. (2022) suggest that PCWs do not 
have a significant effect on the in-compressible cascade rate, casting doubts on the modification of turbulence in 
the presence of PCWs.

In this study, we focus on the broad-band behavior of PSDs, quantify the statistical properties of the magnetic-field 
spectra in the Martian magnetosheath, and investigate the impact of pickup ions on the turbulent spectra. We 
discuss the origin of strong energy injections near ion scales and present comparisons between results down-
stream and upstream of quasi-parallel and quasi-perpendicular bow shock geometries.

2. Data Set and Methodology
We use plasma data provided by the Solar Wind Ion Analyzer (SWIA) (Halekas et al., 2015) and the Suprather-
mal and Thermal Ion Composition (STATIC) sensor (McFadden et al., 2015), magnetic field data provided by 
the Magnetometer instrument (MAG) (Connerney et al., 2015), and EUV irradiance data at the wavelength of 
121–122 nm provided by the Extreme Ultra-Violet Monitor (EUVM) (Eparvier et al., 2015) onboard MAVEN 
(Jakosky et al., 2015) from January 2015 to November 2019. Bow shock crossings are characterized by sudden 
and sharp increases in plasma density and temperature with significant decreases in plasma bulk velocity. The 
magnetic, dynamic, and thermal pressures are balanced at the magnetic pile-up boundary (MPB). Therefore, 
we identify MPB crossings when the threshold condition β*  =  2μ0(nikBTi  +  Pd)/|B| 2  =  1 is satisfied, where 

𝐴𝐴 𝐴𝐴d = 𝑛𝑛i𝑉𝑉
2
i
∕2  is the dynamic pressure and Vi is the local plasma bulk velocity. Matsunaga et  al.  (2017) find 

that the pressure balance boundary defined by β* = 1 tends to be located at higher altitudes than the induced 
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magnetosphere boundary and the ion composition boundary. Thus, we use β* = 1 to identify the MPB to reduce 
the interference of Martian ionospheric activities throughout this study.

We perform a fast Fourier transform for each magnetosheath segment using Welch's method to obtain the 
omni-directional PSD of the magnetic-field fluctuations (Li, Jiang, et al., 2020). The magnetic field data have a 
temporal cadence of 1/32 s, yielding a Nyquist frequency of 16 Hz, sufficient for studying the physical processes 
at sub-ion scales in this environment. Generally, the PSD of magnetic field fluctuations in the solar wind exhibit 
only one break-point (fbk) at frequencies around fρi and fdi. Under Taylor's frozen-in hypothesis (G. I. Taylor, 1937), 
these frequencies are defined by the corresponding scales as fρi = Vi/2πρi and fdi = Vi/2πdi, where ρi = Vth⊥/Ωi is 
the proton gyro-radius, Ωi is the proton gyro-frequency, Vth⊥ is the thermal speed of the protons, di = VA/Ωi is the 
proton inertial length and VA is the Alfvén speed.

3. Plateau-Like Spectra in the Martian Magnetosheath
Instead of the usual turbulence spectra with a single break-point at ion-kinetic scales, we find that PSDs in the 
Martian magnetosheath additionally break-point at a frequency well below the typical break-point frequency 
near ion scales. This behavior leads to plateau-like spectra consisting of three distinct spectral ranges with three 
distinct spectral indices. Thus, the double power-law fitting technique fails to evaluate the power-law behaviors 
and spectral characteristics. We implement an automatic procedure to determine the two break-point frequencies, 
fbk1, fbk2, and obtain the three spectral indices, α1, α2, and α3, by minimizing the sum of the chi-square values in 
a triple power-law fitting technique. The whole frequency range in our fitting procedure ranges from 0.001 to 
5.0 Hz, which covers the Martian system scale and sub-ion scales assuming the Taylor hypothesis. To guarantee 
reliable power-law fitting at ultra-low frequencies (e.g., <0.01 Hz), only segments with a duration greater than 
20 min are used. We choose a confidence interval of the fitting greater than 99.9%.

