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Abstract

Context. Dynamic pressure enhancements, known as magnetosheath jets, are plasma structures with a higher dynamic pressure than the surrounding plasma. They have been thoroughly studied at Earth and recently discovered around other planetary bodies. However, studies on jets outside of the terrestrial magnetosheath have only been performed as case studies.

Aims. We present the first statistical study of jets in the Martian plasma environment.

Methods. Our database was assembled using ten years of Mars Atmosphere and Volatile Evolution (MAVEN) mission data sampling various regions in the Martian plasma environment.

Results. Our database contains 82 645 jets, which have an average dynamic pressure increase of a factor of 2.34. The majority of jets are observed close to the bow shock in the magnetosheath. Most jets are driven by a combination of velocity and density enhancement, although the distribution is skewed toward density enhancement, as compared to jets at Earth. The jets are often colder than their background. The median scale size of Martian jets is 0.67 RM.

Conclusions. Jets in the Martian plasma environment are similar to jets observed in the terrestrial magnetosheath, however, there are some differences. In Martian jets, the density enhancement dominates over the velocity; whereas in terrestrial jets, the velocity enhancement dominates over the density enhancement. Furthermore, jets are more deflected compared to the surrounding magnetosheath plasma. Martian jets are likely to be smaller than terrestrial jets, but they are larger relative to the scale size of the magnetosphere.
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1 Introduction
Bow shocks are a universal phenomenon in space plasmas, which act to compress, slow down, and heat the incoming plasma. They give rise to magnetosheath jets, which are transient dynamic pressure enhancements that have been intensely studied in the near-Earth plasma environment (Plaschke et al. 2018; Krämer et al. 2025). Recently, jets have also been found in other planetary environments such as Mars (Gunell et al. 2023), Jupiter (Zhou et al. 2024), and downstream of planetary shocks (Hietala et al. 2024). These studies have only presented a few jets, such that the properties and statistics of magnetosheath jets in other plasma environments still remain largely unexplored. Thankfully, the Mars Atmosphere and Volatile Evolution (MAVEN; Jakosky et al. 2015) spacecraft has been in orbit around Mars for ten years and offers a full suite of plasma instruments. We used these ten years of MAVEN data to conduct a statistical study of jets in the Martian plasma environment to understand similarities and differences of these jets compared to jets in the terrestrial magnetosheath.
Magnetosheath jets were first described by Němeček et al. (1998) in the Earth’s magnetosheath and have since been studied extensively (see Plaschke et al. 2018; Krämer et al. 2025, and references therein). The presence of solar wind monitors has enabled detailed studies of jet formation depending on solar wind conditions. Such works have reported that it is primarily controlled by the angle between the interplanetary magnetic field (IMF) and the bow shock normal, θBn (Archer & Horbury 2013; Plaschke et al. 2013; LaMoury et al. 2021). Jet detection rate increases during times of low θBn . Nevertheless, Goncharov et al. (2020) showed that jets can also be frequently observed downstream of the bow shock during high θBn.
The driver of a jet can be an enhancement in velocity, density, or a combination of both. Archer & Horbury (2013) found that 82% of jets exhibit both a density and a velocity increase, while 18% of jets show an increase in velocity, but with a decrease in density. In addition, the majority of jets were found to show changes in the magnetosheath’s magnetic field. Furthermore, the temperatures have been found to be more isotropic and lower compared to the surrounding magnetosheath plasma (Plaschke et al. 2013). The scale size of the magnetosheath at Earth is of the order of 0.1 RE and the distribution are expected to follow a log-normal distribution, according to Plaschke et al. (2020). Nonetheless, jets with sizes >2 RE are also commonly observed, causing eight jet impacts per hour on the subsolar magnetopause during low θBn conditions (Plaschke et al. 2020).
The solar wind environment at Mars is in many ways similar to that at Earth. The median value for the solar wind velocity is 400 km/s, with a density typically in the range 0.5–20 cm−3 (Halekas 2017). The IMF has a magnitude that is typically in the range of 0.5-10 nT and a median cone angle of 61° from the Mars-Sun line (Halekas et al. 2021).
