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Abstract

Magnetosheath jets is a relatively young research field and was first studied a
couple of decades ago on Earth. They are defined as sudden dynamic pressure
enhancements in the magnetospheric plasma, and there are multiple generation
mechanism theories available in the literature. Moreover, many different
effects the jets have on their surroundings have been studied, although there are
still questions left unanswered which researchers are currently investigating.

As of this year (2023) a paper was published concerning the discovery
of magnetosheath jets at Mars. This meant that the phenomenon is not
exclusively coupled with Earth, but they can be found in other environments
too.

The work in this thesis will attempt to statistically describe the jets in
this new setting so that inferences about them can be drawn. It will be done
by conducting a comprehensive search in the data from the NASA MAVEN
mission using selective criteria to pull out jets so they can be analyzed. From
the results one will be able to make comparisons between Mars and Earth,
which will hopefully help fill some gaps of knowledge on the topic.

By the end of this thesis it will be seen that magnetosheath jets are, indeed,
a reoccurring happening at Mars which can be statistically studied. It will be
evident how they behave, both in independently and in relation to their close
surroundings. Specifically, distributions of some properties will be displayed,
correlations will be determined, and spatial mapping of the sample will be
presented.

Keywords

Magnetosheath jets, Mars, NASA MAVEN spacecraft, Data analysis, Space
plasma physics
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Sammanfattning

Magnetskiktsjetar dr ett relativt ungt forskningsomrdde och studerades for
forsta gdngen for ett par artionden sen. De definieras som plotsliga dynamiska
tryckokningar i den magnetosfariska plasman, och det finns ménga mdjliga
generationsmekanismer tillgingliga. Dessutom har det studerats kring hur
jetarna paverkar sin omgivning, men det finns fortfarande en del obesvarade
frigor som forskare forsoker svara pa.

Tidigare i ar (2023) publiserades en artikel angdende upptackten av
magnetskiktsjetar vid Mars. Detta betydde att fenomenet inte uteslutande hor
ihop med Jorden, utan de kan hittas i andra miljoer ocksa.

Arbetet i denna studie avser att statistiskt beskriva jetarna i denna nya miljo
sd att man kan dra slutsatser om dem. Tillvigagangssittet kommer att se ut
sd att en omfattande sokning i datat frin NASAs MAVEN uppdrag kommer
goras med selektiva kriterier for att extrahera jetar s& de kan analyseras.
Frén resultaten kommer vi kunna jamfora mellan Mars och Jorden, som
forhoppningsvis kan tdta kunskapsluckorna pa dmnet.

Vid slutet av denna uppsats kommer det vara tydligt att magnetskiktsjetar
ar en aterkommande foreteelse vid Mars som statistiskt kan studeras. Det
kommer vara tydligt hur de beter sig, bdde som sjdlvstindiga enheter
och i jimforelse med deras ndrliggande omgivning. Specifikt sidtt kommer
fordelningar av vissa egenskaper visas upp, korrelationer kommer faststillas,
och rumsliga kartlaggningar kommer presenteras.

Nyckelord

Magnetskiktsjetar, Mars, NASA MAVEN rymdfarkost, Data analys, Rymd-
och plasmafysik
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Chapter 1

Introduction

Magnetosheath jets, sudden pressure enhancements formed in the magne-
tosheath plasma, have been studied extensively around Earth’s environment
[1] since they were discovered in the late 1990s [2]. It is, however, not
until recently that the National Aeronautics and Space Administration (NASA)
spacecraft Mars Atmosphere and Volatile EvolutioN (MAVEN) acquired data
which indicated that these events occur around Mars as well [3]. This is the first
time they have been observed somewhere else than in Earth’s magnetosheath,
and it means the research field can be expanded, and provided with new
contexts. One main advantage of exploring other planets is to learn more
about our own. By investigating the same phenomenon elsewhere we can
draw conclusions from the similarities and differences. This is especially
important in this case as the research field is relatively young and there are still
many questions left unanswered. A statistical study of magnetosheath jets at
Mars would provide deeper insight in the phenomenon, without it being solely
related to Earth’s environment.

In this thesis, a database of well defined magnetosheath jets will be created
using data from MAVEN, while simultaneously narrowing the selection of
jets for the study based on the orbital trajectory of the spacecraft. From those
instances, different properties measured by the spacecraft’s instruments will
be examined in order to draw statistical conclusions about magnetosheath jets
on Mars. The study will cover how some plasma properties are affected by
the jets, their scale sizes, and the jets’ locations with respect to the Martian
reference frame.
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1.1 Background

When the supersonic solar wind reaches the bow shock of Mars it gets braked
and redirected [4]. In accordance with mass conservation, as the plasma gets
slowed down the density increases, which happens downstream of the bow
shock in a region called the magnetosheath. Data from these regions have
revealed that the plasma experiences sudden peaks in dynamic pressure, which
in this thesis are denoted as magnetosheath jets. This, together with other
related topics needed to comprehend the phenomenon, will be explained more
elaborately in Chapter 2.

As there are no comprehensive generalizing studies available yet, it is
of high interest to lay some ground work for magnetosheath jets at Mars.
Specifically looking at how the jets affect the ambient plasma, how spatially
large they can become and where they occur is of interest.

The thesis will aim to answer these research questions:

1. Are there enough magnetosheath jets present at Mars to conduct a
statistical study?

2. If so, how do they behave?

Based on those questions, the hypothesis is that there are magnetosheath
Jets at Mars and their behavior is similar to that of Earth, but scaled down due
to the smaller Martian induced magnetosphere.

That being said, the overall purpose of this thesis is to add to the knowledge
about magnetosheath jets. The phenomenon being recently discovered at Mars
gives great opportunities to fill in some gaps, which in turn might work as
one of the stepping stones to understand the mechanisms of magnetospheric
physics further. Additionally, in the perspective of the author’s education,
the purpose is to gain experience and knowledge in the field of research and
science. This thesis will be the final step in attaining a degree of Master of
Science in Aerospace Engineering from KTH Royal Institute of Technology
(KTH).

In order to fulfill the purpose, the task of characterizing magnetosheath
jets at Mars can be divided into the following sub-goals:

1. Using MAVEN data, cover sufficient spatial area around Mars to
document and investigate jet occurrences, and draw conclusions about
their nature.

2. Contribute to the science community with new, significant knowledge.
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3. Complete the Master’s thesis, present it at a final presentation and obtain
a Master’s degree from KTH.

1.2 Research Methodology

The data obtained from the MAVEN spacecraft and will be collected and
handled in Matlab. Previous models for determining when a jet is present
have been made for Earth and are not completely applicable for the Martian
environment. Therefore, a scaled version of the detection criterion presented
by Archer & Horbury (2013) [5] is used to identify and gather jets from the
data.

Because the spacecraft reached Mars in 2014 [6], and has been collecting
data ever since, the total data set is generous so satisfactory selections of
data can be made. The method will be based on strategically choosing some
periods to investigate by implementing models of Mars’ bow shock while
tracking MAVEN’s orbital trajectory and selecting occasions of interest. The
approach will be to cover as much volume around Mars as possible so that the
environment is thoroughly explored.

Then, when the jets are isolated from the data, as time instances together
with other plasma properties, the statistical study can start. For example,
spatial mapping of their presence in the Martian frame of reference will be
done.

1.3 Delimitations

The research will only consider data that is defined to represent the
magnetosheath jets, the rest is excluded. There might be other interesting
features found in the MAVEN data, but diverging from the scope of the project
would shift the focus from the research questions.

There will be some comparison with previous studies from the Earth
environment to mention relevant similarities and differences. That will,
however, not be extensive but rather to give some perspective of the results
produced in this thesis. In other words, the results found here can be used in
the future to draw more general conclusions of magnetosheath jets with both
Earth and Mars as basis.
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1.4 Structure of the thesis

Chapter 2 goes through the essential background needed to comprehend the
contents of this thesis, both in a general and a more specific sense. This first
involves descriptions of the Martian environment. Then, magnetosheath jets
are accounted for before background on the MAVEN mission is given. Lastly,
two papers are more thoroughly described as they relate to the topic in their
ways.

After that, Chapter 3 provides an extensive description of what was done
throughout the study and how the data was analyzed. Other than conceptual
descriptions of the methods, relevant Matlab code snippets are given. The first,
and most comprehensive part, of the chapter lays out how the data sampling
and jet collection was conducted. Then the second part goes into the approach
of analyzing the data and producing results.

Then, Chapter 4 presents the produced results together with analyses of
them. Namely, three types of statistical results will be inspected.

Chapter 5 discusses some aspects presented in the report. First looking
at method choices, then inspecting the results more thoroughly. For instance,
some unclear results are speculated about.

Finally, Chapter 6 concludes the work and provides some suggestions for
future work.
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Chapter 2

Background

The purpose of this chapter is to supply the reader with background
information needed to proceed with the thesis. Section 2.1 explains the
characteristics of the magnetic environment of Mars to give proper context.
Section 2.2 provides information about magnetosheath jets, referring to cases
around Earth if other is not stated. In Section 2.3, the MAVEN mission is
explained, specifically concerning the overall goals of the mission and some
of the relevant instrumentation onboard the spacecraft. Finally, in Section
2.4, some related work that have previously been done by others is presented.
As mentioned, magnetosheath jets around Mars is a new discovery, currently
there is only one study avaliable on the topic, specifically in the form of a case
study. First off, that work will be presented in Subsection 2.4.1. Thereafter,
a statistical study of jets in the terrestrial magnetosheath is referred to in
Subsection 2.4.2, which relates to the methodology of this thesis.

2.1 Mars’ magnetic environment

One main difference between Earth’s and Mars’ magnetic environments is the
lack of a dynamo producing a global intrinsic magnetic field, which requires
a rotating, convective and electrically conductive core [7]. It is, however,
thought that Mars once had a planetary dynamo and thus generated an Earth-
like magnetic field until the core cooled down and solidified, bringing the
dynamo to a halt. This may have happened while the core was in a subcritical
state, in which convection can only be maintained by its own magnetic
field activity, and an insignificant decrease in heat flow to the Core-Mantle
Boundary (CMB) may cause a cessation of the dynamo. In that case it would
require a substantial increase in heat flow above the subcritical minimum level
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to return to that already-fragile state, so it is often implausible for a dynamo to
be restored when it has been lost in this way. For Mars, evidence of localized
regions of magnetized rocks on the surface indicate that the dynamo ceased
during the mid-Noachian era. Several large impacts during that time, which
can substantially decrease heat flow to the CMB, coupled with surface maps
of magnetized crust justify that theory [8—10].

Without a global magnetic field present, the atmosphere of Mars interacts
directly with the solar wind. Compared with Earth, the low gravity of the
planet makes up a greater scale height and so allows the tenuous atmosphere
to expand to higher altitudes. There it can get ionized through processes like
photoionization by UV light from the Sun, or charge exchange with solar wind
ions, or electron impact ionization of neutral species. This means that the
ionospheric region causes a magnetic pile-up from its charged nature and an
induced magnetosphere is formed. This acts as shelter from the solar wind,
and the Interplanetary Magnetic Field (IMF) which comes with it follows and
resides further away from the planetary surface. The outer boundary of the
induced magnetosphere has been given many different names in the literature,
for example magnetic pile-up boundary [11] and induced magnetosphere
boundary [12]. In this thesis it is called the magnetopause in analogy with
the magnetopause of Earth.

Uniquely to the solar system, Mars has obtained a complex magneto-
spheric structure combining the influences from the localised magnetised
surface regions and the induced magnetosphere, which comes from the IMF
as it drapes around the ionosphere through their interaction. It has also been
shown through multi-fluid Magnetohydrodynamics (MHD) simulations that
the magnetized crust may have a significant influence on the interplay between
the solar wind and Mars [13]. The system of magnetic fields is conceptually
illustrated in Figure 2.1. Furthermore, the strong dependence on the solar wind
provides a very variable and fluctuating magnetosphere as it relies heavily on
the character of the solar wind [14].
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Figure 2.1: An artist’s interpretation of the magnetic field lines at Mars. The
yellow lines represent the draped IMF, the blue lines represent the localized
crustal magnetic field lines, the red lines are then the reconnected magnetic
field lines. Credit: NASA’s Scientific Visualization Studio (Source: https:
//svs.gsfc.nasa.gov/12397#media_ group_ 9196)

2.2 Magnetosheath jets

When the solar wind reaches an obstacle in space, like a magnetosphere, it
becomes redirected and this happens at the magnetosheath, the region between
the bow shock and the magnetopause [1]. The solar wind plasma decelerates
from supersonic to subsonic velocities when it hits the bow shock and this has
effects on the plasma. Using conservation of mass, for instance, the density
increases proportionally to the decrease of the velocity. Then, the temperature
rises as a result of this compression. To properly describe the properties
downstream, in contrast to upstream, of a one-dimensional shock the Rankine-
Hugoniot jump conditions have been derived from the conservation of mass,
momentum and energy [4]. Amongst other things, they can be used as a
verification check for bow shocks. They work under the assumptions that;
the shock frame is stationary, the particles have a Maxwellian distribution, and
finally, the energy in the waves are not considered. The four Rankine-Hugoniot
conditions regarding conservation of mass, normal momentum, tangential
momentum and energy, respectively, are:


https://svs.gsfc.nasa.gov/12397##media_group_9196
https://svs.gsfc.nasa.gov/12397##media_group_9196
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where the subscripts n and ¢ denote normal and tangential, respectively. The
brackets symbolize the jump from upstream to downstream of the shock, such
as for a quantity X: [X] = X, — X;. It’s these equations, in combination with
the fact that shocks brake the plasma from supersonic to subsonic velocities,
which reveal that the magnetosheath contains plasma that is compressed and
thus heated.

Jets, which are streams of plasma with enhanced dynamic pressure
(defined Py, = pv?) relative to the ambient plasma can have several
different effects on their environment, based on observations and studies on
the Earth-based jets. For instance, they can collide with the magnetopause
and, thus, influence its surface [15]. This impact may in turn give rise
to different types of reactions, such as oscillations on the surface of the
magnetopause [16], compressional Alfvén waves [17], convectional behaviour
in the ionosphere [ 18] or direct insertions of the jets through the magnetopause
into the magnetosphere [19,20]. It has also been argued that jets may cause
’throat auroras’ (denotation from the fact that the auroral arcs occurred close
to the throat regions of the ionospheric convection) [1,21]. The correlation
is motivated by the events’ relation to particle precipitation along open field
lines, and thus magnetopause reconnection.

Moreover, there are several different suggestions available for generation
mechanisms of jets based on empirical observations, for example; the
increased pressure being related to the increased plasma velocity and density
downstream of the bow shock during certain IMF conditions [15]; or that
the jets are caused by irregularities in the foreshock interacting with the bow
shock [2]; or localized geometrical deformities of the bow shock allowing
magnetosheath jets to materialize [22,23]. It has also been demonstrated that
innate ripples on the bow shock in combination with radial incoming IMF
can cause fast jets to propagate in the magnetosheath [18]. Another study



Background |9

showed that a source of jet formation is related to bow shock reformation
[24]. There have also been simulation studies done to investigate jets, for
instance Lin et al., (1996) [25, 26] showed how some solar wind attributes
may cause magnetosheath jets with various properties, using MHD and
hybrid simulations. Different approaches are more or less confident due to
amounts or types of evidence, but some most likely co-exist under particular
circumstances.

Magnetosheath jets have been observed to be a commonly reoccurring
phenomenon at Earth, as summarized by the review paper by Plaschke et al.,
(2018) [1]. In a study by Plaschke et al., (2020) [27] it was shown that
terrestrial jets typically have scale sizes of 0.1 Rg (Rg = Earth’s radius) parallel
to their propagation direction. While unusual, it was also reported that some
jets could reach 6 Rg.