3.1. Overview of a Plateau-Like Spectrum Case

Figure 1 shows a typical magnetosheath crossing event observed by MAVEN on 4 June 2016. Figures 1a–1d give 
the magnetic field in MSO coordinates, the ion number density, and ion bulk velocity in MSO coordinates, and 
β*, respectively. The magnetosheath interval is marked by two vertical dashed lines in red. MAVEN enters the 
magnetosheath from the upstream solar wind at around 21:10:00 UT with sudden enhancements in the magnetic 
field, ion density, and velocity perturbations. The ion differential energy spectrogram measured by SWIA indi-
cates significant heating of ions after the bow shock crossing. At 22:43:00 UT, MAVEN crosses the MPB where 
β* = 1 with a sudden decrease in ion velocity. As shown in Figure 1e, there are many ions in the field-of-view of 
SWIA with an energy greater than that of the thermal protons of the solar wind in the sheath region, but less than 
the calculated maximum energy of the locally generated pickup O + (H +) as denoted by the red (black) line. This 
finding suggests the existence of varying pickup ions with a mass greater than hydrogen.

The maximum energy of the pickup O + (red) and H + (black) is calculated by 𝐴𝐴 𝐴𝐴max = 2𝑚𝑚𝑚𝑚
2

i
sin

2
𝛼𝛼BV , where m is the 

mass of the specific ion and αBV is the angle between the magnetic field and the solar wind velocity. From the ion 
mass spectrogram retrieved from STATIC shown in Figures 1f and 1a significant enhancement of pickup atomic 
oxygen (16 amu) can be easily identified, especially at around 22:30:00 UT. Furthermore, according to Rahmati 
et al. (2017), these pickup atomic oxygen ions are most likely O +. However, pickup H + is hardly discriminated 
against the thermal protons of the solar wind. Therefore, we show the VDF of the ions in the plane (v‖, v⊥V) 
retrieved from SWIA in Figure 1k from 22:28:03 UT to 22:28:07 UT, where v‖ is the velocity of the ions parallel 
to the magnetic field and v⊥V is the velocity of ions parallel to the direction of 𝐴𝐴 �̂�𝑏 ×

(

�̂�𝑏 × 𝑉𝑉
)

 , where 𝐴𝐴 �̂�𝑏  is the unit 
vector of the magnetic field. The dotted circles indicate the maximum energy of pickup O + (green) and H + (red) 
in the spacecraft frame. In Figure 1k, there are clear signatures of the pickup H + population near the red circle 
and of the pickup O + population near the green circle. These pickup ions are highly unstable and capable of 
exciting various types of kinetic waves that inject energy into the magnetic-field spectra at specific frequencies. 
The local average parameters during this magnetosheath interval are ni = 2.43 cm −3, Vi = 230.3 km/s, B = 5.8 nT, 
Tp = 49.9 eV (proton temperature), Te = 14.4 eV (electron temperature), MA = 2.9 (Alfvén Mach number), and 
βi = 1.8. The gyro-radius of the ion ρi and the inertial length of the ion di are 216.4 and 189.5 km, respectively.

As shown in Figure 1j, two break-point frequencies at fbk1 = 0.009 Hz and fbk2 = 0.12 Hz divide the PSD into 
three parts with different spectral indices, α1 = −1.8, α2 = −0.3, and α3 = −3.0. We refer to this kind of spectrum 
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as a ‘’plateau-like spectrum” in this study. fρi and fdi are both ∼0.2 Hz and are indicated by solid vertical lines in 
brown and blue in Figure 1j. Around fbk2 (0.12 Hz, indicated by the red dashed line), the ratio of transverse to 
compressive fluctuation power 𝐴𝐴

(

(𝛿𝛿B⟂∕𝛿𝛿B‖
)2
)

 increases to ∼5.