Bow shocks have regions of quasi-parallel and quasiperpendicular alignments, where θbn is 0° < θbn < 45° and 45° < θbn < 90°, respectively (e.g. Greenstadt et al. 1970). Due to the induced nature of the Martian system, the Martian magnetosphere is small compared to Earth. A typical Martian subsolar bow shock stand-off distance is ~1.6 RM, with one Mars radius of RM = 3390 km. The induced magnetopause boundary (IMB) is typically measured to be at a distance of ~1.3 RM (Vignes et al. 2000).
Between these two boundaries lies the magnetosheath, where the plasma is compressed and heated, and the flow is decelerated and deflected. Given the bow shock and IMB distances from Vignes et al. (2000), the average subsolar magnetosheath width becomes 0.3 RM (~1017 km). Due to the small scale of the magnetosheath compared to ion scales, the flow does not have time to fully thermalize in the magnetosheath (Moses et al. 1988). Typical Martian magnetosheath parameters are a flow velocity of 100-200 km/s and an ion density of 10 cm−3 (Halekas et al. 2017). Following the upstream bow shock geometry, the magnetosheath can be divided into quasi-perpendicular and quasi-parallel magnetosheath, where the quasi-parallel magnetosheath is typically more turbulent (Fuselier 1994; Karlsson et al. 2021).
Jets in the Martian magnetosheath were first presented by Gunell et al. (2023), using data from the MAVEN mission. The jets had a duration of 30–60 s which corresponds to a scale length of 4000–18 000 km. Gunell et al. (2023) also noted that this is in most cases more than the planetocentric distance to the bow shock and therefore indicates that jets are beams that are continuously generated at the bow shock. In addition, the authors showed that the plasma inside jets have larger magnetic field fluctuations compared to the surrounding magnetosheath.
Jets in the Jovian magnetosheath were first described by Zhou et al. (2024). The authors studied three jets which were found to last between ten minutes and up to an hour. Through a comparison of the jet sizes at Earth, Mars, and Jupiter, Zhou et al. (2024) suggested that the size of the jets scales with the size of the bow shock.
Although jets have been found in the Martian magnetosheath, Jovian magnetosheath, and downstream of interplanetary shocks, those jets have only been presented as case studies in the past. We present the first statistical study of jets outside Earth. With this study, we aim to infer the behavior of jets at Mars and how they scale in the Martian plasma environment compared to Earth. We investigate their occurrence rate, their properties, and what quantity drives the pressure density enhancement. The paper is structured as follows. In Sect. 2, we describe the methods used to build our database for magnetosheath jets at Mars. In Sect. 3, we present the statistical properties of jets found at Mars, along with a discussion of our findings and a comparison with findings at Earth. Finally, our conclusions are given in Sect. 4.
2 Instrumentation and methods
The data used in this study come from the MAVEN mission (Jakosky et al. 2015) over the period October 2014–January 2024. For our statistical study on jets, data from two instruments were used. The first instrument was the Solar Wind Ion Analyzer (SWIA; Halekas et al. 2015), a top-hat electrostatic analyzer that measures protons in the solar wind and magnetosheath from which the proton moments are calculated. It has a temporal resolution of 4–8 s and a 360° × 90° field of view. Although the coarse archive mode data (SWICA) is the most accurate mode in the magnetosheath, we chose to use the on-board calculated moments at the highest available resolution, assuming that the plasma is mainly composed of protons H+. We checked that the two modes were in good agreement throughout (see Halekas et al. 2017, for further discussion). The second instrument was the magnetometer (MAG; Connerney et al. 2015), which measures the vector magnetic field at a frequency of 32 Hz. The Mars-centered Solar Orbital (MSO) coordinate system is used throughout the study. It has its origin at the center of Mars, [image: equation], pointing toward the Sun, ŷ, pointing in the negative orbital direction of Mars, and [image: equation] completing the right-hand system.
We wanted to look at jets behind the bow shock and above the IMB. Jets were detected in the region defined by the following constraints:

	We required the telemetry mode flag to indicate that SWIA was in its magnetosheath mode.


	We required the spacecraft to be located inside a bow shock model by Ramstad et al. (2017) with a solar wind density of nsw = 2 cm−3 and solar wind speed of vsw = 400 km s−1 as the input parameters.


	At the inner boundary, the values taken below 1000 km above the planet’s surface and in the shadow of the planet were discarded. The shadow was defined as a cylinder, where xMSO < 0 with a radius of RM+1000 km.



To create a common timebase for all quantities, we low-pass- filtered and down-sampled the magnetic field data to a time series with a 1 Hz sampling frequency. The time frame was adjusted, so that the samples in the new time series would be as close as possible to the time stamps of the SWIA moment data. An equally sampled time series was created from the SWIA moments, using linear interpolation. These 1 s sampling-interval time series were used throughout the study.
For a jet detection, we compared the local dynamic pressure [image: equation] with the background dynamic pressure. Here, mp is the proton mass, and ni and vi are the ion density and bulk speed, respectively, as measured by SWIA. We use the same criteria as Gunell et al. (2023), which is similar to the criterion used by Archer et al. (2012). We calculated a ten-minute moving average centered at the dynamic pressure around the time stamp, denoted 〈Pdyn〉10 min. If any part of the ten-minute interval fell outside of the region of interest, which happens when the spacecraft moves into or out of that region, the first or last complete ten-minute interval on the inside was used instead. We discarded the jet indications for data points within 8 seconds from a flagged field-of-view problem or a flag indicating that the attenuators or telemetry mode were in an ambiguous state. When the data quality was good, the jet events needed to satisfy
[image: equation](1)
Furthermore, we present statistics on the dynamic pressure, density, velocity components, magnetic field strength, and temperature of the jet. In addition, we investigate the scale size of the jets, estimated by D = t ⋅ |v|, where t is the duration of the jet and v is the mean velocity of the jet. We also present the ratio of the maximum value of these properties in the jets to the average background values. The background values were calculated in the same way as 〈Pdyn〉 was calculated: by taking a ten-minute moving average. This background includes the jet observation.
In order to investigate if jets are mainly density- or velocity- driven, we used the approach described by Archer & Horbury (2013) and established:
[image: equation](2)
[image: equation](3)
where the angled brackets denote the background value and delta some deviation. This can be approximated as
[image: equation](4)
using the approximation 〈Pdyn〉 = 〈n〉〈v2〉 (Archer & Horbury 2013). Determining the first two terms for every jet reveals which one is the dominant term and how much each quantity contributes to the dynamic pressure enhancement. The final term reveals how the different components contribute to a jet and is assumed to be small. Plotting the two first terms against each other illustrates how dominant they are per jet.
We also studied the ion temperature variations and the temperature anisotropy in the jets. The ion temperatures and their components parallel and perpendicular to the local magnetic field are calculated using the analytical method described by Swisdak (2016, see their Appendix A) and checked against the matrix method of Simon Wedlund et al. (2022, see their Appendix B.2). The symmetric rank-2 ion (i.e. proton) thermal pressure tensor, denoted ℙx,y,z, is first constructed from the on-board moments of the ion distribution function from SWIA data. The analytical expression takes advantage of the principal invariants of the pressure tensor to obtain the P‖ component as:
[image: equation](5)
with b = (bx, by, bz) as the local normalised magnetic field vector in the chosen frame of reference. The P⊥ component is finally derived from:
[image: equation](6)
where Tr ℙx,y,z = Pxx + Pyy + Pzz is the trace of the pressure tensor, which is invariant in any coordinate system. The ion temperature is simply obtained from the thermal pressure as T = P/nkB, with kB the Boltzmann constant, and with the total temperature, defined as Ttot = Tr ℙx,y.z/3 = (T‖ + 2T⊥) /3.
3 Results and discussion
In this section, we discuss the statistical properties of our jet database, which contains 82 645 jets in total. In particular, we focus on the magnetic field properties and plasma moments. For the plasma moments and magnetic field, we used the value X observed at the peak dynamic pressure of the jet. The background of the jet is denoted by 〈X〉. We also computed the ratio of the two quantities, denoted by X/〈X〉. We also provide the median and mean for each quantity inside the jet in this work.
For comparison, we investigated a subset of jets in our database, namely, jets in the dayside magnetosheath (xMSO > 0). We found 20 591 jets in the dayside magnetosheath. This subset of jets has been investigated, as statistical studies on jets in the Earth’s magnetosheath are traditionally focused on either the subsolar magnetosheath or the dayside region (Plaschke et al. 2013; Archer & Horbury 2013; Goncharov et al. 2020; Raptis et al. 2020). The statistics of the subset are presented in Appendix A for dayside jets. In general, the statistics of the entire dataset and the subset are in agreement, with differences are discussed when relevant. We do not present statistics for the subsolar magnetosheath because of the poor data quality in this region.
	[image: thumbnail]	Fig. 1 Occurrence rate of jets in the cylindrical coordinates. The solid white line represents the inner boundary of our dataset. The dashed white line represents the outer boundary, i.e. the average bow shock position.