Moreover, they are nine times more likely to be found at quasi-parallel
shocks [28], where the shock’s normal is considered somewhat parallel to the
upstream IMF. Foreshocks, which are pileups of particles from both incoming
solar wind and its reflection of the bow shock, form in these regions. The result
is a highly unstable and turbulent boundary, and thus a probable location for
fluctuation propagation in the magnetosheath. It has been stated that the jet
generation associated with these foreshock structures is the most promising
objective [1], which would then explain how the solar wind is transferred into
the magnetosphere. At quasi-perpendicular shocks, where the IMF is rather
tangential to the local shock, the boundary is stronger and not as disturbed by
the IMF and so not as easily penetrated. Mentioned in Section 2.1 however,
the Martian hybrid magnetosphere is not as stationary and steady as for Earth
which may suggest a less consistent pattern of where on the bow shock jets are
most likely to occur.

2.3 The MAVEN mission

The data used for this study comes from the NASA spacecraft MAVEN
(illustrated in Figure 2.2), which reached Mars in September 2014 [29].
When one Earth year was completed, which was the planned science mission
lifetime, it was decided to extend the mission and it is currently still orbiting
the planet [30]. The extension was prompted by the NASA Mars Program
Office (MPO) with the intent of utilizing MAVEN as an orbital relay support
for surface lander missions, while also continuing to collect data for its own
primary purposes, which are described as
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* Exploring the interaction between the solar wind and Mars’ upper
atmosphere.

* Determining the structures and mechanisms of the upper atmosphere
and ionosphere.

* Determining the escape processes of volatiles from the atmosphere.

* Learning about escape processes to better understand the Martian
history concerning atmospheric loss.

In order to achieve its objectives, MAVEN has performed various orbits
ranging in latitude, local time, season and solar cycle. An example of a finding
made by MAVEN is the detection of numerous discrete aurora events on Mars
[31].

Furthermore, it carries eight science instruments with a total of nine
sensors which provide large samples of data open to the public [6], obtained
at the MAVEN Science Data Center (SDC): «https://lasp.colorado.edu/
maven/sdc/public/. The data that will be studied in this project comes
from the Magnetic Field Investigation; magnetometer (MAG) and Solar Wind
[on Analyzer (SWIA), instruments which contribute to the characterisation of
the upper atmosphere. They are both part of the Particles and Fields Package
(PFP), a package that aims to investigate the solar wind and ionosphere. The
following subsections will describe the two instruments further.


https://lasp.colorado.edu/maven/sdc/public/
https://lasp.colorado.edu/maven/sdc/public/
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Figure 2.2: An artist’s rendering of the MAVEN spacecraft. Credit:
NASA/Goddard Space Flight Center (Source: https://mars.nasa.gov/re
sources /5167 /artists-concept-of-maven/).

2.3.1 MAG

The MAG instrumentation is made of two independent tri-axial fluxgate
magnetometers placed on each farthermost points of the solar arrays to
minimize magnetic disturbances from the spacecraft itself [32]. An advantage
of having two sensors in this way is that the hardware redundancy becomes
stronger. Another advantage is being able to measure the magnetic field on
different locations in reference to the spacecraft, which can reveal if and
how the spacecraft itself generates fields. Regarding Figure 2.2, the two
magnetometers are placed on the triangular boomlets (each 0.66 m long)
attached to the solar panels. This configuration places them at a distance of
about 5.6 m from the spacecraft center each. The sensors are used to measure
the magnetic field from the Sun and the magnetized crust, both in magnitude
and direction, as the spacecraft travels through the Martian environment. The
performance has a range up to 65,536 nT with an accuracy level reaching
0.05%. In the most sensitive state the intrinsic noise level is 0.015 nT. Different
needs activating different telemetry modes provide a wide range of sample
rates up to 32 vector samples per second, allowing an extensive data collection.


https://mars.nasa.gov/resources/5167/artists-concept-of-maven/
https://mars.nasa.gov/resources/5167/artists-concept-of-maven/

12| Background

Lastly, it is possible to access MAVEN’s position in the Mars Solar Orbit
(MSO) coordinate system through the data files.

2.3.2 Validation of MAG

In order to trust the data is valid and that the instrument measures what
is intended, it is vital to account for how it was verified. In the Software
Interface Specification (SIS) [33], which entails the Planetary Data System
(PDS) data archive for the MAG instrument, the validation processes are
reported. For instance, products are sent to the SDC and PDS where they
are ran through automatic check-ups. In order to optimize the troubleshooting
process, predetermined checksums are included in every data packet. This
procedure format is developed both for science data and engineering data,
making sure the housekeeping is good. Moreover, it is listed in the SIS (list
dated April 10, 2015) some artifacts and their causes which users should be
aware of, for instance sudden variations in the magnetic field measurements
due to the thrusters firing when the spacecraft performs Trajectory Correction
Maneuver (TCM)s.

2.3.3 SWIA

With the SWIA instrument the ion flux from the solar wind around Mars is
measured and so it contributes to the understanding of the geometry of the
induced magnetosphere, as well as of the atmospheric escape processes [34].
The energy and angular distribution of the ions are measured in the pristine
solar wind and downstream of the bow shock so that their density, temperature
and bulk flow velocities can be determined. These are properties that are
important for identifying and characterizing the magnetosheath jets. As will
be explained in greater detail in Chapter 3, the jets are recognized by the nature
of their dynamic pressure, Py, = pv?, which is one of the reasons why SWIA
is particularly useful in this study.

In favor of the Field of View (FOV), the instrument is equipped with prime
deflection optics, and it is mounted on the top corner of the spacecraft in order
to point the FOV efficiently to both sides of the solar panel [34]. In the nominal
case the spacecraft is oriented toward the Sun, and so the location of the SWIA
enables the Sun to be in the center of the FOV so the typical solar wind flows
directly into the instrument. The optics of the instrument is illustrated in Figure
2.3, which indicate how the instrument receives ions.

The moments are calculated onboard the spacecraft under the assumptions
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that the full distribution is within the 360° x 90° FOV and the energy
range between 5 keV and 25keV, and that all the incoming ions are protons.
The settings for those ranges are, however, adjusted after commands from
the telemetry mode array in order to optimize the intake depending on the
circumstance: is MAVEN detected to be located in the solar wind or in the
magnetosheath? Due to different demands from different environments, the
instrument must recognize if Coarse or Fine telemetry is needed. These details
will be further explained in Subsection 3.4.3.

Deflector serrations
prevent ions from
scattering at a
shallow enough
angle to make it
into the optics

Mechanical attenuator
reduces sensitivity by
factor of ~15

Double exit grids
prevent field leakage
and low-energy
sensitivity change

Photons rejected by blackening (Ebanol-C)
and scalloping inner surface of outer
hemisphere and top cap

Figure 2.3: A cross-sectional view of the SWIA instrument, optics part
Credits: Jasper Halekas, UCB/SSL (Source: https://lasp.colorado.edu/
maven/science/instrument-package /swia/ ).

2.3.4 Validation of SWIA

In similar manner as described in Subsection 2.3.2, the instrument validation
processes are included in the SIS for SWIA [35]. There it is stated that the
Instrument Team Facility (ITF) calibrates and interprets all data to physical
units, and it is also inspected by the instrument lead and his designers to ensure
accuracy and stability. Before archived, the data sets have gained certification
by passing full peer reviews of all data types.

2.4 Related fields

In this section, previous work related to this paper are introduced. Subsection
2.4.1 summarizes the recent case study performed by Gunell et al., (2023) [3]


https://lasp.colorado.edu/maven/science/instrument-package/swia/
https://lasp.colorado.edu/maven/science/instrument-package/swia/
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on Magnetosheath jets at Mars, on which this thesis is a continuation on. The
approach of reaching a result in this thesis is partly inspired by the work done
by Raptis et al., (2020) [36], which is describes in Subsection 2.4.2. They also
conducted a statistical study, but with the aim to classify jets at Earth.

2.4.1 Magnetosheath jets at Mars

Currently, there is only one study of magnetosheath jets on Mars published,
on which this thesis is a follow-up on. Gunell et al., (2023) [3] presents a
case study of three instances of jets being detected using MAVEN data. For
the jets to be considered to be in the magnetosphere the spacecraft must be
downstream of the bow shock at the time of measurement, and so the solar
wind parameters which were used to model the shock were also taken from the
MAVEN spacecraft when it was last in the solar wind. Jets are identified, as in
this thesis, by the modified Archer & Horbury (2013) [5] criterion where the
dynamic pressure must be two times greater than the mean dynamic pressure.
However, as this criterion was established for Earth, whose the magnetosheath
is bigger than Mars’, the dynamic pressure is averaged over a 10 minute
interval, instead of the original 20 minute interval.

In two of the cases the pressure enhancement was linked to both density
and velocity being increased, whereas in the third case the jet was formed from
mostly a density increment. This distinction may be explained by the third case
having spent most time in the magnetosheath at the time of observation, which
can be associated with jets being slowed down [37].

Lastly, all three cases display higher magnetic field fluctuations which
indicate that the jets excite waves they encounter in the magnetosheath.

2.4.2 Classifying Magnetosheath jets using MMS:
Statistical properties

Raptis et al., (2020) [36] used Magnetospheric Multiscale (MMS) data when
studying magnetosheath jets at Earth with the intent to categorize them based
on the angle fg; between the IMF and bow shock normal 7 in order to better
ascribe different generation mechanisms to different bow shock classes. It
was found, for instance, that jets occurred much more frequently at quasi-
parallel shocks, which is consistent with what was mentioned in Section 2.2.
In those cases they also had a higher dynamic pressure and longer duration,
and therefore described as stronger.

After the data sets were acquired, the different categories were statistically
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compared, and correlations between the jets’ properties were presented and
analyzed. For instance, distributions of different properties were evaluated
through histograms, which were then compared amongst the different classes.
Also, the relationship between the jet criterion parameters, namely the density
and the velocity squared, could be illustrated in a plot which was inspired by
Archer & Horbury (2013) [5]. In that way, too, the different classes were
distinguished in order to separate their behavior from each other.
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Chapter 3

Methodology and data analysis

The initial part of this chapter (Sections 3.1 and 3.2) describe the outline
and approach of the study. Then, Section 3.3 goes through the process of
collecting the data population which the study will work with. This is followed
by detailed descriptions of the methodologies implemented used to refine the
jet population, namely in Section 3.4. Before moving on to how the finalized
database was analyzed in Section 3.6, a verification process of the sample is
described in Section 3.5. Throughout this chapter, the models and intentions
are described and relevant code snippets provided for deeper insight in the
processes.

3.1 Research Process

Research processes describe how a project is conducted and they generally
have similar structures. The steps in the process for this particular study are
summarized as:

Step 1 Acquire background knowledge on the topic with a literature study.
Specifically concerning Mars, magnetosheath jets and the MAVEN
mission. Collect and investigate previous and current research.

Step 2 Plan methodology. Interpret the data files and get accustomed with
their usage.

Step 3 Execute plan, collect and analyze data through Matlab codes. Compile
the database in txt-files.

Step 4 Summarize the results from the created database. Produce histograms
and other relevant plots for visualization.
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Step S Inspect, analyze and verify the results.

Step 6 Discuss the results of the analysis and draw conclusions concerning
the behavior of magnetosheath jets at Mars.

Staying flexible and iterativelty refreshing the research process is crucial, as
much of the insights are collected along the way. In other words, being devoted
to a structured plan is as important as being able to reject and rebuild it when
needed.

Furthermore, in order to conduct a statistical study, it is of high importance
to make sure the database is secure and accurate, as the inferences rely on it.
Figure 3.1 shows how the data collection was handled throughout the statistical
study, mostly referring to Step 3 in the research process. These steps will be
further explained in Sections 3.3 and 3.4.

Jet definition Magnetosheath

Identifying jets by detection

applying a modified
version of the criterion
by Archer & Horbury

Separating jets within
the magnetosheath
and the solar wind

W (2013)

D Step3 g

O

o Step 5

X

Raw ~ -~
data ~ =~
Date selection " Step2

Using MAVEN's
coordinates, selecting
dates from which
optimal orbital space
is covered

A
Data security

Making the code
robust against flags
and irregularities in

the data

o
7

&

Data verification
tests

Database finished.
Picking random jet
samples to verify that
the database is
acceptable

Figure 3.1: Research process of database construction.

3.2 Research Paradigm

The research paradigm is described as a positivistic statistical study. This
is motivated by it being an exploratory research with the intent to explain
a particular phenomenon if there is evidence to support it. Furthermore,
as observational data is collected from which general conclusions about
the whole population is drawn, while simultaneously assuming conventional
methods and theories to support the results, the study has a deductive onset
and an inductive conclusion.

Statistical
study
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3.3 Data Collection

The data that is used comes from the MAVEN PDS [6] and is taken between
the dates November 30, 2014 and December 15, 2021. Moreover, the data
is handled in the MSO coordinate system which has its origin in the Martian
center. Z points toward the Sun, § in Mars’ negative orbital direction, and 2
completes the right-hand system.

3.3.1 Sampling

The selection of the dates for data collection was based on MAVEN’s orbital
trajectory. With an orbit which is constantly changing its shape and direction
around the planet, intentionally selecting dates which cover as much space as
possible increases the chances of detecting a greater number of jets. Figure
3.2 shows some different types of orbits projected on different points of view,
as specified in the figure. It is from the last subfigure (d), where the orbits
are plotted in cylindrical coordinates so the radial distance from the z-axis
against the x-axis is shown, that the information can be utilized. The dark blue
colored plot, which represents an orbit on April 10, 2018, covers the greatest
length from and along the z-axis and therefore those behaving similarly were
sampled for this study. The full list of the orbits that were selected is displayed
in Appendix A.

Also seen in Figure 3.2 are three different bow shocks in all subfigures
except in (¢). As labeled, their shape and position depend on the density
and velocity of the solar wind. The model used come from an empirical
study by Ramstad er al, (2017) [38] which used an extensive amount of
Mars EXpress (MEX) orbits to characterize the environment. Inserting solar
wind parameters yields different Martian plasma boundaries in cylindrical
coordinates, the bow shock being one of them. The model is mathematically
described as a hyperbola:

Rps(x,x9,e) = ave? — 1\/(1}—xa+a)2 -1 (3.1

where z is the symmetry axis from which the distance R is calculated, and zg
is where that distance is zero, namely at the subsolar point. e is the hyperbola’s
eccentricity and o = 33.5 Ry is a constant scale length.

Lastly, the model operates under the assumption that the boundaries are
cylindrically symmetric in the x direction, which is seen in Figure 3.2 as the
bow shocks being identical in each subfigure, regardless of point of view.
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Figure 3.2: Six different orbits of MAVEN ranging between 2015 and 2020
(exact dates labeled) displayed around Mars viewed in the (a) xy plane, (b)
xz plane, and (c) yz plane. (d) Illustrates the radial distance of the spacecraft
to the = axis by plotting /42 + 22 over x. The black lines represent models
of the Martian bow shock which depend on different solar wind conditions, as
labeled.

3.3.2 Sample Size

Table 3.1 shows, from left to right, how the database size got reduced from
different operations, which will be further explained in Section 3.4. A total of
143 orbits with 4h:40min duration were searched for jets, listed in Appendix

1.5
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A. That duration was determined based on the nominal orbital period being
4h:30min [6]. The extra 10 minutes were added to compensate for some
orbits taking longer time from their design. With an accumulation for SWIA
of one data point per four seconds, the total amount of data points ends up
at 600,600. Of those, 4,799 peaks which passed the jet detection criterion
were registered. After some further modifications to the code concerning data
robustness, which will be explained in the following section, 1,128 jets were
left to work with. Finally, the number of jets to be investigated based on their
location in the induced magnetosphere was established to N = 984 which is
highlighted with green in the table below.