To understand the nature of the plateau-like magnetic-field spectrum, we apply the singular value decomposi-
tion method to obtain the wave properties, such as the wave power, wave normal angle, and ellipticity shown in 

Figure 1. Mars Atmosphere and Volatile EvolutioN observations of the Martian magnetosheath crossing event on 4 June 2016. The magnetosheath interval is denoted 
by two vertical dashed lines in red. (a) Magnetic field in MSO coordinates from MAG. (b) Number density of ions from Solar Wind Ion Analyzer (SWIA). (c) Bulk 
velocity of ions in MSO coordinates from SWIA. (d) β*. (e) Differential energy flux spectrogram of ions from SWIA. The maximum energy of pickup O + and H + are 
denoted by the lines in red and black. (f) Mass spectrogram of ions from STATIC. (g) Power spectral density spectrogram of the magnetic field. (h) Wave normal angle 
θkB. (i) Ellipticity. The black lines in (g, h, and i) represent the Doppler-shifted proton cyclotron frequency. (j) PSD of the magnetic field within the magnetosheath 
interval. Vertical lines denote the characteristic ion-scale frequencies fρi (light red), fdi (light blue), and fbk2 (red dashed line). (k) Velocity distribution function of the 
ions in the plane of (v‖, v⊥V) retrieved from SWIA data from 22:28:03 to 22:28:07. The dotted circles represent the maximum pickup energy of H + (red) and O + (green).
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Figures 1g–1i. The Doppler-shifted local proton cyclotron frequency (fci), indicated by the black line, is calcu-
lated with the method used by Jian et  al.  (2010). Below fci and around fbk2, we identify wave activity (PSD 
greater than 10 nT 2/Hz) with left-hand polarization (ellipticity close to −1) and quasi-parallel propagating (θkB 
close to 0). These fluctuation features are consistent with the properties of PCWs. In this case, the MAVEN 
spacecraft is located in the magnetosheath downstream of a quasi-perpendicular bow shock, which provides a 
favorable environment for the excitation of PCWs (Harada et al., 2019). PCWs possibly generate the plateau-like 
magnetic-field spectrum, since their power typically increases around this frequency range. The f −1.8 scaling for 
ultra-low frequencies (<0.01 Hz) possibly originates from the solar wind, suggesting that the large-scale solar 
wind turbulence is conserved during the bow shock crossing in this frequency range. The spectral scaling at 
kinetic scales follows f −3.0, consistent with energy dissipation at kinetic scales. These are similar to our previous 
results obtained in the Earth magnetosheath, especially close to the bow shock (Li, Jiang, et al., 2020).

3.2. Occurrence Rate of Plateau-Like Spectra

We calculate two break-point frequencies and three power spectral indices for each PSD of 3955 magnetosheath 
segments. Figure 2a shows the histograms of the magnetic-field spectral indices. The mean values and standard 
deviations are α1 = −2.03 ± 0.44, α2 = −0.90 ± 0.5, and α3 = −2.79 ± 0.53. The averaged break-point frequencies 
are fbk1 = 0.007 Hz and fbk2 = 0.574 Hz. Statistically, the normalized fbk2/fρi is close to unity, indicating that the 
magnetic-field spectra break-point near the proton gyro-scale. To exclude spectra that do not exhibit a plateau, it 
is essential to calculate the normalized difference ϵ1 between α1 and α2, as well as the normalized difference ϵ2 
between α2 and α3 as.

𝜖𝜖1 =
2(𝛼𝛼2 − 𝛼𝛼1)

|𝛼𝛼1| + |𝛼𝛼2|
and 𝜖𝜖2 =

2(𝛼𝛼2 − 𝛼𝛼3)

|𝛼𝛼2| + |𝛼𝛼3|
. (1)

By substituting the mean values of the spectral indices into Equation 1, we can derive ϵ1 = 0.77 and ϵ2 = 1.02, 
which we consider representative of a typical plateau-like shape. For simplicity, we use a threshold value of 
0.7 to characterize plateau-like spectra. As expected, there is a negative correlation between the percentage of 
plateau-like events and the choice of threshold value. The percentage of plateau-like events decreases from 71.4% 
to 41.6% when the threshold increases from 0.5 to 0.9.