3.1 Occurrence
The probability of observing a jet at a certain position in the Martian plasma environment is given in Fig. 1 in cylindrical coordinates. To get the probability of a jet being found at a particular location, we divide the total duration a jet has been detected at that location by the total duration the spacecraft has passed there. As seen, most jets are observed on the flanks of the magnetosheath close to the bow shock. Of the 82 645 jets, 20 591 were observed on the dayside (xMSO > 0). There are only a few jets observed in the Martian subsolar magnetosheath and the occurrence rate increases for [image: equation]. The increased occurrence rate of jets close to the bow shock is in agreement with observations at Earth (Plaschke et al. 2013). Those jets are likely formed at the bow shock (Hietala & Plaschke 2013; Raptis et al. 2022; Suni et al. 2021) and move through the magnetosheath, where they interact with the ambient plasma and dissipate.
On Earth, jets are frequently reported in the subsolar magnetosheath (Plaschke et al. 2013), however, such jets are missing in Fig. 1. Our database is biased due to the field-of-view quality flag. Because the bulk plasma flow is outside the field of view of the SWIA instrument, jets in the subsolar magnetosheath were excluded. However, in theory, fewer jets are expected in the Martian subsolar magnetosheath than in the corresponding region near Earth. One factor is that the Parker spiral at Mars is 61° (Halekas et al. 2021), which means that there are fewer occurrences of a quasi-parallel bow shock in the subsolar region. In turn, this leads to fewer jet formations, as the occurrence of jets is strongly coupled to the quasi-parallel bow shock (Vuorinen et al. 2019).
Another factor that might control the occurrence rate of jets are very low cone angles. Fowler et al. (2022) suggested that for very low cone angles, the Martian environment becomes highly dynamic and the solar wind is not fully deflected around the planet. Instead, they observed a foreshock-like plasma in a region that usually constitutes the magnetosheath. Further evidence was provided by Zhang et al. (2024), who showed that at very low cone angles, the Martian bow shock degenerates. Since the bow shock dynamics are of different nature in these quasi-parallel conditions, the question remains as to how this affects jet formation.
The occurrence rate of jets increases in the magnetotail lobes, where [image: equation] and x ≈ 2 RM. The cluster in the lobes is in a region where both the jet occurrence rate (see Fig. B.1) and the time spent by the MAVEN spacecraft in this region are low (less than 1 day per bin; see Fig. B.2). This might cause the occurrence rate in some bins to be large due to low statistics. However, since the total number of jet observations is low in this region, those jets are not well represented in our database. Most of the jets in our database are found close to the bow shock.
	[image: thumbnail]	Fig. 2 Distributions of dynamic pressure, bulk velocity, and number density. The left column shows the distributions of these quantities for the jets and for the background. The jet values represent the maximum value measured inside the jet. In the right column the ratio between the maximum and the background averages is shown. The vertical lines show the median values.



3.2 Dynamic pressure
In the left column of Fig. 2, we see the distribution of the maximum values of dynamic pressure Pmax in a jet (Fig. 2a), and the values of the ion velocity vmax (Fig. 2c), and density nmax (Fig. 2e), at the time of maximum dynamic pressure. In the right column, we see the ratio between the same quantities and the averages of the surrounding magnetosheath (Figs. 2b, d, and f). In Fig. 2a, the distribution of the maximum dynamic pressure is plotted. The median of the jet distribution is 1.10 nPa. The distributions of Pmax of the jets (blue) and of the background magnetosheath (red) are similar, with the exception of the jet distribution being shifted toward higher values. In Fig. 2b, we see the ratio of the maximum Pmax and the surrounding magnetosheath average. The majority of the distribution is in the 2–4 interval, with the median value being 2.34. The cut-off at 2 is due to the definition of jets as Pdyn > 2〈Pdyn〉10 min.
This is slightly lower than that found on Earth. Plaschke et al. (2013) plotted the inverse ratio and found the peak of their distribution around 0.2–0.3, which corresponds to a ratio of 3.33–5 using the same ratio as in this study. However, Plaschke et al. (2013) used only the dynamic pressure in the x-direction, which is the largest component of Pdyn (see velocity components of the jets in Fig. 4), which makes a direct comparison more difficult.
In Fig. 2c, the distribution of |3max| observed in the jets is shown. The distribution is centered around 270 km/s, with the minimum and maximum found around 100 and 600 km/s, respectively. The median value is 317 km/s. Figure 2d shows the ratio between 3max and the average velocity of the surrounding magnetosheath. The distribution is narrow, with most jets falling in the 1–2 interval and with a median value of 1.15. In Fig. 2e the distribution of the maximum density observed in the jets is shown. Most jets have a density in the range 0–20 cm−3 , but values as high as 60 cm−3 are observed. The median value for jets is 5.96 cm−3 . In Fig. 2f, the ratio between nmax and the average density of the surrounding magnetosheath is shown. The majority of the distribution is in the 1–4 interval, with the median ratio being 1.91. This is larger than the velocity ratio (even taking into consideration that the velocity is squared in the expression for the dynamic pressure), showing that the density on average contributes more to the dynamic pressure enhancement.
We further investigated the major driver of the jet, using the first two terms of Eq. (4). The result is given in Fig. 3, which illustrates the distribution of jets in the density-velocity parameter space. Jets in the pink box have an increase in velocity and a decrease in density compared to the background magnetosheath. The jets in the green box have reversed characteristics, with a decrease in velocity and an increase in density. The vast majority of the distribution is between these two categories, with the dynamic pressure enhancement arising from an increase in both velocity and density. The distribution peaks with a larger contribution from the density, at [0.7, 0.25]. From the distribution, we can see that purely velocity-driven jets are rare. At Earth, Archer & Horbury (2013) found that 18% of the jets were driven solely by velocity, 82% were driven by increases in both velocity and density, and very few by increases in density alone. Their distribution peaked closer to [0.2 0.5], showing a lesser contribution from increases in density and showing that most jets were velocity-driven. This therefore differs from our results, with jets at Earth in general being more velocity-driven, compared to jets at Mars. However, Raptis et al. (2020) found that fewer than 0.5% of the jets found in the quasi-parallel magnetosheath (quasi-parallel jets) were solely velocity-driven, which reflects a greater similarity to our findings. Our Martian jets therefore most resemble quasi-parallel jets at Earth in this aspect. Figure A.2 shows the same graph but contains only the dayside jets of our dataset. The distribution is largely similar to that in Fig. 3, showing that the driving properties of the jets are similar for the whole dataset, regardless of where in the magnetosheath they are found.
	[image: thumbnail]	Fig. 3 Density-driven vs velocity-driven jets at Mars. The pink box encapsulates jets completely driven by velocity enhancements, the green box encapsulates jets completely driven by density enhancements. The lines display contours of ∆Pmax /〈P〉.