Table 3.1: Sample size refinement from different criterion.

Modified Archer
Total raw data | & Horbury Data robustness Magnetosheath
points (2013) criterion jets

jets
600,600 4,799 1,128 984

3.4 Experimental design of data collection

In this section the different models and experimental designs used to perform
the data collection are introduced, explained and demonstrated. Subsection
3.4.1 goes through the criterion used to identify jets in the data sample.
Subsections 3.4.2, 3.4.3 and 3.4.4 considers the robustness of the data set
by eliminating data that is flawed, irrelevant, or disrupts the algorithm. And
finally, Subsection 3.4.5 further removes data which is outside the scope of the
study.

3.4.1 Jet detection criterion

In this study the same jet detection criterion was used as in the study by Gunell
et al., (2023) [3], namely a modified version of the Archer & Horbury (2013)
[5] criterion. For a dynamic pressure enhancement to be considered a jet,
it must be at least twice as great as the background dynamic pressure. The
original criterion defined the background as the averaged value of a 20 minute
interval from the jet, regarding the much shorter time scales of previously
found dynamic pressure pulses. But as the Martian magnetosheath is smaller,
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the ambient dynamic pressure is averaged over a 10 minute interval instead.
The equation which expresses the criterion used in this thesis is:

OPiyn

— > (3.2)
<den>10min

where the angled brackets denote the averaged background value. This is
implemented in Matlab and a snippet can be seen in Listing 3.1. Initially, the
data is separated into good versus bad data based on flags in lines 3-11, which
will be further explained in Subsection 3.4.2. Then, the dynamic pressure
can correctly be calculated. The SWIA moments data set was downloaded
and put into the Matlab structure Momstruct. In that manner, the structure
contains arrays like Momstruct.velocity mso with the x, y and z components
of the measured ion velocities in the MSO coordinate system, and are the
original file names mentioned in the instrument documentation [35]. Thus,
Momstruct.velocity mso was used to calculate the velocity squared in line
12 followed by the calculation of the dynamic pressure. Then the lines 15-20
construct the mean of the dynamic pressure over a 10 minute interval, serving
as the denominator in Equation 3.2. Using good data only, the mean of twice
the dynamic pressure is calculated as the array mom in line 23.

Listing 3.1: Dynamic pressure Matlab snippet.

% Dynamic pressure (assuming all ions are protons)

9% Separating between where both types of flags are ok
and bad data

gooddata = [];

baddata = [];
for i = 1:length(Momstruct. quality_flag)
if Momstruct. quality_flag(i) == 1 && Momstruct.

decom_flag (i) ==
gooddata = [gooddata; i];
else
baddata = [baddata; i];
end
end
vmag2=sum(Momstruct. velocity_mso .*2,2)x1le6; % m/s
pdyn = mpkle6:xMomstruct. density .xvmag2; % kg m"{—3)
9% construct a 10 minute running mean of pdyn
pdynmean = zeros(size (pdyn));
for ii=1:length(pdyn)
t00 = Momstruct.epoch(ii);
pdynmean(ii )= mean(pdyn(Momstruct.epoch>t00-5/1440 &
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Momstruct.epoch<t00+5/1440)) ;
end
pdynmeanok = pdynmean(gooddata);
pdynmean2 = 2#pdynmeanokxle9;
mom = mean(pdynmean?2) ; Jomean of mean

Later in the code, the criterion can then be implemented as seen in Listing
3.2. Using the Matlab function findpeaks the algorithm collects indices of
pdyn peaks exceeding the minimum peak value of mom in ind, and the
corresponding width of the peaks in wi.

Listing 3.2: Jet determination Matlab snippet.

9% Jet determination

[~, ind, wi, ~] = findpeaks(pdyn*le9, 'MinPeakHeight' ,mom
) Y%find peaks above mean of 2pdynmean

HW = ceil (wi/2); Yohalf width rounded UP to integer

3.4.2 Flagged data

As suggested in Subsection 2.3.3, the data is based on constraining
assumptions and so the incoming data must be handled with caution. It is
important to be aware of the operational limitations which can negatively affect
the data. Firstly, the FOV and energy range are comprehensive but not always
sufficient. For example, there are instances when the bulk flow will be missed
by the instrument. This is more likely to happen downstream of the bow shock
where the ions are slowed down and thermalized, leading to a misinterpretation
of the distribution. To cover for this issue, quality flags are included in the data
set [35]. With as high accuracy as possible, the quality flags indicate when a
considerable portion of the flow distribution is outside the FOV and/or energy
range. This information will then be used to discard data that is not reliable
due to operational errors.

It is also worth noting that SWIA measures the differential energy fluxes
of the incoming flow without distinguishing between ion species. Thus,
the instrument is unable to separate protons from other ions. Even in the
pristine solar wind which is composed of mostly protons, there are some alpha
particles, with twice the energy per charge, present. Unfortunately there are
no flags available to cover for this problem. Instead, it is recommended to
use auxiliary data from other instruments to compensate for possible errors.
However, this limitation mostly affects the temperature moments and barely
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the density and velocity moments which is why the temperature will not be
included in this study, so the multi-ion issue will be disregarded.

Additionally, there are quality flags available which regard uncertainties
considering telemetry and the state of the attenuator which flag when the
signals are ambiguous.

All flag types output 1 when the data is considered good, and between 0
and 1 when it is considered bad. They will be incorporated in the algorithm
in two situations:

* Flagged background
* Flagged jets

Firstly, distorted background data reported by the flags may negatively impact
the averaged background values. In order to only consider clean data the
background is separated into good and bad background data, based on flags. In
Subsection 3.4.1 above it is implemented in the first part of Listing 3.1. Figure
3.3 shows an example of a 10 minute interval containing both good and bad
data. At approximately 03:12:00 the quality of the data is declined, illustrated
by the red dots as well as the bulk flow going outside the FOV, apparent in the
bottom and top panels, respectively. The jet detection criterion, plotted as the
dashed blue line, is only considering the data flagged as 1. The red line, which
in turn is the average of the dashed blue line, then only considers good data
and does not get distorted by deceiving information.



Methodology and data analysis | 25

Jun 15, 2019

Figure 3.3: MAVEN SWIA data from June 15, 2019, 03:10-03:20. The top
panel shows the Differential Energy Flux (DEF) of the ions; the bottom panel
shows the dynamic pressure of the ions. As labeled, the blue dotted line is the
average dynamic pressure over the 10 minute interval; the blue dashed line is
the average dynamic pressure multiplied with 2, representing the jet detection
criterion; the red solid line shows the averaged value of the jet detection
criterion; the red dots are flagged data points.

Secondly, and maybe more importantly, the detected jets which are
simultaneously flagged are removed. Specifically, if the algorithm detects
flags within a small window of +2 steps near a jet, it is eliminated to ensure
flawed jets do not get missed in case the data is slightly shifted. The code
snippet which takes care of that is seen in Listing 3.3.

Listing 3.3: Flagged jet removal Matlab snippet.

l | 1
03:10 03:12 03:14 03:16 03:18 03:20

% Deleting inds if there are flags within +—2 steps

for i = l:length(ind)
a = max(ind (i) -2,1);
b = min(ind(i)+2,length (Momstruct. quality_flag));
if any(Momstruct. quality_flag(a:b)~=1) == || any(
Momstruct.decom_flag(a:b)~=1) ==
ind(i) = 0; Jcant delete yet, for loop
depends on length of ind
end
end

ind (ind==0) = [];
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3.4.3 Magnetosheath detection

There are two telemetry modes recognized by SWIA; *Solar Wind’ mode and
’Sheath” mode [35]. The main purpose of this function is to adapt the data
collection of the instrument based on the plasma region in which the spacecraft
is located so that the information is as useful as possible. The incoming
plasma beam in the pristine solar wind is characteristically narrow and easier to
spatially predict. Therefore, the telemetry is mostly set to Fine where the time
resolution gets higher while sacrificing energy range and angular coverage.
Some Coarse telemetry is also included to account for a minority of pickup
ions present in the solar wind. In the sheath, however, the plasma distribution
is thermalized and Coarse telemetry is more appropriate.

Every four seconds SWIA runs through 96 energy steps and 24 deflection
steps. For each of these sweeps, counts are retrieved for each anode from
which different types of products are produced. Two of those are P1 and
P2 and they treat the incoming count data differently, creating circumstances
of different data handling needs. P2 is adapted to measure the intense solar
flux, while P1 is intended for the thermalized flux of the magnetosphere. The
switch between the two telemetry modes is triggered when the ratio between
the counts of P1 and P2 reaches a certain threshold. Thus, the information
given by the telemetry mode is used in this work to determine when the
spacecraft is in the magnetosheath. For every element of moments, the array
telem_mode produces either 1 = *Sheath’ or 0 = ’Solar Wind’, making it
directly interpretable. Listing 3.4 shows how this was done in Matlab.

Listing 3.4: Magnetosheath detection Matlab snippet.

9% Deleting inds if they are upstream of the BS
SWind = find (Momstruct.telem_mode==0);
if isempty (SWind)==
for i = 1:length (SWind)
if ismember(SWind(i),ind)==
ind (ind==SWind(i)) = 0;
end
end
end
ind (ind==0) = [];
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3.4.4 Jet boundary consideration

The edges of the jet interval are determined by the width of the dynamic
pressure peak and are denoted j; before the peak and j, after the peak. If
a jet is detected at the boarder of any 10 minute interval so that its width
overrides that interval, j; or j, will fall outside that window, if the peak is at the
beginning respectively end. Figure 3.4 illustrates this problem. In the design
of the algorithm it is not possible to retrieve the indices of interest of a peak as
they are outside the finite window. Through evaluation of occurrence of these
problematic cases it will be demonstrated in Chapter 5 why the solution will
be to simply remove them when they are detected, seen in Listing 3.5. The half
width of the peak (HW) is used to determine if the boundaries fall outside the
interval. In the same sense, the boundaries are then defined by the half widths.

i1f 2 T Eiz

t=0 t=10 min

Figure 3.4: Illustration of dynamic pressure peaks at the edges of a 10 minute
window. The red part of the width expands outside the allowable interval.

Listing 3.5: Jet boundary consideration Matlab snippet.

9% Deleting inds if their boundaries extend further than
the 10min interval

for k = 1:length(ind)
if ind(k)-HW(k)<=0

ind (k) = 0;
HW(k) = 0;
end
if ind(k)HHW(k)>=length (Momstruct. density)
ind(k) = 0;
HW(k) = 0;
end
end
%... cut out code for demonstration ...

ind (ind==0) = [];
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HWHW==0) = [];
Yindices before and after each peak
il =11
i2 = [1;
for i = l:length(ind)
jl(end+1,1) = ind(i) - HW(i);
j2(end+1,1) ind(i) + HW(i);
end

Furthermore, it is worth mentioning that the signal can fluctuate and many
peaks may appear close to each other. This is not necessarily interpreted as
many separate jets. If the time between them is within a certain threshold, the
peaks can be merged and considered as one large peak instead. In this work
the threshold was chosen to be 16 s, which can be seen implemented in Listing
3.6, line 3. As there are 4 seconds between the index values, they are merged
together by deleting the boundaries between them if the difference between
the current and next index value is equal or smaller than 4 steps.

The choice of 16 s is based on Figure 2 in the case study of magnetosheath
jets at Mars by Gunell ez al., (2023) [3]. The peaks in that figure are considered
to be part of the same jet incident, while seemingly being approximately 15 s
apart.

Listing 3.6: Jet merging Matlab snippet.

%% Merge peaks within 16 s. overwrite jl and j2 in
between ,
for p = 1:length(ind)-1
if ind(p+1)-ind(p)<=4
ji(p+1) = 0;
j2(p) = 0;
ind(p) = O0;
end
end
ind(ind==0) = [];
jr(jl==0) = [I;
j2(j2==0) ;

Il
—
[—

3.4.5 Removal of atmospheric jets

The last step of filtering of the data set is about eliminating jets which are
considered to be in the atmosphere or shadow of Mars as seen from the Sun.
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It is considered that space begins after the exobase, which lies at an altitude
of about 250 km [39]. All these jets are removed to avoid distorted data
due to atmospheric influence and the assumption that SWIA only measures
protons. The Matlab procedure is demonstrated in Listing 3.7. Note that the
magnetosheath instances (MSHjet in line 15) come from posJ, which is taken
as the centered index of the whole jet duration (line 9).

Listing 3.7: Atmospheric and shadow jet removal Matlab snippet.

posJ = []; % Coordinates of jets

MSHjet = []; % ... inserted here if in MSH
nonMSHjet = []; % ... or here if outside MSH
ii = []; % Indices of jets in posJ

atmM = 250/Rm; % Atmospheric height [Rm]
%To separate jets from the atmosphere and shadow of Mars
for i = l:length(jet_time_mean)
Bstruct = mav_Bfield(jet_time_mean(i,1),
jet_time_mean (i,2),"'/home/space-maven/data');
YDogetting the Bstruct for each jet interval
posJ = [pos); Bstruct.scpos(round(length(Bstruct.
scpos)/2) ,:)/Rm]; Yogetting the (middle)
position coordinates of the spacecraft
if posJ(i,1) < 0 && sqrt(posJ(i,2)"2 + posJ(i,3)"2)
< l+atmM
nonMSHjet = [nonMSHjet ; posJ(i,:)];
elseif sqrt(posJ(i,1)”2 + posJ(i,2)"2 + posJ(i,3)"2)

< l+atmM
nonMSHjet = [nonMSHjet ; posJ(i,:)];
else
MSHjet = [MSHjet ; posJ(i,:)]; %save as MSH jet
ii = [ii ; i];

end

end

3.5 Verification

A verification test is carried out to see if the jets in the database are accurately
measured and not based on flawed data acquisition, namely if the used
measurements are taken when the bulk flow is dominantly in the FOV. This
is mostly related to check if the flag consideration works as intended, as
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explained in Subsection 3.4.2. A small sample of the total amount of jets
is randomly selected and they are listed in Appendix B. In the same appendix
the Matlab code which performs the verification test is also presented, as well
as the resulting figures which showcase the outcome of the test.

3.6 Experimental design of data analysis

Once the database is secure and robust, the data will be analyzed and
interpreted. Variables of interest at the jet occasions are collected, as well as
the background values for comparison purposes. Subsection 3.6.1 describes
how some property distributions are presented statistically, Subsection 3.6.2
goes into presenting their location, Subsection 3.6.3 is about the correlation of
the parameters which makes up the jet criterion.

3.6.1 Histogram analysis

Properties of jets are presented in the form of histograms to demonstrate their
overall behavior. In that way, the dominant features of the jet distribution is
displayed and conclusions of their properties can be drawn. Beyond producing
a histogram for a property X, the difference between the jet property and the
corresponding mean background value, A X, is also presented in a histogram.
This enables a clearer analysis of how the jet impacts its surrounding.
Moreover, mean and median values of each distribution are distracted and
displayed in tables. The histograms are shown in Chapter 4.

3.6.2 Localization of jets

By applying the coordinates of the jets in the Matlab function surf(), it is
possible to map the occurrence of jets in the Martian frame of reference. For
this information to be of value it must be viewed in reference to a plot which,
instead of jet coordinates, uses all coordinates of every orbit that was tested
out for jets. By normalizing the occurrence location and rate, a more accurate
conclusion can be drawn as some areas may be searched more or less than
others. In other words, it is important to consider where MAVEN spacecraft
has been, and also how often. For instance, if 10 jets have been detected at
a certain location (za,ya,2a) and only one jet have been detected at another
(rB,yB,2B), it is not yet obvious to state that it is more likely that jets are
favorable to occur at A compared to B. The higher rate could, instead, be due
to the spacecraft passing the A location 100 times but B only once. Thus the
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chance of encountering a jet at A is only 10% and at B 100%. Hence, there
has to be a complete outtake of all MAVEN orbits too, in order to make a fair
comparison through normalization.