As shown in Figure 2b, the histograms of ϵ1 and ϵ2 peak at 0.6 and 1.1. Using a threshold of 0.7, about 56.6% of 
3955 magnetosheath segments present a plateau-like shape. 28.4% of segments present only one clear spectral 
break-point near sub-ion scales (i.e., ϵ1 < 0.7 and ϵ2 > 0.7). Our statistics show that plateau-like spectra are prev-
alent in the Martian magnetosheath. This result confirms that the Kolmogorov scaling is absent in the Martian 
magnetosheath, which is partially in agreement with previous studies in the planetary magnetosheath (Hadid 
et al., 2015; Huang et al., 2017; Ruhunusiri et al., 2017). However, the plateau-like feature with an additional 
spectral break-point at low frequencies, suggests different origins of the magnetic-field fluctuations. The first 
spectral break-point represents a spatial scale comparable to the system scale of the Martian magnetosheath. 
The spectral scaling below the first break-point frequency reflects the processed upstream solar wind turbulence, 
while the plateau-like scaling is likely due to the locally developing fluctuations in the magnetosheath.

Figure 2. Histogram of the magnetic-field spectral indices α1, α2, and α3 (a) and the normalized differences ϵ1 and ϵ2 (b). The 
dashed lines indicate the mean values of the spectral indices.
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3.3. Dependence on Local Parameters

Figure 3 gives statistical relations between the occurrence rate of plateau-like spectra and the pickup angle (αBV), 
the local plasma number density ni and βi. All magnetosheath segments are binned in these parameters, with the 
average occurrence rate of plateau-like spectra calculated accordingly.

The occurrence rate of plateau-like spectra varies as a function of αBV, nsw and βi. It first increases from 50.0% 
to its maximum value of 70.0% as αBV increases from 0° to 26°, and then decreases to 45.2% as αBV increases 
to 90°. It also increases from 26.5% to 68.6% as ni increases. This is possibly due to the increased pickup-ion 
production by charge-exchange when collisions are more frequent as the ion density increases. The occurrence 
rate of plateau-like spectra decreases from 64.2% to 44.9% as βi increases to ∼20, except for a minor enhancement 
with βi ranging from 12 to 18. These results suggest that the plateau-like spectra are related to the properties of 
the pickup ions and the local βi. The structures of the non-gyrotropic ring-beam VDF determined by αBV result 
in different accessibility to ion micro-instabilities (Gary, 1991; Matteini et al., 2015). The occurrence rate of 
plateau-like spectra reaches its maximum when αBV is about 26°, which is qualitatively in agreement with the 
highest level of saturation of PCW energy from simulations (Cowee & Gary, 2012). This result suggests that 
PCWs are a likely way to inject energy into such an environment.

We note that the exact determination of pickup ion species and their densities from observations in the magne-
tosheath is particularly difficult since a significant portion of locally generated pickup H + is buried in thermal 
protons. Therefore, we use ni and αBV as proxyes for the properties of the pickup ions.

3.4. Dependence on Solar EUV Irradiance

The density of pickup ions and relative percentages of different ion species exhibits seasonal variations, which is 
due to the EUV irradiance at Mars varying with distance to the Sun (Rahmati et al., 2017). From January 2015 
to November 2019, Mars has revolved around the Sun for nearly 2.7 cycles, making it possible to investigate the 
dependence of the occurrence rate of plateau-like spectra on the EUV irradiance at Mars.

As shown in Figure 4a, the EUV irradiance at Mars varies with Mars' solar longitude (Ls), representing a signif-
icant seasonal variation with a maximum value near perihelion (Ls ≈ 255°) and a minimum value near aphelion 

Figure 3. Statistical relations between the occurrence rate of plateau-like spectra and the pickup angle (αBV), the local plasma 
number density (ni) and βi. The gray boxes denote the number of cases in each histogram bin, and the colored lines represent 
the occurrence rate of plateau-like spectra in the bins.
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(Ls ≈ 90°). The occurrence rate of the plateau-like spectra also presents a significant seasonal variation but is out 
of phase with the EUV irradiance. The occurrence rate near the aphelion is 64.7% and decreases to 47.6% near 
the perihelion. Figure 4b shows that the occurrence rate of plateau-like spectra decreases with increasing EUV 
irradiance, from 64.7% to 45.7% when the EUV irradiance increases from 1.92 × 10 −3 W/m 2 to 4.3 × 10 −3 W/m 2. 
Although the uncertainty of the occurrence rate for each bin increases when the corresponding case number 
decreases, the negative correlation between the occurrence rate of plateau-like spectra and the EUV irradiance 
is clear.