	[image: thumbnail]	Fig. 4 Distributions of the velocity components, vx,y,z, and the deflection angle, θx. The left column shows the distributions of these quantities for the jets and for the background. The jet values represent the maximum value measured inside the jet. In the right column, the ratio between the maximum and the background averages is shown. The vertical lines show the median values.



3.3 Velocity components and deflection angle, θx
Figure 4 shows the distribution of the velocity components vx,y,z at the time of the dynamic pressure peak during each jet observation (Figs. 4a, c, and e) as well as the deflection angle θx = cos−1(vx/|v|) of the velocity from the Earth-Mars line (Fig. 4g). The figure also shows the ratio of the velocity components and the deflection angle compared to the background (Figs. 4b, d, f, and h). The same figure was produced for jets on the Martian dayside (Fig. A.3).
All jets move in the anti-sunward direction (vx<0; Fig. 4a). The median velocity along x is −292 km/s. This ratio vx/〈vx〉 is between 1 and 2, indicating that vx is usually increased in jets compared to the surrounding magnetosheath (Fig. 4b). The median value is 1.13, which indicates that vx is not solely responsible for the detection of jets, as this would require an increase of [image: equation], seen from Equation (3).
Figure 4c shows the distribution of vy which is approximately centered around 0 km/s with median values of 7 km/s. The median of vy/〈vy〉 is 1.24 (Fig. 4d). We can conclude that jets often experience an increase in vy, which is stronger than the increase in vx . This indicates that jets can be more deflected than the background magnetosheath plasma.
The distribution of vz, which is also centered around 0 km/s, is plotted in Fig. 4e. The median value is 17 km/s. The ratio vz/〈vz〉 (Fig. 4f) peaks at 1.26 (median value), which is similar to the increase in vy . The vz distribution is wider than the vy distribution due to orbital effects. The MAVEN spacecraft has a highly elliptical polar orbit. On average, vz is therefore increased at the flanks when the plasma is deflected around the planet. This becomes more evident in Fig. A.3e, where vz exhibits a double peak due to that effect, while vy lacks such a double peak. Both distributions, vy and vz, are broader compared to their background distribution indicating a higher variability in the velocity.
To better assess how the propagation of jets changes compared to the surrounding magnetosheath, we also investigated the change in the deflection angle, θx (see Fig. 4g). The median of the deflection angle ratio is 1.2, which is similar to values seen on the dayside (see Fig. A.3g). This stands in contrast to the findings of Plaschke et al. (2013) who found a smaller deflection angle of jets compared to plasma preceding the jet. Also, Raptis et al. (2020) found that quasi-parallel jets at Earth are less deflected, while jets in the quasi-perpendicular magnetosheath (quasi-perpendicular jets) have larger deflection angles. In this aspect, the Martian jets are more similar to quasi-perpendicular jets at Earth.
The distribution of the deflection angle for jets shows two peaks, one at 15o and one at 35o, while the background distribution only has one peak. Figure 4h shows the ratio again and indicates that jets tend to have a larger deflection angle compared to the magnetosheath. From the deflection angle of jets in the dayside magnetosheath (Fig. A.3g) it becomes evident that the large deflection angle stems from the deflection of the plasma around the planet. Interestingly, the average deflection angle for quasi-parallel jets is 34.8o (Raptis et al. 2020), which is similar to the second peak at 35o representing dayside jets. This indicates that the deflection angle of Martian jets resembles quasi-parallel jets on Earth.
In summary, jets show a relative increase in all velocity components, but predominantly in vy and vz and less in vx. We also find that jets have a larger deflection angle compared to the surrounding magnetosheath, in contrast to previous studies in the Earth’s dayside magnetosheath. Meanwhile, the absolute deflection angle for dayside jets is similar to the deflection angle found for quasi-parallel jets at Earth.
3.4 Temperature
Figure 5 shows the temperature of the jets, with Fig. 5a showing the distribution of the ratio T⊥/T‖ for both the jets and the background. We can see that the temperature is largely isotropic, with both of the distributions centered around 1, and with medians of 1.04 and 1.01 for the jets and background, respectively. The jet distribution is slightly broader than that of the background, indicating a slightly larger temperature anisotropy inside the jets, compared to that of the background. These results are also reflected in Fig. 5b, which shows the ratio of the jet maximum temperature to the background mean temperature, for T⊥ and T|| . The distributions are very similar, with only a slight broadening of the parallel temperature ratio. For terrestrial magnetosheath jets, Plaschke et al. (2013) found that T⊥ is often enhanced over T||, but the temperature in jets is more isotropic compared to the surrounding magnetosheath. Plaschke et al. (2013) also found that the temperature anisotropy prior to the jet observation is decreased, which could explain our isotropic background measurements. Raptis et al. (2020) found that quasi-parallel jets on average have less of an ion temperature anisotropy than quasi-perpendicular jets, as is the case of the quasi-parallel magnetosheath on Earth (Dimmock et al. 2015; Karlsson et al. 2021). The low ion temperature anisotropy of our Martian jets is therefore similar to quasi-parallel jets on Earth.
In Fig. 5c, we see the total temperature distribution for the jets and the background. Jets are generally colder than the background from the shift in the distributions. This result is also reflected in Fig. 5d, which shows the ratio of the maximum jet temperature over the background. The median value is 0.758, showing that the jets are generally colder than the surrounding plasma. This is similar to what has been observed at Earth, where Plaschke et al. (2013) found that the jets on average were colder than the background. Furthermore, Raptis et al. (2020) found the same for quasi-parallel jets and boundary jets (jets at the boundary between the quasi-parallel and quasi-perpendicular magnetosheath), but not for quasi-perpendicular jets. Colder temperatures in jets support the theory of jets being generated at the bow shock, as it is an indicator that the jets contain solar wind plasma that is less decelerated and heated compared to the surrounding plasma.
	[image: thumbnail]	Fig. 5 Distributions of ion temperature. The graphs show the following: (a) the ratio T⊥/T|| for the jets and the background, (b) the ratio of the jet maximum to the background for components T⊥ and T||, (c) the distribution functions for the jet maximums and the background, and (d) the ratio of the jet maximum to the background for the total temperature. The vertical lines signify the medians of the distributions.