The coding process in seen in Listing 3.8. There, the array MSHjet seen
in line 13, contain the coordinates of the finalized magnetosheath jets. Its
construction is first seen in Listing 3.7. In the listing below, the final matrices
Z_num and Y _num gets appended with +1 in every row and column index
where a jet was detected in the corresponding coordinate.

Listing 3.8: Mapping all jets in the Z and Y planes Matlab snippet.

% Jet occurance in Z_num

xv = linspace (-3, 3, 54);
yv = linspace(-2.5, 2.5, 54);
zv = linspace(-2.5, 2.5, 54);

Z_num = zeros (54,54);
Y _num = zeros(54,54);

xv0 = xv(1)—-(xv(2)-xv(l));
yvO = yv(1)=(yv(2)-yv(l));
zv0) = zv (1) —=(zv(2)-zv(1l));
xv = [xv0 , xV];
yv = [yv0 , yv];
zv = [zv0 , zv];

for i = 1:length (MSHjet)
for j = l:length(xv)-1

xx = MSHjet(i,1);
yy = MSHjet(i,2);
zz = MSHjet(i,3);

if xx>xv(j) && xx<xv(j+1)
inx = j;
end
if yy>yv(j) && yy<yv(j+1)
iny = j;
end
if zz>zv(j) && zz<zv(j+1)
inz = j;
end
end
Z_num(iny ,inx)
Y_num(inz ,inx)

Z num(iny ,inx) + 1;
Y_num(inz ,inx) + 1;

end

In a similar way, all the orbital coordinates were constructed into the
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matrices Z and Y2, see Listing 3.9. The array orbit comes from the
listing shown in Appendix A and thus all orbits are simply ran through.
Note, however, that the jet instances in Listing 3.8 come from the SWIA
instrumentation, while the MAVEN spacecraft coordinates come straight from
the MAG instrumentation. With very different sample rates, they have to be
transformed to fit the same size (see lines 7-9 in Listing 3.9) so there might be
a slight discrepancy between the coordinate information when they are to be
compared. In other words, some coordinates may be lost in translation.

Listing 3.9: Mapping spacecraft positions in the Z and Y planes Matlab
snippet.

Z = zeros(54,54);
Y2 = zeros(54,54);
for i = l:length(orbit)

tl = datenum ([ orbit(i,:) 00 00 00]);

t2 = datenum ([ orbit(i,:) 04 40 00]);

Bstruct = mav_Bfield (tl ,t2, '/home/space —-maven/data
") % Load the magnetic field

x = Bstruct.scpos(1:10000:end,1) /Rm;

y = Bstruct.scpos(1:10000:end,2) /Rm;

z = Bstruct.scpos(1:10000:end,3) /Rm;
XX = linspace (-3, 3, length(x));

YY = linspace(-2.5, 2.5, length(y));
Z72 = linspace(-2.5, 2.5, length(z));
[X,Y] = meshgrid (XX,YY);

[~,Z2] = meshgrid (XX,ZZ2);

xv0 = XX(1)=(XX(2)-XX(1));
yvO = YY(1)=(YY(2)-YY(1));
zv0 = Z72(1)—(Z27Z2(2)-7272(1));

XX = [xv0 , XX];
YY = [yv0 , YY];
772 = [zv0 , Z72];
for i = 1:length(x)
for j = 1:length(x)-1
if x(i)>XX(j) && x(i)<XX(j+1)

inx = j;

end

if y(i)>YY(j) && y(i)<YY(j+1)
iny = j;

end

if 2(i)>Z72(j) && z(i)<ZZ2(j+1)
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inz = j;
end
end
Z(iny ,inx) = Z(iny,inx) + 1;
Y2(inz ,inx) = Y2(inz ,inx) + 1;
end
end

Then, the normalization takes place by matrix division based on the
parameters in the listings above as:

7 _num

27 = 7 (3.3a)
Y num
YY2=—= .
V2 (3.3b)

The resulting matrices are then plotted using the Matlab function surf().

3.6.3 Criterion driver

As discussed before, the jet detection criterion concerning the dynamic
pressure is dependant on two parameters: the density n and the velocity
squared v2. Previously on Earth it has been shown that the pressure
enhancements are most often due to both parameters being increased, while
a marginalized amount are caused by only one. Specifically, in the study by
Archer & Horbury (2013) [5] it was found that more single-parameter driven
jets were driven by velocity enhancements than density enhancements. It
is therefore interesting to investigate if similar causal distributions occur on
Mars. This is carried out by deriving terms of dynamic pressure contribution.
The derivation comes from the paper by Archer & Horbury (2013) [5] and
begins by describing the terms which make up the dynamic pressure:

p={p)+Ap (3.4a)
v? = (v?) + A(v?) (3.4b)

and the approximation
(pv?) = (p)(v?). (3.5)

This then leads to:
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APy, = A(pv?) (3.6a)

= pv* — (pv?) (3.6b)

which together with Equation 3.5 gives:

~ pv? — (p)(v?) (3.7a)

~ ({p) + Ap)((v*) + A(W?)) — (p)(v*) (3.7b)

~ LHT + (D)AGR) + Ap(v?) + ApAG?) — Ko™, (BT0)

Dividing both sides with APy, gives:

L Ao’ | (DARY) | ApAR)
o AP, APy, AP, ’
Both sides of Equation 3.8 are divided by Equation 3.5, and n instead of p is
used as the mass component gets canceled out:

1 (3.8)

1 An N (i A(v?) AnA(v?) (3.9)
<den> N Aden (n)% AdenW<U2> Apdyn <n> <U2> .
e A A (A A 0 g

B Apdyn/ <den> APolyn/ <den> Aden/ <den>

Equation 3.9b reveals the distribution of contributions of the parameters of
the dynamic pressure. The first term is strictly related to the density variation
contributions, the second to the velocity variations and, finally, the third term
reveals variations in both parameters.

In Matlab, this was carried out as seen in Listing 3.10 and the jet
parameters are based on the instance in the jets where the dynamic pressure
is at its maximum. A similar plot was created, but using the instances of the
parameters where their own entity was at its maximum. This distinction was
inspired by the work by Raptis et al., (2020) [36].

Listing 3.10: Comparing n and v? contributions Matlab snippet.



Methodology and data analysis | 35

A = (dv2_pmax./(v_back.”2))./(dP_pmax./Pdyn_back);
B = (dn_pmax./n_back) ./(dP_pmax./Pdyn_back);

XV linspace (min(A), max(A), 100);

yv linspace (min(B), max(B), 100);

[X,Y] = meshgrid(xv,yv);

zer = zeros(size(X));

xv0 = xv(1)—=(xv(2)-xv(l));
yvO = yv (1) =(yv(2)-yv(l));
xv = [xv0 , xv];

yv = [yv0 , yv];

for i = 1:length(A)
for j = 1:length(xv)-1

xx = A(i);
yy = B(i);
if xx>xv(j) && xx<xv(j+1)
inx = j;
end
if yy>yv(j) && yy<yv(j+1)
iny = j;
end
end
zer (inx ,iny) = zer(inx,iny) + 1;

end

xv(l) = [1;

yv(l) = [];

surf (hafd (1) ,X,Y,zer, '"EdgeColor "', 'none ") ;
view (hafd (1) ,2)

3.7 Summary

To summarize this chapter, the overall methodology has been presented with
some details being more extensively explained. In the beginning, Sections
3.1 and 3.2 provided insight to the overall methodology process. Thereafter,
Section 3.3 demonstrated in which manner the initial data collection was
carried out. There, Table 3.1 showed how the data size got reduced through
various operations which where then explained. Section 3.4 included several
subsections which went through these operations thoroughly. Then, a
verification test was done and this was accounted for in Section 3.5. Finally,
Section 3.6 clarified how the final database was analyzed for interpretation,
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which will be displayed in the following chapter.

For a more detailed insight, Appendix A lists all the chosen orbits which
were searched. Appendix B holds the list of jets which were inspected for
verification, together with the Matlab code and resulting verification figures.
Finally, Appendix C contains the full Matlab codes that were used.



Results and Analysis | 37

Chapter 4

Results and Analysis

In this chapter, the resulting plots and figures derived from the previous
chapter are presented and analyzed. Each section provides insight about
the general behavior of magnetosheath jets at Mars. Section 4.1 displays
the properties of the extracted jet population in the form of histograms, as
well as tables containing the average and median values of the distributions.
This refers to Subsection 3.6.1 in Chapter 3. Then, Section 4.2 demonstrates
how the dynamic pressure parameters correlate, as explained in Subsection
3.6.3. Lastly, in Section 4.3, referring to the process in Subsection 3.6.2, the
normalized jets’ locations in the Martian frame of reference is displayed and
then analyzed, in combination with the foregoing histograms.

4.1 Properties of jets

This section displays different properties’ distributions, and they are presented
in forms of histograms. First, in Subsection 4.1.1, the maximum pressures,
velocities and densities of all jets are shown. Then Subsection 4.1.2 presents
distributions of the z, y and z components of the velocity. Lastly, Subsection
4.1.3 goes through the distributions of the jets’ durations and scale sizes.

4.1.1 Pressure, velocity and density distributions

Figure 4.1 shows histograms of the maximum properties of the dynamic
pressure, magnitude of the velocity and the density. The plots illustrate the
distribution of these properties amongst the whole population of jets. Table
4.1 shows the average and mean values of these parameters. It is seen that the
dynamic pressure is skewed right, which indicates with high probability that
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it is on the smaller side of the range by zero, and then quickly decreases in
probability towards 20 nPa.

The magnitude of the velocity has a relatively symmetric distribution
around 300 km/s, with 100 km/s and 600 km/s in the margins as seen in
subfigure (¢). This is also evident in Table 4.1, where the average velocity lies
around 300 km/s and the median right under that, explained by the slightly
heavier shift to the left in the histogram. In subfigure (d), where we see its
difference to the background value it is evident that the jets are most of the
time faster than their ambiance. Only a few cases are reported to be slowed
down, to the right of the zero mark. This will be further analyzed in the coming
sections.

The density (subfigure (e)) has a skewed right distribution by zero. In
its corresponding difference to the background, in subfigure (f), we see that
it too is skewed right and has a very similar distribution pattern as subfigure
(e). However, by looking closely it is seen that a small part of the highest
bin falls under the zero mark, indicating that some jets experience a decrease
in the density and must be carried entirely by the velocity. This will also be
discussed in the coming sections.

Table 4.1: The average and median values of the properties from Figure 4.1.

Average | Median
P [nPa] 1.57 1.04
AP .« [nPa] 0.98 0.61
|U|max [km/s] 300.8 296.0
A|v|max [km/s] 35.9 32.0
Tmax [ ] 104 6.42
ANpmax [cm™] 5.52 3.11
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Figure 4.1: Histograms of the maximum dynamic pressure and its difference to
the background value ((a) and (b)), the magnitude of the maximum jet velocity
and its difference to the background value ((c¢) and (d)), and the maximum
density and its difference to the background value ((e) and (f)). All vertical

axes display the probabilities.
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4.1.2 Distributions of the velocity components

Figure 4.2 displays the distributions of the velocity components in the z, y
and z direction, as well as their difference to their background values. In
subfigure (a), where the velocity’s x component is portrayed, it is seen that
the entire distribution is smaller than zero. This is reasonable as x points from
the Martian center towards the Sun, and the jets are thought to travel in the
solar wind direction, away from the Sun. It is evident, both in the histogram
and in the table, that the distribution is relatively symmetric, however slightly
skewed left, and the peak is between -300 km/s and -200 km/s. The close
resemblance to the total velocity in subfigure ¢ in Figure 4.1 reveals that the
jets travel dominantly in the = direction.

The corresponding difference to the background (subfigure (b)) is rather
close to zero in the greatest probability bin, but still a majority of the jets are
on the negative side. The minority to the right of the zero mark are thought to
be related to jets which are entirely caused by density increments, which will
be further investigated in the following Section 4.2.

There is an interesting dip in the middle of the y components distribution
at zero, see subfigure (c¢). This reveals that the jets are often moving in an
angled direction, either east or westward, in the ecliptic plane. Subfigure (d),
which has a pretty symmetric distribution with a slight skewed right shape and
only a few cases below zero, confirm that the velocity is most often slanted in
the ecliptic in relation to the flow of the ambiance plasma.

Lastly, the z component in subfigure (e) declares a rather uniform
symmetric distribution. Similarly as in subfigure (c) there is a slight dip at
the zero mark. Due to the different shapes of the distribution curves the two
dips may have different appearances, but looking at the probability values they
do not differ too much. Specifically, the probability at the zero dip for the y
component is around 0.04, while around 0.06 for the z components. It can be
stated, though, that the dip is not as statistically significant for the z component
as for the y component. All in all, it is deciphered from the uniformity that the
velocity’s z component has a broad and even variety. Section 4.3 reveals more
about this behavior by mapping the jets in the zy and zz planes.
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Table 4.2: The average and median values of the properties from Figure 4.2.

Average [km/s] | Median [km/s]
Vi max =277 -266
AVy max -32.6 -24.7
Vy max 21.4 26.5
AVy max 264.7 252.0
Vy.max 10.1 19.6
AV, max -255.6 227.7
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Figure 4.2: Histograms of the maximum values of the three velocity
COMPONENLS, Uy max iN (@), Vymax iN (b) and v, ma in (¢). Their difference to
the background value are shown in (b), (d) and (f), respectively. All vertical
axes display the probabilities.
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4.1.3 Distributions of duration and scale size

Figure 4.3 displays the distributions of the duration and scale size of the jets.
The scale sizes are calculated as the mean velocity times the duration, namely
Umean X taur, and thus the scale size refers to the length of the jet. Asthe MAVEN
mission only consists of one spacecraft, it is not possible to compute the scale
width too, as it would require at least one more measurement at the same time
but in another location. And even then those results would be based on the
assumption that the jets have a circular cross-section, which has not yet been
established even for Earth. Nonetheless, the histograms in Figure 4.3 show a
steep declination of both parameters so their distributions are described as
skewed right. The probabilities are greatest closest to zero, and then they
decline quickly. Note that the median duration, as seen in Table 4.3, is 16
s which was the threshold for merging peaks, mentioned in Subsection 3.4.4.
This may indicate that the choice of the merging threshold has had too big of
an impact on the result, and is worth investigating for future work so that one
can improve the methods used to study these events. Lastly, the empty spaces
in some of the duration slots in subfigure (a) is due to the choice of bin size
when constructing the histogram. Wider bins would include a wider range,
and thus reduce the empty spaces.

Table 4.3: The average and median values of the properties from Figure 4.3.

Average | Median
Duration [s] 18.1 16
Scale size [Ry] 1.46 1.12
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Figure 4.3: Histograms of the jets’ duration in (a) and scale size in (b). The
vertical axes display the probabilities.

4.2 Dynamic pressure correlations

The dynamic pressure enhancements which define jets are either caused by
an increased density, or velocity, or both. Figure 4.4, inspired by Figure
3 in the study by Archer & Horbury (2013) [5], shows the distribution of
parameter impact on the dynamic pressure of the jets. In the figure we are
able to interpret the influence of density on the = axes, versus the velocity
squared, on the y axes. The green boundaries captures jets which have no
or negative impact from the velocity, and so being fully driven by density
enhancements. Similarly, the pink boundaries encapsulate jets that are fully
driven by velocity enhancements. It is seen, however, that in most cases the
pressure enhancement is caused by a combination of both density and velocity
being increased.