This inverse correlation between the plateau occurrence rate and the EUV irradiance suggests that pickup-ion-related 
waves modulate the formation of plateau-like spectra. According to the exosphere model (Chaufray et al., 2015), 
as Mars moves closer to the sun, the density of escaped atomic hydrogen increases by a factor of 8 during the 
winter solstice. Thus, more pickup H + and related waves can be formed in the magnetosheath, which potentially 
evolves in space and time under different upstream and EUV conditions.

3.5. Dependence on Upstream Conditions

To characterize different conditions of the upstream solar wind, we first remove contamination from fore-shock 
perturbations. We apply an automatic algorithm to determine the pristine solar wind based on the solar wind bulk 
speed (Vsw), temperature (Tsw), normalized root-mean-squared magnetic fluctuation level (σB/Bsw), and spacecraft 
latitude (L). The pristine solar wind satisfies Vsw > 200 km/s, Vth/Vsw < 0.1, σB/Bsw < 0.15, and L > 500 km (here 
Vth is the thermal speed of the protons, σB is the root-mean-squared value of the magnetic field fluctuations), which 

reliably rule out contamination from the fore-shock and the magnetosheath, 
see Halekas et al.  (2017) for more details. We use the Mars Solar Electric 
(MSE) coordinate system here, in which the X axis points toward the Sun, 
and the Y axis is aligned with the perpendicular component of the upstream 
magnetic field (Bsw) to the X axis. The Z axis is aligned with the upstream 
convective electric field (Esw  =  −Vsw  ×  Bsw). With only single-spacecraft 
data available, we use same-orbit measurements to determine the upstream 
parameters assuming a steady solar wind condition.

Figures  5a and  5b shows spatial distributions of the occurrence rate of 
plateau-like magnetic-field spectra in the MSE coordinate system. We sepa-
rate different shock geometries by dividing the data set into two sub-sets 
using the sign of the X component of the upstream magnetic field (Bx(IMF)). 
The hemisphere with Y < 0 denotes the quasi-perpendicular magnetosheath 
when Bx(IMF) > 0 and the quasi-parallel magnetosheath when Bx(IMF) < 0. 
The situation is the opposite in the hemisphere with Y > 0. We bin the data 
sets in the X − R plane of the MSE coordinate system and calculate the occur-
rence rate of plateau-like spectra in each bin. Bins with only one case are not 
shown. As seen in the distribution map, plateau-like spectra more frequently 

Figure 4. (a) The occurrence rate of the plateau-like spectra and Extreme Ultra Violet (EUV) irradiance in H I Lyman-α as 
a function of solar longitude (Ls). (b) The occurrence rate of the plateau-like spectra as a function of the EUV irradiance and 
histogram of the EUV irradiance.

Figure 5. Statistical maps of the plateau occurrence rate in the Mars Solar 
Electric coordinate system. (a) 2D distribution of the occurrence rate for 
Bx(IMF) > 0 and (b) for Bx(IMF) < 0.

 21699402, 2023, 1, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JA

030874 by T
est, W

iley O
nline L

ibrary on [23/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Journal of Geophysical Research: Space Physics

JIANG ET AL.

10.1029/2022JA030874

8 of 14

occur in the magnetosheath downstream of a quasi-perpendicular bow shock, especially in the center of the flank, 
suggesting that the quasi-perpendicular bow shock favors the occurrence of plateau-like spectra. However, the 
difference is not particularly strong considering the average occurrence rate, which is 60.1% in the magnetosheath 
downstream of a quasi-perpendicular bow shock and 52.9% in the magnetosheath downstream of a quasi-parallel 
bow shock. This trend differs from the previous investigation on the MHD-scale spectral slope in the Martian 
magnetosheath (Ruhunusiri et al., 2017). They use a single spectral slope to fit the PSDs at MHD scales, while 
we implement double spectral slopes after inspecting the general behavior of the magnetic-field PSDs in the 
magnetosheath. Furthermore, our study takes into account much lower frequencies than in the previous work.