	[image: thumbnail]	Fig. 6 Distributions of the total magnetic field |B|. The graphs show the following: (a) distributions of the maximum magnetic field measured in the jet and the background and (b) the ratio of the maximum value inside the jets to the background. The vertical lines signify the medians.



	[image: thumbnail]	Fig. 7 Distribution of the jet duration in (a) and the distribution of the jet scale size in (b).



3.5 Magnetic field
The distribution of the total magnetic field, |B|, and the corresponding ratio, |B|/〈B〈, are given in Fig. 6. The median magnetic field is 5.8 nT and it is stronger inside the jets, compared to the background. The median ratio is 1.46 for the magnetic field. An increase in the magnetic field inside jets compared to the background was also reported in terrestrial jets (Plaschke et al. 2013) and for quasi-parallel and boundary terrestrial jets by Raptis et al. (2020).
The magnetic field in jets on the dayside is higher, with a median of 8.05 nT (Fig. A.5a). This is likely related to the stronger magnetic field pile-up downstream of the bow shock on the dayside.
3.6 Duration and size
Finally, we investigated the distribution of the jets’ durations (Fig. 7a) and scale sizes (Fig. 7b). The duration varies between 4 – 30 s, with a median duration of 7.1 s (Fig. 7a). The median scale size is 0.67 RM. This corresponds to 11 proton gyroradii, given an average proton gyroradius in the magnetosheath of 200 km, calculated from Ti = 100 eV, vth = 140 km/s, and B = 7 nT. The scale size and duration on the dayside (Fig. A.6) are about 20% smaller, compared to the overall scale and duration.
The scale size distribution is biased towards larger jets, as it is more likely to observe large jets compared to small jets (Plaschke et al. 2020). The true median size of Martian jets should therefore be smaller. On Earth, Plaschke et al. (2020) reported observed (biased) scale sizes of 0.89 RE and 0.68 RE in the perpendicular and parallel directions, respectively. Considering that 1 RM ≈ 0.5 RE, Martian jets have a smaller scale size, compared to terrestrial jets. As the Martian plasma environment is much smaller, there is no one-to-one relation on the size of the bow shock and the size of the resulting jets. Plaschke et al. (2020) found that the unbiased scale size for terrestrial jets is of the order of 0.1 RE. We therefore suggest that the true, unbiased scale size of Martian jets is smaller and, furthermore, it is likely to be smaller than those on Earth as well.
The time resolution for the ion data is 4 s, which resolves jets of the order of 1200 km ≈ 0.4 RM (using v = 300 km/s). The detection of jets of smaller size can therefore not be guaranteed with the instrumentation on board the MAVEN spacecraft. If the peak dynamic pressure coincides with a suitable part of the SWIA scanning cycle, a jet could be detected, but there is a notable risk of missing such short jets. We previously argued that the unbiased scale size of Martian jets is likely to be lower than 0.1 RE ≈ 0.2 RM ; however, jets of this size cannot be resolved with the instruments on MAVEN. This introduces a bias to our database in favor of larger jets.
The observed size of jets is only weakly depending on the region where they are observed even though the Martian magnetosheath is significantly thinner (0.3 RM in the subsolar region), compared to Earth’s magnetosheath, which has a thickness of several Earth radii . The average scale size is larger than the subsolar Martian magnetosheath, so jets produced at the bow shock could potentially reach the IMB. The jets observed by Gunell et al. (2023) had scale sizes of 4000–18 000 km (larger than 1 RM). We find that these scale sizes are not representative of jets in the Martian magnetosheath.
4 Conclusion
We presented the first statistical study on dynamic pressure enhancements in the Martian plasma environment. The majority of jets were observed close to the bow shock in the magnetosheath, similar to magnetosheath jets observed in the terrestrial magnetosheath. This supports the idea that jets form at the bow shock and dissipate through interaction with the ambient magnetosheath plasma as they move through the magnetosheath.