Internal validity is strengthened because the results comply with the results
in Figure 4.1, particularly subfigures (d) and (f) where it is also seen that
in most cases, the pressure enhancement is caused to both parameters, but
there are some cases where the difference between the velocity and density
parameter and their background value is negative, meaning the jet is caused
entirely by the other parameter. Furthermore it can be said that the probability
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is higher that the density gets decreased, than the jets being slowed down. This
is consistent with Figure 4.4: there are more cases in the green box compared
to the pink box.

The two plots are overall similar concerning shape and conclusion. But a
slight shift can be detected when comparing the two. The left plot, which uses
measurements at the maximum dynamic pressure, seem to have a number of
jets being solely velocity driven (see the pink box) while the right plot, which
on the contrary uses the measurements from the parameters own maximum
value, have none. While being arguably very close to the pink boarder, it
seems the velocity is more related to the maximum dynamic pressure peak,
also detected in the histogram plots in Figure 4.1 (a), (c) and (e).

External validity is also strengthened by this result as they are rather similar
to the results by Archer & Horbury (2013), namely: the hyperbolic shape of
the distribution and a majority of cases being caused by both parameters. A
noticeable difference, however, is that the results in this study have more cases
being purely density increments (green box), while it looks like the opposite
is true for Archer & Horbury.
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Figure 4.4: Illustration of the influence of density versus velocity to the
dynamic pressure enhancements. The left plot uses the measurements when
the dynamic pressure was at its maximum, the right plot uses measurements
when each parameter was at their maximum. The green boxes encapsulate jets
entirely driven by the density, the pink boxes encapsulate jets entirely driven
by the velocity. The colorbar to the right reveals the number of occurrence.

4.3 Jet location in the Martian frame

It is of interest to investigate where in the Martian frame of reference the jets
are most likely to be. Studying this can give clues on what type of mechanisms
are behind their formation.

In Figure 4.5 the left plot views Mars and its surroundings in the xy plane,
while the right plot views it in the xz plane. For visualization purposes, two
different bow shocks using the model by Ramstad ef al., (2017) [38] are plotted
as the black dashed (ngw=2 cm™, vgw=400 km/s) and solid (nsw=0.1 cm?,
vsw=300 km/s) lines. All 1,128 jets, under the data robustness header in Table
3.1, are plotted. In this figure one can observe the last filtering process of
the jets’ database, separating between jets in the magnetosheath (plotted as
red crosses) and jets found in the atmosphere or shadow of Mars (plotted as
blue circles). The procedure was described in Subsection 3.4.5. Then the
final count of 984 jets was established. Note that the term magnetosheath jets
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is inherited from studies made at Earth, where the vast majority of jets are
found at the magnetosheath. It is clear in the results presented here, however,
that this is not the case for Mars. Thus an interesting topic for future work
and comparisons between the two planets arise: How far can jets penetrate
the Martian induced magnetosphere, and what are the effects? Moreover,
should the term be revised in this setting as the event is not exclusive to the
magnetosheath?

v [Bu]
| 48]

T [R)II

Figure 4.5: All jets after data robustness plotted in the zy to the left and z2
plane to the right. Red crosses represent jets in the magnetosheath and blue
circles represent jets within the Martian atmosphere or shadow. The black
dashed and solid lines represent two different bow shocks.

The outtake from Figure 4.5 is not sufficient to infer the likelihood of where
to find jets. As explained in Subsection 3.6.2, all the MAVEN spacecraft
positions had to be extracted and these are plotted in Figure 4.6, xy plane
to the left and xz plane to the right. The colorbar reveals the occurrence rate
of the spacecraft.

The left plot shows an oval shaped course stretched along the x axis in
reference to the y axis. Furthermore, some concentration of points closer to
the center are spotted. The right plot, on the other hand, shows that the total
trajectory pattern is rather circular in the xz plane and that the selected orbits
never crossed the center, but mostly orbited the planet in a polar sense. There
too, some concentrated regions circling the center can be noticed.
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The red crossed jets in Figure 4.5 were normalized over these spacecraft
appearances and so Figure 4.7 was constructed. The white background means
the spacecraft was never there, blue means the spacecraft was there but no jets
were detected, the color gradient from red to yellow reveal the occurrence rate.
There, a distinct pattern of locations can be seen. In the left plot (xy plane)
a rather even distribution where jets are found is seen. There is an interesting
lack of jets detected in front of the planet for which different reasons can be
discussed. One can also notice that the concentrated regions in the xy plot in
Figure 4.6 do not correlate with a higher rate of jets. Instead, there seems to
be a higher occurrence rate closer to the planet.

The right plot affirms that the jets are more likely to be found north and
south, rather than in front and aft, of Mars. Here, too, the concentration
regions in Figure 4.6 do not strongly correlate with jet findings. Relating to the
histograms (c) and (d) in Figure 4.2 it is possible to draw the conclusion that
the velocity’s z component has a broader distribution because the jets seem to
diverge more in the zz plane compared to the xy plane. In other words, the
velocity vector is more often slanted in the vertical plane than in the horizontal
plane as the jets travel past the planet.

-3 -2 -1 0 1 2 3
xT [Rn]

Figure 4.6: Visualization of all spacecraft occurrences in the zy plane to the
left and in the xz plane to the right.
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Figure 4.7: Illustration of the normalized occurrence rate of jets in the Martian
frame of reference in the xy plane to the left and in the zz plane to the right.

Note that after the normalization process the resulting occurrence rates
should lie between O and 1. This is explained as it is not possible for more
jets to be detected at a location than the spacecraft has been there. The choice
of pixel size might affect the outcome in this way, even though the overall
pattern remains the same. This is due to how the coordinates were defined
and on which sides of the pixel boundaries they reside (see the listings in
Subsection 3.6.2). The jet occurrence coordinates are chosen as the one data
point in the middle of the jet duration. Therefore, some could be distorted.
There is a distinction between the number of data points retrieved from the
SWIA and MAG instruments. For one 4h:40min orbit, SWIA has collected
4,200 data points, while MAG has collected 537,527 data points. To fit them
together the algorithm must skip significantly more data points from MAG,
and thus a slight shift can be detected in the resulting image. It would have
been too computationally heavy to perform all coordinates of the spacecraft
and so sacrifices had to be made. So, some information may have been lost in
translation as the two types of data were fitted to each other.
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Chapter 5

Discussion

Some of the method choices in this thesis will be discussed in Section 5.1.
Then, in Section 5.2, some findings from the results will be examined and
reviewed.

5.1 Discussion of methodology choices

This section begins by reviewing the automation process of gathering jets
through the modified Archer & Horbury (2013) [5] criterion explained in
Subsection 3.4.1. As mentioned, the criterion was executed through the
Matlab function findpeaks() in which it is possible to add an option so that
the code only collects peaks surpassing a defined minimum threshold value.
In this case that value was selected to be the mean of the dynamic pressure
times two, denoted mom in Listing 3.1. This could have effects on the data
collection, as the dynamic pressure might fluctuate more within some 10
minute windows than in others so that mom would not fairly represent the
entire range and thus miss or add some peaks in an unwanted manner. Other
methods that potentially could be used as alternatives to this one might include
detecting jets in an automation process which scans the peaks more locally,
rather than based on an averaged value.

Moving on to the choice of removing jets whose boundaries exceeded the
10 minute interval described in Subsection 3.4.4. The issues related to those
cases could have been solved in other ways than removing them completely
from the database. It could have, for instance, been solved by creating a
slight overlap between the intervals in order to capture more jets when running
the full orbital data, namely when jumping between two 10 minute intervals.
However, the number of dynamic pressure peaks which were deleted in this
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manner were counted to be 46. Relative to the number of jets which was
current in this step in the algorithm (1,128 jets), 46 jets is only about 4% of that
population which is how it was motivated to continue with that approach. It
was considered not worth adjusting the code as it could be too computationally
heavy, without much gain in return.

While still on the topic of the method from Subsection 3.4.4, it is also
worth discussing how the merging of peaks could affect the results. In this
thesis, the merging range was chosen to be 16 s, so that all peaks detected
within that window could be coupled to belong to the same jet instance. There
is yet no typical convention for Mars on how to go about this issue so the choice
was made loosely. Having a more narrow window would increase the number
of jets used in the study, and the results would undoubtedly shift in some way.
If, on the contrary, the range would be widened this too would probably shift
the result, reducing the sample size. This could also lead to non-jet data in
between the peaks infiltrating the database and distorting the results. With
more research going into the field of magnetosheath jets at Mars, it will be
more evident what will be the convention and why. A way of researching topics
like this could be through numerical methods with determined convergence
levels, justifying a more accurate and appropriate range to go by.

Another criterion which was defined without pretext was how the flags
were incorporated in the code as described in Subsection 3.4.2. It was set so
that all jets which had a flag indication within a -2 index distance from it was
removed. This is something that is worth looking over because if that range
is too small, flawed data might infiltrate the database. The approach would
be to inspect the accuracy of the instrumentation, as it is from there the flag
information is retrieved.

Lastly, in Subsection 3.4.5 when choosing one coordinate per jet for
visualization purposes the middle data point of the jet duration was taken.
How this was applied is seen in Listing 3.7, line 9. This could have been done
differently, and the effect of this is argued to be seen in Figure 4.7, Section
4.3. Recall that when normalizing, the output should always lie somewhere
between 0 and 1 so that a legitimate comparison can be conducted. In the
plot, however, it is seen that some values surpassed 1. A possible explanation
for that could be the mismatch between jet and spacecraft coordinates. The
method used for the plot might cause that error regardless of which part of
the jet was chosen and as argued in that section, the overall pattern retrieved
from that result was what was of interest. Thus it was considered acceptable
to move on with that approach.
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5.2 Discussion of results

There is a curious feature concerning the distribution of the y component of the
velocity seen in Figure 4.2(c), Section 4.1. The sudden dip at the zero mark can
not be fully accounted for in this thesis, but it is interesting to speculate what
the reason behind it could be. Note, however, that a wider choice of bin size
would encapsulate that empty space. Looking at the values, the probability
for the y component to be zero is around 0.04. While for the 2 component,
which also experiences a similar but less dramatic zero dip, the probability is
around 0.06. This difference goes against the results in Figure 4.7 where it is
evident the jets travel past Mars by traveling north and southward, rather than
east and westward. This inconsistency between the results could be explained
by a number of different reasons, not covered by this thesis. For example, it
could be due to some sort of asymmetry by the bow shock caused by how it
affected by the IMF, which most often lies in the ecliptic plane. Nonetheless,
it sparks interest to keep studying this result in a new study.

Now, regarding the scale size distribution of the jets in Figure 4.3 which
is steeply skewed right we see that the greatest probability lies somewhere
between 0 and 1 Ry. Some stray jets are seen to have scale sizes of 6 Ry
to 8 Ry;. Comparing with the scale sizes of Earth jets reported by Plaschke
et al., (2020) [27] (mentioned in Section 2.2) it can be said that the results are
equivalent in terms of the planetary radius. However, an important distinction
to make between the two cases is that the sizes of Earth’s magnetosphere
and magnetosheath are proportionally much larger than Mars’ due to Earth’s
intrinsic magnetization. From that perspective, jets at Mars are relatively
larger than at Earth.

Concerning the findings in Figure 4.4, where we inspect the influence of
the density and velocity squared on the dynamic pressure enhancements, it
can be seen that it is more common for jets to be fully driven by the density
than the velocity. This may be explained in several ways that are not covered
by this thesis. It could be examined by correlating the results here with their
location in the Martian frame of reference. Similarly as done in Figure 4.7, but
mapping the jets’ properties rather than only the number of occurrence. Then,
if for instance it is found that the highest density jets are found near the bow
shock the higher distribution for density jets could be devoted to the sudden
increase of density experienced in that region. Another possible explanation
could be a misinterpretation of the plasma. It was mentioned in Subsection
2.3.3 that the SWIA instrumentation operates under the assumption that all
incoming ions are protons, but if the jets included in the database involve a
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significant amount of other ion species it is possible it has altered the results.
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Chapter 6

Conclusions and Future work

This chapter finally concludes the work presented in this thesis and follows
up on the research questions posed in the Introduction, particularly in Section
6.1. Thereafter in Section 6.2, what was left undone and suggestions for future
work is provided.

6.1 Conclusions

Starting with 143 MAVEN orbits and 600,600 data points, the work in
this thesis has searched for magnetosheath jets at Mars with the aim of
characterizing them in this new area. The search was refined with various
criteria, and ended with a population of N = 984 jets. It was considered to
be a sufficient amount of jets to carry on. Then, using various evaluation
processes, these jets have been statistically studied in an attempt to explain the
nature of their existence.

One of the research questions in Section 1.1 concerned whether there can
be enough jets found there to conduct a statistical study, and secondly, if so,
how do they behave? In this thesis, the hypothesis is confirmed: there are
magnetosheath jets at Mars and their behavior is similar to that of Earth, but
scaled down due to the smaller Martian induced magnetosphere. However,
the similarity to Earth is still a relatively loose statement and more work and
deeper comparison remains to be made. One similarity found through this
work was the scale size which was discussed in the chapter above.

Probability distributions of some properties were provided through
histograms, and the jets’ nature could also be interpreted in other ways such
as through correlation and spatial mapping.

Finally, it can be stated that an important stepping stone for the future of
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this research field has been laid. From now on, similar studies are needed as
well as investigations of possible explanations for their presence at Mars.

6.2 Future work

Based on the scope of the derived database there are some aspects that could
have been studied. Instead, the focus was put on the outcomes which have
been presented here. For instance, some elements to consider could be

» Studying the temperature of jets in a similar manner as was done
to the properties in Section 4.1. This could be done by utilizing
other instruments onboard the MAVEN spacecraft, as mentioned in
Subsection 3.4.2.

* Making a more complete and intentional comparative study between
Mars and Earth, and so being able to infer from the differences and
similarities between the planets.

* From a collection of magnetic field data, conducting a Power Spectral
Density (PSD) analysis could be done in order to display the energy
contents of the jets, and comparing that with the PSDs of background
values. This would entail information about their interaction with
magnetospheric waves.

e The Langmuir Probe and Waves (LPW) instrumentation on MAVEN
could be utilized to explore high frequency waves of jets.

There are profound possibilities moving forward from here. The extensive
amount of research on terrestrial jets could act as inspirations for future work.
For instance, in this study all jets found downstream of the bow shock has been
treated the same. Studies which separate jets that impact the magnetopause
could better explain what influences that lead to. What happens to the jets
after they pass that boundary, and how do they affect their surroundings?

Another point of view to study could be the effect jets have on space
weather. It was briefly mentioned in Section 2.3 that MAVEN has detected
aurora on Mars. Coupling that with the correlations between aurora and jets
on Earth (mentioned in Section 2.2), it would be interesting to see if that same
correlation could be made for Mars by investigating if a jet hits one of the
magnetic loops of the crustal fields.

One could also pose the question of correlation between velocity and
time traveled in the magnetosphere. It has been repeated in this thesis that



Conclusions and Future work | 57

it is thought that the further jets travel downstream of the magnetosphere,
the more braked they get. A study on this could be done by collecting each
jet’s distance from the bow shock and statistically looking at the correlation
between location and speed, as Goncharov et al., (2020) [37] did for Earth.
Is there strong evidence for the velocity of jets being related to the interplay
from the bow shock? A study on this could unlock knowledge on the state of
the induced magnetosphere. If, for instance, it would be found that there is no
clear correlation between speed and distance to the bow shock it would be of
interest to investigate that unexpected behavior and what lies behind it.

These being just some examples of possible future works, it is safe to state
that the phenomenon is waiting to be explored further.
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Below are all dates that were searched for jets. All of them were searched
between 00:00:00 to 04:40:00, which is approximately the duration of one

orbit.