These findings suggest that the quasi-perpendicular bow shock favors the occurrence of plateau-like spectra. 
Plateau-like spectra are more likely to form locally than from the upstream solar wind since more PCWs are 
generated in the foreshock region. There is no obvious asymmetry between the Z < 0 and Z > 0 hemispheres, 
suggesting that the direction of the upstream convection electric field has no significant impact on the occur-
rence of plateau-like spectra. However, in the far flank of the magnetosheath, the occurrence rate of plateau-like 
spectra is systematically reduced. This result also supports previous analyses on the evolution of the Earth's 
magnetosheath (Huang et al., 2017; Li, Jiang, et al., 2020), where the Kolmogorov scaling can be recovered after 
sufficient time for the turbulence to develop.

4. Discussion and Conclusions
Mars has a small induced magnetosphere and a neutral exosphere extending outside the bow shock. Thus, 
high-abundance pickup ions around Mars are an important type of free energy source for energy injection. Focus-
ing on the magnetosheath, we show that the magnetic-field spectra frequently exhibit triple power laws with an 
additional spectral break-point at MHD scales. This triple power law behavior is marked by significantly shal-
lower spectral scaling at MHD scales (defined as a plateau-like spectrum), which has an overall occurrence rate 
of 56.6%. Our observations of plateau-like spectra over a large frequency range (10 −3 − 10 1 Hz) confirm previ-
ously reported observations of similar spectral features at MHD scales, for example, ion-flux fluctuations in the 
Earth's magnetosheath (Rakhmanova et al., 2018, 2020; Riazantseva et al., 2016), magnetic-field fluctuations in 
the Venusian and Martian magnetosheath (Lentz et al., 2021; Terres & Li, 2021). Our study focuses on the broad-
band plateau-like spectral characteristic and suggests that the formation of plateau-like spectra could be due to 
various energy injections by pickup ions from Mars. As shown in our case study, energy injection in the form of 
PCWs generated by pickup ions and possible inverse energy transfer to low frequencies may be responsible for 
the formation of plateau-like spectra. We further support this interpretation with statistical evidence based on 
MAVEN data.

Plateau-like spectra are most frequently observed when the local pickup angle (αBV) is moderate at about 26°. 
In this case, the occurrence rate is 70.0%, greater than the overall occurrence rate of 56.6%. The increase of αBV 
represents that the ion ring-beam distribution changes from a beam-like distribution with a large parallel compo-
nent to a ring-like distribution with a large perpendicular velocity in velocity space. In simulations depending on 
αBV, the total energy density of the fluctuating magnetic-field saturates at a higher level when αBV ∼ 30° (Cowee 
& Gary, 2012). As αBV increases, the frequency of waves generated by the ring-beam instability with the largest 
growth rate transits to lower frequencies (Gary & Madland, 1988; Huddleston et al., 1997; Matteini et al., 2015). 
When the frequency of maximum energy injection moves to lower frequencies, the shape of the magnetic-field 
spectrum becomes less plateau-like.

The occurrence rate of plateau-like spectra in the magnetosheath increases with ni. This result indicates that 
plateau-like spectra are generated by waves driven by pickup ions, since more neutral particles can be ionized 
through the charge exchange process when ni increases. However, it is difficult to determine the exact percentage 
of pickup ions. The pickup H + populations are usually hidden by the background thermal protons since their 
energy ranges overlap. The method used by Rahmati et al. (2017) inspecting different anodes away from the bulk 
flow direction cannot accurately extract pickup populations from the thermal protons. Furthermore, we find that 
the occurrence rate of plateau-like spectra decreases with the local βi in the magnetosheath, which is consistent 
with the theoretical prediction as well as observational evidences for the ion cyclotron instability damping and a 
transition to mirror-mode instability in high βi plasma (Anderson & Fuselier, 1993; Gary et al., 1993).