Compared to terrestrial magnetosheath jets, the Martian jets exhibit very similar properties. Jets are mostly driven by increases in both density and velocity, the magnetic field is enhanced, and the temperature is decreased. However, Martian jets are (on average) more density-driven and the temperature is more isotropic, both inside the jets and the background, compared to Earth.
We found a median scale size of 0.67 RM, which is smaller than the scale sizes reported at Earth. However, with respect to the scale size of the magnetosphere and thickness of the magnetosheath, the jets are much larger compared to jets at Earth. Zhou et al. (2024) suggested that the size of jets scales with the stand-off distance of the bow shock. We find that Martian jets are indeed smaller, while the stand-off distance of the bow shock is smaller as well. Considering that a thinner magnetosheath will cause jets to propagate smaller distances because of breaking effects close to the IMB, the stand-off distance will likely play a role. However, the scaling between the stand-off distance is rather weak, considering that the jets are a factor of 2 smaller, but the magnetosheath is an order of magnitude thinner. Thus, there might be other controlling factors connected to the jet-generation mechanism of the bow shock. This is supported by the fact that jets might be continuously generated at the bow shock (Gunell et al. 2023). Various studies have connected bow shocks to foreshock structures (Suni et al. 2021). Other generation mechanisms include bow shock reformation (Raptis et al. 2022), which might have a different reoccurrence rate, and bow shock ripples (Hietala & Plaschke 2013), which might have different scale sizes at Mars. Furthermore, there are different generation mechanisms for jets downstream of the quasi-parallel and quasi-perpendicular bow shock. Those jets might also scale differently due to different generation mechanisms. However, because of the lack of an upstream solar wind monitor, we were unable to differentiate between those different classes of jets.
Overall, Martian jets share similarities with quasi-parallel jets on Earth. This could be due to characteristics of the Martian plasma environment: escaping exospheric particles generate ultra-low-frequency (ULF) waves (Romanelli et al. 2016; Liu et al. 2020), similarly to that seen at Earth’s foreshock (Greenstadt et al. 1995). Furthermore, a heavy ion foreshock at Mars exists due to pickup ions (Yamauchi et al. 2015; Masunaga et al. 2016). This will also generate ULF waves. In turn, this could generate jets that share properties with quasi-parallel jets even at the quasi-perpendicular bow shock. In conclusion, the broader spectrum of upstream ULF wave activity at Mars could mean that jets are more influenced by foreshock dynamics, irrespective of θbn , making the jets at Mars overall more similar to quasi-parallel jets at Earth.
The Martian jets studied by Gunell et al. (2023) had a larger scale size and longer duration than the average jet in our database. Although Plaschke et al. (2013), and similarly Raptis et al. (2020), found that jets are less deflected compared to the background, we find a larger deflection angle for jets. However, Plaschke et al. (2013) focused on the subsolar terrestrial magnetosheath, while our database contains very few jets in this region.
Upcoming missions such as BepiColombo (Benkhoff et al. 2010), on its way to Mercury, and M-Matisse (Sanchez-Cano et al. 2022), intended to go to Mars and currently in Phase A study by the European Space Agency, offer exciting opportunities to continue studying magnetosheath jets. Those missions will provide opportunities to study jets in other planetary environments than Earth with measurements upstream and downstream of the bow shock. Additionally, the study of jets in the subsolar magnetosheath could be possible, which could reveal how jets affect an induced magnetosphere. Due to the lack of an intrinsic magnetic field, the interaction mechanisms with the magnetosphere (if there are any) would be different from terrestrial jets.
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Appendix A  Jets in the dayside magnetosheath of Mars
Here, we present the properties of jets in the dayside magnetosheath, that is, jet measurements where x > 0. The figures show the same quantities as Figs. 2–7. The only difference is that in this appendix only jets with x > 0 are included.
	[image: thumbnail]	Fig. A.1 Same as Fig. 2, but for jets in the dayside magnetosheath.