Year Month Day

2014 11 30
2014 12 01
2014 12 05
2014 12 10
2014 12 19
2014 12 30
2015 03 25
2015 03 30
2015 04 15
2015 04 20
2015 05 15
2015 09 10
2015 09 15
2015 09 20
2015 09 25
2015 09 30
2015 10 05
2015 10 10
2016 02 20
2016 03 05
2016 03 10
2016 03 15
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2016 03 20
2016 03 25
2016 03 30
2016 07 30
2016 08 05
2016 08 10
2016 08 15
2016 08 20
2016 08 25
2016 08 30
2016 11 25
2016 11 30
2016 12 05
2016 12 10
2016 12 15
2016 12 20
2016 12 25
2016 12 30
2017 05 20
2017 05 25
2017 05 30
2017 06 05
2017 06 10
2017 06 15
2017 06 20
2017 10 20
2017 10 25
2017 10 30
2017 11 05
2017 11 10
2017 11 15
2017 11 20
2017 11 25
2017 11 30
2018 03 20
2018 03 25
2018 03 30
2018 04 05
2018 04 10



2018 04 15
2018 04 20
2018 04 25
2018 04 30
2018 08 20
2018 08 25
2018 08 30
2018 09 05
2018 09 10
2018 09 15
2018 09 20
2019 01 10
2019 01 15
2019 01 20
2019 01 25
2019 01 30
2019 02 05
2019 02 10
2019 02 15
2019 05 30
2019 06 05
2019 06 10
2019 06 15
2019 06 20
2019 06 25
2019 06 30
2019 07 05
2019 07 10
2019 09 30
2019 10 05
2019 10 10
2019 10 15
2019 10 20
2019 10 25
2019 10 30
2019 11 05
2019 11 10
2020 02 20
2020 02 25
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2020 02 29
2020 03 05
2020 03 10
2020 03 15
2020 03 20
2020 06 10
2020 06 30
2020 07 10
2020 07 15
2020 07 20
2020 07 25
2020 07 30
2020 10 20
2020 10 25
2020 10 30
2020 11 15
2020 11 20
2021 02 15
2021 02 20
2021 02 25
2021 03 05
2021 03 10
2021 03 15
2021 03 20
2021 03 25
2021 03 30
2021 07 20
2021 07 25
2021 07 30
2021 08 05
2021 08 10
2021 08 15
2021 08 20
2021 08 25
2021 08 30
2021 10 30
2021 11 15
2021 11 20
2021 11 25



2021 11 30
2021 12 05
2021 12 10
2021 12 15
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Appendix B

Randomly selected jets for ver-

ification testing

The txt-file random verification.txt of the 10 random jets selected
for manual inspection is seen below, where y=year, m=month, d=day,
H=hour, M=minute, S=second. 1 and 2 denotes start and end time
of the jet, respectively. They were selected with the Matlab command
maxdata{randi([l height(maxdata)]),1:2}, where maxdata is a table
containing jet data and the two first columns obtain the start and end times.

yl ml dl H1 M1 S1 y2 m2 d2 H2 M2 S2
2016 12 20 00 04 53 2016 12 20 00 05 01
2019 10 25 01 40 12 2019 10 25 01 41 00
2020 10 20 01 46 16 2020 10 20 01 46 24
2021 02 20 03 50 21 2021 02 20 03 50 37
2017 11 25 01 49 28 2017 11 25 01 49 36
2016 03 25 01 55 58 2016 03 25 01 56 14
2017 10 25 02 48 10 2017 10 25 02 48 42
2020 11 20 04 31 48 2020 11 20 04 32 44
2016 11 30 00 46 17 2016 11 30 00 46 41
2020 07 30 00 13 27 2020 07 30 00 13 35
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The following Matlab code plots the FOV of the randomly selected jets:

Listing B.1: Inspection of FOV Matlab code.

% mav_jet_fov_vl plots fields

of view for jet candidate

events .

%

% HG 2022—-09-22
% Modified by Tara Mohammed—Amin 2023—-06—16

clc;close all;clear

9%% basedir 1is

basedir

%% Aquire
folder =
dir(fullfile (folder ,
fullfile ({ file .folder},{ file .name}) ';

file =
paths =

tab_rand

= table ('Size "', [1

all

the top directory of the Maven database

"/home/space —maven/data ';

dates
'/home/tarama/mmaven/ m_files/';
'random verification .

random

txt'));

12], ‘'variableTypes',[”

double”,”double”,” double ...
,”double”,”double”,” double”,”double”,” double”,”
double” ,”double”,” double”,” double”’]) ;

tab_rand . Properties . VariableNames (”Varl”) = 7yl”7;
tab_rand . Properties . VariableNames (”Var2”) = "ml”;
tab_rand . Properties . VariableNames (”Var3”) = 7dl”;
tab_rand . Properties . VariableNames (”Var4d”) = "H1”;
tab_rand . Properties . VariableNames (”Var5”) = "M1”;
tab_rand . Properties . VariableNames (”Var6”) = ”S17;
tab_rand . Properties . VariableNames (”Var7”) = 7"y2”7;
tab_rand. Properties . VariableNames (”Var8”) = "m27;
tab_rand . Properties . VariableNames (”Var9”) = 7d2”7;
tab_rand . Properties . VariableNames (”Varl0”) = "H2”;
tab_rand . Properties . VariableNames (”Varll”) = "M2”;
tab_rand. Properties . VariableNames (”Varl2”) = 7S27;
for i = 1:length(paths)

randjets = readtable (paths{i}, 'Delimiter'," ',

PreserveVariableNames ', true);

tab_rand = [tab_rand;randjets ];

end

tab_rand (1 ,:) =

randvec

[1;
table2array (tab_rand);
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9% Figures in which we plot
figure ()
clf
fpos = get(gcf, 'pos');
set(gcf, 'paperpositionmode ', "auto ', ..
"position ' ,[fpos (1) fpos(2)+fpos(4)-1000 1050
350])

haa(1) = axes('position"',[0 0.2 0.83 0.5]);

haa(2) = axes('position',[0.9 -0.5 0.1 0.2]);

i=1; % Change i to change the time interval

t3 = datenum ([randvec(i,1) randvec(i,2) randvec(i,3)
randvec (i ,4) randvec(i,5) randvec(i,6)]); %
start of interval

t4 = datenum ([ randvec(i,7) randvec(i,8) randvec(i,9)
randvec (i,10) randvec(i,11) randvec(i,12)]); % end

of interval
Emin = 750; Emax = 3000; % Energy range [eV]
[Finestruct , Coarsestruct] = ..
mav_plot_swia_fov (t3 ,t4 ,basedir ,haa(l) ,haa(2),
Emin , Emax) ;

Yielding the following FOV’s:
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Appendix C

Full Matlab codes

Here are the codes used in the thesis. Listing C.1 was used to compile the
sample, regarding the spacecraft’s orbits. Listing C.2 runs through all the
selected dates and abstract all jets according to various criteria. Listing C.3
separates the magnetosheath jets from the atmosphere and shadow of the jets,
and plots the normalized map of jet occurrences. Listing C.4 creates all
histograms and the plots demonstrating the correlation between density and
velocity.

Listing C.1: Matlab code for plotting orbits for evaluation and selection of
dates.

% Plots spacecraft orbits together with bow shocks for different dates and

% different parameters

%

% Author: Tara Mohammed—Amin (Inspired by HG 2022—11-02 — mav_jet_paper22figpos.m)

clc; close all; clear all;

Rm = 3389.5; % [km], Volumetric mean radius according to
% https ://nssdc. gsfc.nasa.gov/planetary/factsheet/marsfact. html

FS 15;

FSleg 12;

fontname="utopia ';

%% Figure

hfig=figure () ;

clf

fpos = get(gef, 'pos');

set (gef, 'paperpositionmode ', "auto ', ..
'position ' ,[fpos (1) fpos(2)+fpos(4)-1000 1060 1000])

haf (1) = axes('position',[0.060 0.550 0.440 0.44]);

klot ([0,0,0],[0,0,17, "kr")

haf (2) = axes('position',[0.550 0.550 0.440 0.44]);

klot ([0,0,0],[0,0,1], "kr")

haf(3) = axes('position',[0.060 0.055 0.440 0.44]);

klot([0,0,0],[0,0,1], "kr")

haf (4) = axes('position',[0.550 0.055 0.440 0.44]);

klot([0,0,0],[0,0,17, "kr")

alphabet = ('a':'d").";

chars = num2cell(alphabet);

chars = chars.';

charlbl = strcat('(',chars,')'); % {'a)’','b) ", 'c)"', 'd)")

text (haf(1),0.025,0.95,charlbl {1 Units ', 'normalized ', 'FontSize ',12)
text(haf(2),0.025,0.95,charlbl{ Units ', 'normalized ', 'FontSize ',12)
text (haf(3),0.025,0.95,charlbl Units ', "'normalized ', 'FontSize ',12)

b
3,
{31."

text (haf(4),0.025,0.95,charlbl {4}, ' Units "', 'normalized ', 'FontSize"',12)

2
3
4




hafp=get (haf, "pos');
set(gef, 'children ', flipud(get(gef, 'children')))

%% Solar wind cases

% Solar wind and bow shock case 1

nswl = 0.1;

vswl = 300;

x01 = (0.511%nswl”(-0.37)*%(vswl/100)"(-0.86)+1.46);
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xl = [x01:-0.01:-2.5];

[rhoBS ,rhoIMB,~] = mav_model_boundaries (xl, nswl, vswl);
% Solar wind and bow shock case 2

nsw2 = 2;

vsw2 = 400;

x02 = 0.511%nsw27(-0.37)%(vsw2/100)~(-0.86)+1.46;

x2 = [x02:-0.01:-2.5];

[rhoBS2,~,~] = mav_model_boundaries(x2, nsw2, vsw2);

9%% Data for
% Case A

different dates

t1A = datenum([2015 01 09 00 00 00]);

t2A = datenum([2015 01 09 04 40 00]);

Bstruct = mav_Bfield (t1A,t2A, '/home/space —-maven/data
posA = Bstruct.scpos/Rm;

% Case B

tIB = datenum([2016 02 01 00 00 00]);

t2B = datenum ([2016 02 01 04 40 00]);

Bstruct = mav_Bfield(t1B,t2B, '/home/space -maven/data
posB = Bstruct.scpos/Rm;

% Case C

t1C = datenum([2017 03 27 00 00 00]);

t2C = datenum ([2017 03 27 04 40 00]);

Bstruct = mav_Bfield(t1C,t2C, '/home/space -maven/data '
posC = Bstruct.scpos/Rm;

% Case D

t1D = datenum([2018 04 10 00 00 00]);

t2D = datenum([2018 04 10 04 40 00]);

Bstruct = mav_Bfield(t1D,t2D, '/home/space -maven/data '
posD = Bstruct.scpos/Rm;

% Case E

t1E = datenum([2019 05 07 00 00 00]):

t2E = datenum ([2019 05 07 04 40 00]);
Bstruct = mav_Bfield (t1E ,t2E, '/home/space —maven/data
posE = Bstruct.scpos/Rm;

dateandtime =datetime (Bstruct.time, 'convertfrom'

% Case F

t1F = datenum([2020 06 11 00 00 00]);

t2F = datenum ([2020 06 11 04 40 00]):

Bstruct = mav_Bfield (t1F,t2F, '/home/space —maven/data '
posF = Bstruct.scpos/Rm;

% Case G

t1G = datenum ([2021 11 30 00 00 00]);
2G = datenum([2021 11 30 04 40 00]);
Bstruct = mav_Bfield (t1G,t2G, '/home/space —maven/data '

posG= Bstruct.scpos/Rm;

% Case H

t1H = datenum ([2021 12 10 00 00 00]);

t2H = datenum([2021 12 10 04 40 00]);

Bstruct = mav_Bfield (t1H,t2H, '/home/space —maven/data '
posH = Bstruct.scpos/Rm;

% Case 1

t1T = datenum([2021 12 20 00 00 00]);

t21 = datenum ([2021 12 20 04 40 00]);

Bstruct = mav_Bfield(tl1I,t2I,'/home/space-maven/data"'
posl = Bstruct.scpos/Rm;

9%% Plot xy plane

Cg = [0 0.5 0];

Must = [0.9290 0.6940 0.1250];
Lb = [0.3010 0.7450 0.9330];

s

s

s

, 'datenum ') ;
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hold (haf (1), 'on")
axis (haf(1), 'equal')
view (haf (1) ,0,90) %0 deg azimuth, 90 deg elevation (view(2))

Aplot = plot3 (haf(1),posA(:,1),posA(:,2),posA(:,3), linewidth"',1, 'Color",'r");
Bplot = plot3 (haf(1l).,posB(:,1),posB(:,2),posB(:,3), 'linewidth"',1, "Color','g"):
Cplot = plot3 (haf(1),posC(:,1),posC(:,2),posC(:,3), linewidth"',1, 'Color",'c");
Dplot = plot3 (haf(1l),posD(:,1) ,posD(:,2),posD(:,3), 'linewidth"',1, "Color','b");
Eplot = plot3 (haf(1),posE(:,1),posE(:,2),posE(:,3), linewidth',1, ' Color", 'm");

Fplot = plot3 (haf(l),posF(:,1),posF(:,2),posF(:,3), linewidth",
Gplot = plot3 (haf(1),posG(:,1),posG(:,2),posG(:,3), linewidth"',
Hplot = plot3 (haf(1),posH(:,1) ,posH(:,2) ,posH(:,3), linewidth",
Iplot = plot3 (haf(l),posI(:,1),posI(:,2),posI(:,3), linewidth"',
plot3 (haf (1) ,x1,rhoBS, zeros(length(rhoBS)), 'k");

plot3 (haf (1) ,x1,-rhoBS, zeros(length(rhoBS)), 'k");

plot3 (haf(1),x2,rhoBS2, zeros (length(rhoBS2)), 'k—-");

plot3 (haf(1),x2,-rhoBS2, zeros (length (rhoBS2)), 'k—-")

ylim (haf(1), [-2.6 2.6])

xlim (haf (1), [-2.6 2.6])

hold (haf (1), 'off")

"Color','y"');
'Color ',Cg);
'Color ' ,Must) ;
'Color ',Lb);

[N GG N G S IV I N

xlabel (haf (1), '$x$\ \ \ [$R_\mathrm{M}$]", "interpreter ', 'latex ', 'fontname ', fontname, 'fontsize '
ylabel (haf (1), '$Sy$\ \ \ [$R_\mathrm{M}$]"', "interpreter ', 'latex ', 'fontname ', fontname, 'fontsize '

9%% Plot xz plane

hold (haf(2),'on")

axis (haf(2), 'equal')

plot3 (haf(2) ,posA(:,1),posA(:,2),posA(:,3), 'linewidth',1, 'Color','r"
plot3 (haf(2) ,posB(:,1) ,posB(:,2),posB(:,3), 'linewidth',1, 'Color',"'g
plot3 (haf(2) ,posC(:,1),posC(:,2),posC(:,3), linewidth',1, 'Color"','c
plot3 (haf(2) ,posD(:,1) ,posD(:,2) ,posD(:,3), 'linewidth',1, 'Color','b
plot3 (haf(2) ,posE(:,1) ,posE(:,2) ,posE(:,3), 'linewidth',1, 'Color', 'm’
plot3 (haf(2) ,posF(:,1) ,posF(:,2) ,posF(:,3), 'linewidth',1, Color','y"');
plot3 (haf(2) ,posG(:,1),posG(:,2) ,posG(:,3), " "linewidth',1, 'Color"',Cg);
plot3 (haf(2) ,posH(:,1) ,posH(:,2) ,posH(:,3), 'linewidth ' ,1, 'Color',Must);
plot3 (haf(2),posI(:,1),posI(:,2),posI(:,3), " "linewidth',1, 'Color"',Lb);
BS1 = plot3 (haf(2),x1,zeros(length(rhoBS)) ,rhoBS, 'k");