However, PCWs are not the only possible contributors to the formation of a plateau-like spectrum since we also 
observe some plateau-like spectra without obvious PCW features. For some events with βi ∼ 15, we identify 
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fast and slow waves at the typical plateau frequencies. These wave modes potentially contribute to the peak of 
the plateau occurrence rate near βi ∼ 15 shown in Figure 3c. We illustrate this issue in Figure 6, which shows 
an event of a plateau-like magnetic-field spectrum with βi ∼ 16. The magnetic-field fluctuations are enhanced 
significantly at frequencies in the plateau range (i.e., 3 × 10 −2 − 3 × 10 −1 Hz), which is indicated by enhanced 
power in Figure 6g. From Figures 6d and 6e, no obvious PCWs are found for this case. Combining measurements 
of ion moments and the magnetic field, we apply the method proposed by Li, Li, et al. (2020) to diagnose the 
wave modes of the analyzed fluctuations. We find the existence of fast-mode and slow-mode waves in the band-
pass signals with periods of 8–16 s in Figure 6h. The fluctuations in density and the magnetic field strength 
are positively correlated (CC = 0.7) in the blue-shaded region, while they are anti-correlated (CC = −0.6) in 
the red-shaded region. At the same time, the perpendicular (parallel) velocity fluctuations are correlated with 
the  density fluctuations with CC = 0.6 (CC = −0.7), indicating the existence of fast (slow) waves.

The occurrence rate of the plateau-like spectra is anti-correlated with the EUV irradiance at Mars. Since 
Solar EUV irradiance increases as the Mars-Sun distance decreases, more heavy species such as oxygen are 
photo-ionized and become pickup ions in the magnetosheath (Modolo et al., 2005; Rahmati et al., 2017). With the 
inclusion of heavy pickup ions, such as pickup O +, the ion cyclotron instability can be significantly suppressed 
(Cowee et al., 2008; Gary et al., 1993; Remya et al., 2013). Harada et al. (2019) find that the occurrence of PCWs 
in the Martian magnetosheath decreases with solar EUV irradiance. The density of pickup ions and their relative 
density ratio are sensitive to the variation of EUV irradiance. Our finding further supports that the pickup-ion 
instabilities and the related wave evolution are linked to the occurrence of plateau-like spectra.

The average occurrence rate of plateau-like spectra is 60.1% and 52.9% in the magnetosheath downstream of the 
quasi-perpendicular and quasi-parallel bow-shock geometries. Although the difference is not large, the plateau-
like spectra seem to occur more frequently in the magnetosheath downstream of the quasi-perpendicular shock 
according to the distribution map, especially in the center of the flank. This is possibly related to the finding that 
the ion temperature anisotropy is more significant in the magnetosheath downstream of quasi-perpendicular bow 
shocks, which favors the excitation of PCWs (Harada et al., 2019).

Furthermore, the plateau-like spectra preferentially link to some local generation mechanisms rather than 
convection from the solar wind. The occurrence rate of plateau-like spectra has no obvious preference for the 
magnetic-field geometry at the bow shock although that PCWs are more likely to be generated in the quasi-parallel 
foreshock region. Complex processes near the bow shock or the magnetopause, for example, magnetic reconnec-
tion and coherent structures, can also produce strong ion temperature anisotropy. Therefore, other forms of kinetic 
waves driven by ion temperature anisotropy can also contribute to the energy injection at ion scales (Anderson 
et al., 1994; Gary, 1991; Gary et al., 1993; Lentz et al., 2021; Maruca et al., 2018; Song et al., 1992).

Figure 7 shows location dependence of the normalized spectral break frequencies, fbk1/fρi and fbk2/fρi, as well as 
their dependence on the local βi. fbk1/fρi and fbk2/fρi depend significantly on the location in the magnetosheath. 
fbk1/fρi decreases from ∼0.08 Hz in the sub-solar region to ∼0.01 Hz in the flank. fbk2/fρi decreases from ∼6 Hz 
near the bow shock to ∼0.20 Hz in the flank. Moreover, they are both positively dependent on the local βi. These 
results suggest that these two break-point frequencies evolve with the plasma convection through the Martian 
magnetosheath. As we discuss above, the local βi is likely to play an essential role in modulating the wave modes 
which dominate locally. In this interpretation, the power injected at different frequencies causes the shifting of 
the plateau.