	[image: thumbnail]	Fig. A.2 Same as Fig. 3, but for jets in the dayside magnetosheath.



	[image: thumbnail]	Fig. A.3 Same as Fig. 4, but for jets in the dayside magnetosheath.



	[image: thumbnail]	Fig. A.4 Same as Fig. 5, but for jets in the dayside magnetosheath.



	[image: thumbnail]	Fig. A.5 Same as Fig. 6, but for jets in the dayside magnetosheath.



	[image: thumbnail]	Fig. A.6 Same as Fig. 7, but for jets in the dayside magnetosheath.




Appendix B  Database statistics
In this appendix, we show statistics that are complementary to the data in Fig. 1 and in the main text. Figure B.1 shows the number of jets in each spatial bin in cylindrical coordinate in the entire database. Figure B.2 shows the cumulated duration the MAVEN spacecraft spent in each of those bins.
	[image: thumbnail]	Fig. B.1 Number of jet observations in the Martian plasma environment in cylindrical coordinates. The solid white line represents the inner boundary of our dataset. The dashed white line represents the outer boundary, i.e. the average bow shock position.



	[image: thumbnail]	Fig. B.2 Spacecraft presence of the MAVEN spacecraft in cylindrical coordinates. The solid white line represent the inner boundary of our dataset. The dashed white line represents the outer boundary, i.e. the average bow shock position.
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All Figures
	[image: thumbnail]	Fig. 1 Occurrence rate of jets in the cylindrical coordinates. The solid white line represents the inner boundary of our dataset. The dashed white line represents the outer boundary, i.e. the average bow shock position.
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	[image: thumbnail]	Fig. 2 Distributions of dynamic pressure, bulk velocity, and number density. The left column shows the distributions of these quantities for the jets and for the background. The jet values represent the maximum value measured inside the jet. In the right column the ratio between the maximum and the background averages is shown. The vertical lines show the median values.
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	[image: thumbnail]	Fig. 3 Density-driven vs velocity-driven jets at Mars. The pink box encapsulates jets completely driven by velocity enhancements, the green box encapsulates jets completely driven by density enhancements. The lines display contours of ∆Pmax /〈P〉.
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	[image: thumbnail]	Fig. 4 Distributions of the velocity components, vx,y,z, and the deflection angle, θx. The left column shows the distributions of these quantities for the jets and for the background. The jet values represent the maximum value measured inside the jet. In the right column, the ratio between the maximum and the background averages is shown. The vertical lines show the median values.
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	[image: thumbnail]	Fig. 5 Distributions of ion temperature. The graphs show the following: (a) the ratio T⊥/T|| for the jets and the background, (b) the ratio of the jet maximum to the background for components T⊥ and T||, (c) the distribution functions for the jet maximums and the background, and (d) the ratio of the jet maximum to the background for the total temperature. The vertical lines signify the medians of the distributions.
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	[image: thumbnail]	Fig. 6 Distributions of the total magnetic field |B|. The graphs show the following: (a) distributions of the maximum magnetic field measured in the jet and the background and (b) the ratio of the maximum value inside the jets to the background. The vertical lines signify the medians.
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	[image: thumbnail]	Fig. 7 Distribution of the jet duration in (a) and the distribution of the jet scale size in (b).
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	[image: thumbnail]	Fig. A.1 Same as Fig. 2, but for jets in the dayside magnetosheath.
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	[image: thumbnail]	Fig. A.2 Same as Fig. 3, but for jets in the dayside magnetosheath.
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	[image: thumbnail]	Fig. A.3 Same as Fig. 4, but for jets in the dayside magnetosheath.
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	[image: thumbnail]	Fig. A.4 Same as Fig. 5, but for jets in the dayside magnetosheath.
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	[image: thumbnail]	Fig. A.5 Same as Fig. 6, but for jets in the dayside magnetosheath.
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	[image: thumbnail]	Fig. A.6 Same as Fig. 7, but for jets in the dayside magnetosheath.
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	[image: thumbnail]	Fig. B.1 Number of jet observations in the Martian plasma environment in cylindrical coordinates. The solid white line represents the inner boundary of our dataset. The dashed white line represents the outer boundary, i.e. the average bow shock position.
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	[image: thumbnail]	Fig. B.2 Spacecraft presence of the MAVEN spacecraft in cylindrical coordinates. The solid white line represent the inner boundary of our dataset. The dashed white line represents the outer boundary, i.e. the average bow shock position.
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