BS2 = plot3 (haf(2),x2,zeros(length(rhoBS2)) ,rhoBS2, 'k—-");

plot3 (haf(2),x1,zeros(length (rhoBS)),-rhoBS, 'k")

plot3 (haf(2) ,x2,zeros(length(rhoBS2)),-rhoBS2, 'k--")

axis (haf(2), 'equal')

view (haf (2) ,0,0) %0 deg azimuth, 0 deg elevation

hold (haf(2), 'off")

xlabel (haf(2),'$x$\ \ \ [$R_\mathrm{M}$]"', "interpreter ', 'latex ', 'fontname ', fontname, 'fontsize '
'.FS)

zlabel (haf(2),'$z$\ \ \ [$R_\mathrm{M}$] ', "interpreter ', 'latex ', 'fontname ', fontname, 'fontsize
zlim (haf(2), [-2 3.2])
xlim (haf(2), [-2.6 2.6])

%% Plot yz plane

axis (haf(3), 'equal')

hold (haf(3),'on")

plot3 (haf(3) ,posA(:,1),posA(:,2).,posA(:,3), 'linewidth',1

plot3 (haf(3) ,posB(:,1) ,posB(:,2),posB(:,3), 'linewidth',1

plot3 (haf(3) ,posC(:,1),posC(:,2).,posC(:,3), 'linewidth',1

plot3 (haf(3) ,posD(:,1) ,posD(:,2) ,posD(:,3), 'linewidth',1 R
plot3 (haf(3) ,posE(:,1) ,posE(:,2),posE(:,3), 'linewidth',1, 'Color', 'm");
plot3 (haf(3) ,posF(:,1),posF(:,2),posF(:,3), 'linewidth',1 ;
plot3 (haf(3) ,posG(:,1),posG(:,2) ,posG(:,3), 'linewidth',1

plot3 (haf(3) ,posH(:,1) ,posH(:,2) ,posH(:,3), 'linewidth',1

plot3 (haf(3),posI(:,1),posI(:,2),posI(:,3), 'linewidth ', 1

view (haf(3),90,0) %0 deg azimuth, 0 deg elevation

hold (haf(3), 'off")

ylabel (haf(3),'Sy$\ \ \ [$R_\mathrm{M}$]", "interpreter ', 'latex ', 'fontname ', fontname, 'fontsize '
zlabel (haf(3),'$z$\ \ \ [$R_\mathrm{M}$]"', "interpreter ', 'latex ', 'fontname ', fontname, 'fontsize '

zlim (haf(3), [-2 3.2])
ylim (haf(3), [-2.6 2.6])

9%% Plot cylindrical coordinates
hold (haf(4),'on")
axis (haf(4), 'equal')
view (haf(4) ,0,90) %0 deg azimuth, 90 deg elevation
plot(haf(4) ,posA(:,1),sqrt(posA(:,2)."2+posA(:,3).72), linewidth",1
plot(haf(4) ,posB(:,1),sqrt(posB(:,2)."2+posB(:,3).72), linewidth"',1
plot(haf(4) ,posC(:,1),sqrt(posC(:,2)."2+posC(:,3).72), linewidth"',1, " Color","
plot (haf(4) ,posD(:,1),sqrt(posD(:,2)."2+posD(:,3).72), linewidth"',1, 'Color",
plot(haf(4) ,posE(:,1),sqrt(posE(:,2).72+posE(:,3).72), 'linewidth',1, 'Color"', 'm
1
1
1
1

,'Color','r"'
, 'Color "',

)
D

)
)

)

o oo =

plot(haf(4) ,posF(:,1),sqrt(posF(:,2).~2+posF(:,3).72), linewidth"',1, ' Color','y");
plot(haf(4) ,posG(:,1),sqrt(posG(:,2)."2+posG(:,3).72), linewidth"',1,"Color"',Cg);
plot(haf(4) ,posH(:,1),sqrt(posH(:,2)."2+posH(:,3).72), "linewidth ',1, 'Color',Must);
plot(haf(4) ,posI(:,1),sqrt(posI(:,2)."2+posI(:,3).72), linewidth"',1,"Color',Lb);
plot3 (haf(4) ,x1,rhoBS, zeros(length(rhoBS)), 'k");

plot3 (haf(4) ,x1,-rhoBS, zeros(length(rhoBS)), 'k");

-FS)
.ES)

.ES)

-FS)
.ES)
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plot3 (haf(4) ,x2,rhoBS2, zeros (length (rhoBS2)), 'k——");

plot3 (haf(4) ,x2,-rhoBS2, zeros (length (rhoBS2)), 'k——")

xlim (haf(4), [-2.5 2.5])

ylim (haf(4), [0 5])

hold (haf(4), 'off")

xlabel (haf(4),'$x$\ \ \ [$R_\mathrm{M}$] ', "interpreter ', 'latex ', 'fontname ',fontname, 'fontsize ' ,FS)

ylabel (haf(4), '$\sqre{y {2}+2z7{2}}$\ \ \ [$R_\mathrm{M}$] "', '"interpreter ', 'latex ', 'fontname',fontname, '
fontsize ',FS)

9%% Legends

% Bow shock legend

subsetBS = [BSI(1) BS2(1) BS3(1)];

labels1 = {string (nswl), string(nsw2), string (nsw3)};

labels2 = {string (vswl), string (vsw2), string(vsw3)};

labels = cellfun(@(x,y) {sprintf('%I10s%30s%25s "', x, y)}, labelsl, labels2);

1gdBS = legend (haf(4), subsetBS, labels , 'NumColumns' , 1);

set (1gdBS, 'fontname ',fontname , 'fontsize ',11)

set(1gdBS, 'pos',[0.40 0.367 0.25 0.08])

titles = {'n_{SW} [em™{-3}]"', 'v_{SW} [km/s]'};

titles = sprintf ('%30s%20s ', titles {:});

1gdBS . Title . String = titles;

set(gef, 'children ', flipud (get(gef, 'children')))

% Date legend

subsettra = [Aplot Bplot Cplot Dplot Eplot Fplot];

lgdtra = legend(haf(3),subsettra ,datestr (t1A, 'yyyy-mm-dd ') ,datestr (tIB, 'yyyy-mm-dd ') ,datestr (t1C, 'yyyy
-mm-dd ') ,datestr (t1D, 'yyyy-mm-dd ') ,datestr (t1E, 'yyyy-mm-dd ') ,datestr (t1F, 'yyyy-mm-dd '), 'Location '
,'northeast');

set(lgdtra, 'fontname ',fontname , 'fontsize ',11)

set(lgdtra, 'pos',[0.40 0.45 0.14 0.11])

Listing C.2: Matlab code for definition, refinement and collection of jets.

% mav_jet_quicklook_v2 plots some data of potential relevance for
% looking at bow shock crossings.

% Original code: Herbert Gunell 2022—-08-25
% Modified code: Tara Mohammed—Amin 2023-06
clc;clear all;close all;

mp = 1.67e-27; % [kg] proton mass

9% data acquisition
YDolmport sample with dates
folder = '/home/tarama/mmaven/ m_files/";
file = dir(fullfile (folder, ‘'sample.txt"'));
paths = fullfile ({ file.folder},{ file.name}) ';
tab_orb = table('Size', [1 3], 'variableTypes',[”double”,”double”,”double”]);
tab_orb . Properties . VariableNames (”Varl”) = ”Year”;
tab_orb . Properties . VariableNames (”Var2”) = “Month”;
tab_orb . Properties . VariableNames (”Var3”) = "Day”;
for i = l:length(paths)
date = readtable (paths{i}, 'Delimiter',"' ', 'PreserveVariableNames ', true);
tab_orb = [tab_orb;date];
end
tab_orb (1,:) = [];
datevec = table2array (tab_orb);
jets_unfil = [];
jets_fil = []:
bounddel = [];
timestep = datenum ([0 0 0 0 10 0]);
%Create txt—file of time intervals , run code and save a txt—file for each
for d = 1:length(datevec)
tl = datenum ([ datevec(d,:) 00 00 00]);
t2 = datenum ([ datevec(d,:) 04 40 00]);
datevec(d,:)
for t1l1 = tl:timestep:t2—timestep

t22 = tll+timestep;

Bstruct = mav_Bfield(tl11,t22, '/home/space -maven/data '); 9% Load the magnetic field
Momstruct = mav_swia_moments(tll ,t22,'/home/space-maven/data'); % Load the SWIA moments
Spectrstruct = mav_swia_spectra(tll ,t22,'/home/space-maven/data'); % Load the SWIA spectrum

9%% PLOT

Cg = [0 0.5 0]; % Cluster green
FS = 15;

FSleg = 12;

fontname="utopia ';




82| Appendix C: Full Matlab codes

figure ('visible ', "off ");clf

fpos = get(gef, 'pos');

set(gef, 'paperpositionmode ', 'auto ', 'position ', ..
[fpos (1) fpos(2)+fpos(4)-1237 905 1237])

ha(l) = axes('position',[0.10 0.845 0.81 0.13]);
ha(2) = axes('position',[0.10 0.710 0.81 0.13]);
ha(3) = axes('position',[0.10 0.575 0.81 0.13]);
ha(4) = axes('position',[0.10 0.440 0.81 0.13]);
ha(5) = axes('position',[0.10 0.305 0.81 0.13]);
ha(6) = axes('position',[0.10 0.170 0.81 0.13]);
ha(7) = axes('position',[0.10 0.035 0.81 0.13]);

hap=get(ha, 'pos');

% Spectrogram

tplot = [1.5%Spectrstruct.epoch(1)-0.5%xSpectrstruct.epoch(2); ..
0.5%(Spectrstruct.epoch(l:end-1)+Spectrstruct.epoch(2:end)); ..
1.5% Spectrstruct.epoch(end)-0.5% Spectrstruct.epoch(end-1)].";

logE = loglO(Spectrstruct.energy_spectra).';

logEplot = [1.5%1ogE(1)-0.5%xlogE(2) 0.5%(logE(l:end-1)+logE(2:end)) ..

1.5%1ogE(end) -0.5%logE (end-1)];

Eplot=10.~(logEplot);

pp=loglO(Spectrstruct.spectra_diff_en_fluxes).";

ppmin = min(min(pp(~isnan(pp) & ~isinf(pp))));

% La bétise

pp(isnan(pp) | isinf(pp)) = -15;

ss=size (pp);

pp=I[[pp zeros(ss(l),l)];zeros(l,ss(2)+1)];

surf (ha(l),datetime (tplot, 'convertfrom ', "datenum ') ,Eplot,pp)
set(ha(l), 'fontname ',fontname, 'fontsize ',14," " xticklabel ' ,[])
view (ha(1),2);grid(ha(l), " 'off ");shading(ha(1), flat")
set(ha(l), 'yscale','log', "ytick"',10.A[-10:10])

ylabel (ha(l),'El_{i}', 'fontname ', fontname, 'fontsize ' ,FS);

cax=caxis(ha(l));
caxis (ha(l) ,[ppmin cax(2)])

hh=colorbar ( 'peer ',ha(l));

hhpos=get (hh, 'pos ') ;

set (hh, 'position ' ,[hhpos(1)+0.07 hhpos(2) 0.02 hhpos(4)])
set (hh, 'fontname ',fontname , 'fontsize ',14)

ylabel (hh, "lg (DEF) ', 'fontname ', fontname , 'fontsize ',FSleg)
colormap jet

ylim (ha(1) ,[20 20000])

% Bl

hl=plot(ha(2),datetime (Bstruct.time, 'convertfrom ', 'datenum'),Bstruct.B);

set(hl(1), 'color','b");

set(hl(2), 'color',Cg);

set(hl1(3), 'color','r");

set(ha(2), 'fontname ',fontname, 'fontsize ',14, 'xticklabel ' ,[])

ylabel (ha(2), 'B_{{\color{blue}x}.{\color{green}y}.{\color{red}z}} [nT]"', ..
'fontname ', fontname , 'fontsize ',FS);

% |B|
absB = sqrt(sum(Bstruct.B.72,2));
plot(ha(3),datetime (Bstruct.time, 'convertfrom ', "datenum '), ..

absB, 'k');
set(ha(3), 'fontname ',fontname, 'fontsize ',14, 'xticklabel ' ,[])
ylabel (ha(3),'|B| [nT] "', '"fontname ', fontname , 'fontsize ',FS);

% SWIA ni

plot(ha(4),datetime (Momstruct.epoch, 'convertfrom ', "datenum '), ..
Momstruct. density , 'k")

set(ha(4), 'fontname ',fontname, 'fontsize ',14," ' xticklabel ' ,[])

ylabel (ha(4),'n_{i} [em”A{-3}]", 'fontname ',fontname, 'fontsize ',FS);

% SWIA Ti

plot(ha(5),datetime (Momstruct.epoch, 'convertfrom
mean (Momstruct. temperature_mso."') ,'k")

set(ha(5), 'fontname ',fontname , 'fontsize ',14," 'xticklabel ' ,[])

ylabel (ha(5),'T_{i} [eV] ', fontname ', fontname, 'fontsize ',FS);

, 'datenum '), ..

% SWIA Vi

v = sqrt(Momstruct. velocity_mso (:,1).72 + Momstruct. velocity_mso (:,2).72 + Momstruct.
velocity_mso (:,3).72);

hl=plot(ha(6),datetime (Momstruct.epoch, 'convertfrom

, 'datenum '), ..
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Momstruct. velocity_mso , .
datetime (Momstruct.epoch,
set(hl(l), 'color','b");
set(hl(2), 'color','g");
set(hl1(3), 'color','r");
set(hl(4), 'color','k');
set(ha(6), 'fontname ',fontname, 'fontsize ',14," xticklabel ' ,[])
ylabel (ha(6), 'vi_{{\color{blue}x},{\color{green}y}.{\color{red}z}} [km/s]"', ..
'fontname ', fontname , 'fontsize ',ES);
lgdv = legend(ha(6),hl(4),"|v]"');
set(lgdv, 'fontname ',fontname , 'fontsize ',11);

ConvertFrom ', 'datenum ') ,v);

% Dynamic pressure (assuming all ions are protons)