The Taylor hypothesis is mainly violated in the slow flow regime when the MA is significantly small (Klein 
et al., 2014). To test the validity of the Taylor hypothesis, we calculate MA for the data set with plateau-like spec-
tra and for the total data set. The probability distribution of MA is given in Figure 6a. The average MA is about 
4.5%, and 93.8% of cases have a MA greater than 2, suggesting that the Taylor hypothesis is well satisfied here.

Figure 8b shows probability histograms of correlation coefficients between band-pass magnetic-field fluctua-
tions, ion-velocity fluctuations 𝐴𝐴 𝐴𝐴𝛿𝛿vi−𝛿𝛿𝛿𝛿  (solid) and ion-density fluctuations 𝐴𝐴 𝐴𝐴𝛿𝛿ni−𝛿𝛿𝛿𝛿  (dotted). The frequency band 
is 0.001–0.015 Hz, mainly corresponding to frequencies below the first spectral break-point at MHD scales. 
The magnetic-field fluctuations of all magnetosheath events are moderately correlated with the ion-velocity 
fluctuations 

(

��vi−�� ≈ ±0.5
)

, while no obvious trend is found for ion-density fluctuations 
(

��ni−��
)

. These 
results suggest that the nature of the low-frequency magnetic-field fluctuations is likely Alfvénic, preserving the 
large-scale solar wind turbulence from the bow shock upstream. Due to the limitation of the cadence of particle 
instruments, a similar analysis is not available at kinetic scales.
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Figure 6. Mars Atmosphere and Volatile EvolutioN observations of a high βi event on 2018 November 10. (a) Magnetic field. (b) Number density of ions. (c) Bulk 
velocity of ions. (d) Wave normal angle. (e) Ellipticity. (f) Wavelet power spectral density (PSD) of the magnetic-field fluctuations compensated with a Kolmogorov-
like power law. Red lines denote the frequency range corresponding to time periods of 8–16 s. (g) Plateau-like magnetic-field PSD. (h) Band-pass fluctuations with 
periods of 8–16 s in the magnetic-field magnitude |B|, ion bulk velocity parallel (perpendicular) to the background magnetic field Vpara (Vperp) and ion number density 
Nsw. Shaded areas represent segments where fast-mode waves (blue) and slow-mode waves (red) are identified.
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To conclude, our results suggest that the deviation of the Martian magnetosheath turbulence from the Kolmogorov 
f −5/3 scaling is due to energy injection brought by ion/pickup ion micro-instabilities. In this scenario, pickup-ion 
related waves (e.g., PCWs) are responsible for the formation of the plateau-like spectra. Future detailed studies 
involving wave-mode/structure identifications are needed for a better understanding of the detailed nature of the 
plateau. Our results furthermore suggest that the spatially small and confined Martian magnetosheath does not 
provide sufficient space for locally injected waves to evolve and join the background inertial-range cascade with 
a Kolmogorov f −5/3 scaling. However, the question as to how the newly injected energy evolves, for example, via 
a cascade or an inverse cascade (Pouquet et al., 1976, 2020), remains unknown. Further detailed investigations 
into the evolution of plateau-like magnetic-field spectra and energy transfer mechanisms of waves in a turbulent 
background are needed.

Figure 7. Break-point shifts of the plateau-like spectra. (a–b) Statistical maps of the normalized break-point frequencies fbk1/
fρi and fbk2/fρi. (c) fbk1/fρi as a function of local βi. (d) fbk2/fρi as a function of local βi.

Figure 8. (a) Probability histograms of Alfvén Mach number considering plateau-like events only (solid) and all events 
(dashed). (b) Probability histograms of correlation coefficients between band-pass magnetic-field fluctuations, ion velocity 
fluctuations ��vi−�� (solid), and density fluctuations ��ni−�� (dotted) with frequency <0.015 Hz.
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Data Availability Statement
The MAVEN spacecraft data used in this study are publicly available through the Planetary Data System: 
https://pds-ppi.igpp.ucla.edu/mission/MAVEN/MAVEN/MAG for MAG, https://pds-ppi.igpp.ucla.edu/mission/
MAVEN/MAVEN/SWIA for SWIA and https://pds-ppi.igpp.ucla.edu/mission/MAVEN/MAVEN/STATIC for 
STATIC.
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