%Separating between where both types of flags are ok and bad data
gooddata = [];

baddata = [];

for i = l:length(Momstruct. quality_flag)

if Momstruct. quality_flag(i) == 1 && Momstruct.decom_flag(i) == 1
gooddata = [gooddata ; i];

else
baddata = [baddata; i];

end

end

vmag2=sum(Momstruct. velocity_mso ."2 ,2)xle6; % m/s
pdyn = mpkle6+Momstruct.density .xvmag2; % kg m =3}
% construct a 10 minute running mean of pdyn
pdynmean = zeros(size(pdyn));
for ii=I1:length(pdyn)
t00 = Momstruct.epoch(ii);
pdynmean (ii )= mean(pdyn(Momstruct.epoch>t00-5/1440 & ...
Momstruct.epoch<t00+5/1440));
end
pdynmeanok = pdynmean(gooddata);
pdynmean2 = 2:xpdynmeanokxle9;
mom = mean(pdynmean2); Jemean of mean

hd = plot(ha(7),datetime (Momstruct.epoch, 'convertfrom ', 'datenum ') ,pdyn=*le9, 'k', ..
datetime (Momstruct.epoch(gooddata), 'convertfrom ', 'datenum ') ,pdynmeanok:x1e9, 'b:
datetime (Momstruct.epoch(gooddata), 'convertfrom ', "datenum ') ,pdynmean2, 'b—", ..
datetime (Momstruct.epoch, 'convertfrom ', 'datenum ') ,momsones (length (pdynmean) ,1),'r ', ..
datetime (Momstruct.epoch(baddata), 'convertfrom ', "datenum ') ,pdyn(baddata)*le9, 'r.");

if size(pdyn(baddata)) == size(Momstruct. quality_flag) JDif the whole set is flagged
lgdp = legend(ha(7) ,[hd(3)], 'Flagged');
elseif isempty(pdyn(baddata)) == 0 Jothere are some flags in the set

lgdp = legend(ha(7) ,[hd(2) hd(3) hd(4) hd(5)]...
"$\bar{p}_\mathrm{dyn}$ "', '$2\bar{p}_\mathrm{dyn}$ "', '$2\bar{p}_\mathrm{dyn,avg}$"',"
Flagged ');
else
lgdp = legend(ha(7) ,[hd(2) hd(3) hd(4)],..
"$\bar{p}_\mathrm{dyn}$ "', '$2\bar{p}_\mathrm{dyn}$ "', '$2\bar{p}_\mathrm{dyn.,avg}$'); %
There are no flags in the set
end
set(lgdp, 'fontname ', fontname, 'fontsize ',9, "interpreter ', 'latex ');
set(ha(7), 'fontname ',fontname , 'fontsize ',14)
ylabel (ha(7), '$p_\mathrm{dyn}$\ \ \ [nPa]', ..
'fontname ', fontname , 'fontsize ' ,FS, "interpreter ', 'latex ');
grid (ha(7),'on")
linkaxes (ha, 'x")
xlim (ha(7) ,datetime (1%[tl1 t22], 'convertfrom

, "datenum "))

9% Jet determination
dateandtime =datetime (Momstruct.epoch, 'convertfrom

, 'datenum ') ;

[~, ind, wi, ~] = findpeaks (pdynxle9, 'MinPeakHeight' ,mom); %find peaks above mean of 2
pdynmean
HW = ceil (wi/2); Yohalf width rounded UP to integer

jets_unfil = [jets_unfil ; ind];

9%% Jet data accuracy and robustness
if isempty(ind)== Joif there are jets in the interval

JoDeleting inds if there are flags within +=2 steps
for i = 1:length(ind)
a = max(ind(i)-2,1);
b = min(ind (i)+2,length (Momstruct. quality_flag));
if any(Momstruct. quality_flag(a:b)~=1) == || any(Momstruct.decom_flag(a:b)~=1) ==
ind(i) = 0; J%ocant delete yet, for loop depends on length of ind
end
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ind(ind==0) = [];

Y%oDeleting inds if they are upstream of the BS
SWind = find (Momstruct.telem_mode==0);
if isempty (SWind)==0
for i = l:length (SWind)
if ismember(SWind(i) ,ind)==1
ind (ind==SWind(i)) = 0;
end
end
end
ind (ind==0) = [];

JDoDeleting inds if their boundaries extend further than the 10min interval
for k = 1:length(ind)
if ind(k)-HW(k)<=0

ind (k) = 0;
HW(k) = 0;
end
if ind(k)+#HW(k)>=length (Momstruct.density)
ind(k) = 0;
HW(k) = 0;
end

end
YDadding how many inds were deleted in the boundaries
if any(ind==0)
bounddel = [bounddel ; length(find(ind==0))];
datetime (t11, 'convertfrom ', "datenum ')

end

ind (ind==0) = [];

HWHW==0) = [];

Jindices before and after each peak
it =11

iz = 11

for i = I:length(ind)
jl(end+1,1) = ind(i) - HW(i);
j2(end+1,1) = ind(i) + HW(i);
end

Jemake loop to merge peaks within 16 s. overwrite jl and j2 in between,
Y%Gunell et al (2023) ~15 s between peaks
for p = 1:length(ind)-1
if ind(p+1)-ind(p)<=4
jl(p+1) = 0;
j2(p) = 0;
ind(p) = 0
end
end
ind (ind==0) = [];
jr(jl==0) = [I:
j2(j2==0) = [1:
jets_fil = [jets_fil ; ind]; JDojust to print the number of filtered jets

JDoPrepare vectors to save different types of jet data in
times = string(datestr(dateandtime , 'yyyy-mm-dd HH:MM:SS'));
inte_jet = string(zeros(length(jl).2));

n_jet = zeros(length(jl),1);

B_jet = zeros(length(jl),1);

v_jet = zeros(length(jl).,3);

absv_jet = zeros(length(jl),1);

dur_jet = zeros(length(jl),1);

9%% Save jets to txt —— MEAN OF JET PROPERTIES
YDAnother isempty if—condition in case jets have been deleted

if isempty(ind) 0

for h = l:length(jl)
inte_jet(h,1) =times(jl(h));
inte_jet(h,2) = times(j2(h));
dur_jet(h) = seconds(dateandtime (j2(h))-dateandtime (jl(h)));
n_jet(h,1) = mean(Momstruct.density (jl(h):j2(h))); 9en
B_jet(h,1) = mean(absB(jl(h):j2(h),1)); %| B |
v_jet(h,1) = mean(Momstruct.velocity_mso(jl(h):j2(h),1)); Jov_x
v_jet(h,2) = mean(Momstruct.velocity_mso(jl(h):j2(h),2)); Jov _y
v_jet(h,3) = mean(Momstruct.velocity_mso(jl(h):j2(h).3)); Jov_z
absv_jet(h,1) = mean(v(jl(h):j2(h),1)); %| v |

end

later

Yoduration
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Tab_mean = table('Size', [length(inte_jet(:,2)) 3], 'variableTypes',[”string”,”string
”,”double]) ;

%Creating table for all of the above

Tab_mean(:,1) = array2table(inte_jet(:,1));

Tab_mean (:,2) = array2table(inte_jet(:,2));

Tab_mean(:,3) = array2table(dur_jet);

Tab_mean (: ,4) = array2table(n_jet);

Tab_mean (:,5) array2table (B_jet);

Tab_mean (:,6:8) = array2table(v_jet);

Tab_mean (:,9) array2table (absv_jet);

Tab_mean. Properties . VariableNames (”Varl”) = ”StartTime ”;

Tab_mean. Properties . VariableNames (”Var2”) = “EndTime”;

Tab_mean. Properties . VariableNames (”Var3”) = ”Duration”;

Tab_mean. Properties . VariableNames (”Var4”) = "Density ”;

Tab_mean. Properties . VariableNames (”Var5”) = "|B|”;

Tab_mean. Properties . VariableNames (" Var6”) = "v_x";

Tab_mean. Properties . VariableNames (" Var7”) = "v_y”;

Tab_mean. Properties . VariableNames (" Var8”) = "v_z”;

Tab_mean. Properties . VariableNames (”Var9”) = "|v|”;

JDMake txt—file if there are jets and save in correct folder
filename = string (datestr (tll, 'yyyymmdd HH:MM:SS"'));
directory = ('/home/tarama/mmaven/ m_files/Filtered Jets v2/Mean of properties/"');
ff = fullfile (directory , filename);

Jowritetable (Tab_mean, ff , 'FileType ', "text ', 'Delimiter ', ' ');
%% Save jets to txt —— MAX OF JET PROPERTIES
for h = l:length(jl)
inte_jet(h,1) =times(jl(h));
inte_jet(h,2) = times(j2(h));
n_jet(h) = max(Momstruct.density (jl1(h):j2(h))); Ion
B_jet(h,1) = max(absB(j1(h):j2(h),1)); %| B |

[~.,addx] = max(abs(Momstruct.velocity_mso(jl(h):j2(h).,1)));
[~,addy] = max(abs(Momstruct.velocity_mso(jl(h):j2(h),2)));
[~.,addz] = max(abs(Momstruct.velocity_mso(jl(h):j2(h).,3)));
vxind = jl (h)+addx-1;
vyind = jl(h)+addy-1;
vzind = jl(h)+addz-1;

v_jet(h,1) = Momstruct.velocity_mso (vxind,h1); Yov_x
v_jet(h,2) = Momstruct.velocity_mso (vyind,2); Jov_y
v_jet(h,3) = Momstruct.velocity_mso (vzind ,h3); %v_z
absv_jet = max(v(jl(h):j2(h),1)); %l v|

end

Tab_max = table('Size', [length(inte_jet(:,2)) 3], 'variableTypes',[”string”,”string
”,”double ’]);

J%Creating table for all of the above

Tab_max (:,1) = array2table(inte_jet(:,1));

Tab_max (:,2) = array2table(inte_jet(:,2));

Tab_max (:,3) = array2table(n_jet);

Tab_max (: ,4) = array2table (B_jet);

Tab_max (:,5:7) = array2table(v_jet);

Tab_max (: ,8) = array2table (absv_jet);

Tab_max . Properties . VariableNames (”Varl”) = ”StartTime”;

Tab_max . Properties . VariableNames (”Var2”) = ”"EndTime”;

Tab_max. Properties . VariableNames (”Var3”) = "Density”;

Tab_max . Properties . VariableNames (”Var4d”) = ”|B|”;

Tab_max. Properties . VariableNames (”Var5”) = "v_x";

Tab_max . Properties . VariableNames (”Var6”) = "v_y”;

Tab_max. Properties . VariableNames (”Var7”) = "v_z”;

Tab_max . Properties . VariableNames (”Var8”) = 7|v|”;

Y%eMake txt—file if there are jets and save in correct folder
filename = string (datestr(tll, 'yyyymmdd HH:MM:SS"'));

directory = ('/home/tarama/mmaven/ m_files/Filtered Jets v2/Max of properties/");
ff = fullfile (directory , filename);
YDowritetable (Tab_max, ff , 'FileType ', "text ', 'Delimiter ', ' ');

9%% Save jets to txt —— MEAN OF BACKGROUND PROPERTIES

% Save background values (excluding SW and bad data)
MSHind = find (Momstruct.telem_mode==1);

badinMSHind = intersect (MSHind, baddata);

MSHind = setdiff (MSHind, badinMSHind) ;

n_back = Momstruct. density (MSHind) ;

vcomp_back = Momstruct. velocity_mso (MSHind,:) ;
v_back = v(MSHind) ;

B_back = absB(MSHind) ;

P_back = pdyn(MSHind) ;
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J%oDeleting jet elements

for i = l:length(jl)
n_back(jl(i):j2(i)) = 0;
vecomp_back (j1(i):j2(i) ,:) =
v_back(jl(i):j2(i)) = 0;
B_back(jl(i):j2(i)) = 0;
P_back (jl(i):j2(i)) = 0;

for

background

0;

end

n_back (n_back==0) = [];
vcomp_back (vcomp_back==0) =
v_back (v_back==0) = [];
B_back (B_back==0) = [];
P_back (P_back==0) = [];

n_back = mean(n_back);

vx_back = mean(vcomp_back(:,1));
vy_back = mean(vcomp_back(:,2));
vz_back = mean(vcomp_back(:,3));
v_back = mean(v_back);

B_back = mean(B_back);

P_back = mean(P_back);

%Creating table for all
Tab_back = table('Size ',
”,”double’]) ;
Tab_back(:,1) =
Tab_back (:,2) =
Tab_back (:,3) =

of the above
[length(inte_jet

array2table (n_back);

Tab_back (:,4) = array2table (B_back);
Tab_back (:,5) = array2table (vx_back);
Tab_back (:,6) = array2table(vy_back);

Tab_back (:,7) = array2table (vz_back);

vectors

(:,2)) 3], 'variableTypes ' ,[”string”,”

array2table (string (repmat(datestr(tl, 'HH:MM:SS ") ,length(jl1),1)));
array2table (string (repmat(datestr (t2, 'HH:MM:SS ") ,length(jl1).,1)));

Tab_back (:,8) =

Tab_back (:,9)

array2table (v_back);
= array2table (P_back);

Tab_back. Properties .

VariableNames (”Varl”) =

Tab_back . Properties .
Tab_back. Properties .
Tab_back. Properties .
Tab_back. Properties .
Tab_back. Properties .
Tab_back. Properties .
Tab_back. Properties .
Tab_back. Properties .

VariableNames (” Var2”)
VariableNames (” Var3”)
VariableNames (” Var4 ™)
VariableNames (” Var5”)
VariableNames (" Var6™)
VariableNames (” Var7”)
VariableNames (" Var8”)

JDMake txt—file if there are jets and save

VariableNames (”Var9”) =

“Interval
= "Interval
= "Density”;
= 7IBI7:
= "v_x";

start”;
end”;

= Tv_y”,
= vy 27
= "lv)”;
”Pdyn_back™;

in correct folder

filename = string(datestr(tll, 'yyyymmdd HH:MM:SS"));
directory = ('/home/tarama/mmaven/ m_files/Filtered Jets v2/Background
ff = fullfile (directory , filename);

Y%owritetable (Tab_back, ff , 'FileType ', "text ', 'Delimiter ', ' ');
9% Save jets to text — for correlation study
%find indices of different max
Pmaxi = zeros(length(jl).1);
nmaxi = zeros(length(jl),1);
v2maxi = zeros(length(jl).,1);
for i = l:length(jl)
pval = find (pdyn == max(pdyn(jl(i):j2(i))));
pin = find (j1(i)<=pval & j2(i)>=pval);
Pmaxi(i,l) = pval(pin(1l)); YDoindex of maximum dynamic pressure
jets
nval = find (Momstruct.density == max(Momstruct.density (j1(i):j2(i))));
nin = find (jl(i)<=nval & j2(i)>=nval);
nmaxi(i,l) = nval(nin(1)); %Dindex of maximum n of jets
v2val = find(vmag2 == max(vmag2(jl(i):j2(i))));
vin = find (jl(i)<=v2val & j2(i)>=v2val);
v2maxi(i,l) = v2val(vin(l)); %Dindex of maximum v of jets
end
Jopin , nin , vin in case there are identical values other places in the
%interval
%Xin(1) in case there are more than one identical max value in the jet
YDinterval , it will give the same result
%P,v,n values at maximum P, and maximum of their own property
dP_pmax = [];
dn_pmax = [];
dv2_pmax = [];
dn_nmax = [];
dv2_vmax = [];
for i = l:length(jl)

string

values/");

of
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dP_pmax = [dP_pmax ; pdyn(Pmaxi(i))-P_back];

dn_pmax = [dn_pmax ; Momstruct.density (Pmaxi(i))-n_back];

dv2_pmax = [dv2_pmax ; vmag2(Pmaxi(i))—-(v_backx1073)"2];

dn_nmax = [dn_nmax ; Momstruct.density (nmaxi(i))-n_back];

dv2_vmax = [dv2_vmax ; vmag2(v2maxi(i))—-(v_backx1073)"2];
end

J%Creating table for all of the above

Tab_nv = table('Size', [length(inte_jet(:,2)) 3], 'variableTypes',[”string”,”string
double”]);

Tab_nv(:,1) = array2table(inte_jet(:,1));

Tab_nv (:,2) = array2table(inte_jet(:,2));

Tab_nv(:,3) = array2table (dP_pmax);

Tab_nv = array2table (dn_pmax) ;

Tab_nv = array2table (dv2_pmax);

Tab_nv (:,6) = array2table (dn_nmax);

Tab_nv(:,7) = array2table (dv2_vmax);

Tab_nv. Properties . VariableNames (”Varl”) = ”StartTime ”;

Tab_nv. Properties . VariableNames (”Var2”) = “EndTime”;

Tab_nv. Properties . VariableNames (”Var3”) = "dP_pmax”;

Tab_nv.Properties . VariableNames (”Var4”) = “dn_pmax”;

Tab_nv. Properties . VariableNames (”Var5”) = "dv”2_pmax”;

Tab_nv.Properties . VariableNames (”Var6”) = “dn_nmax”;

Tab_nv. Properties . VariableNames (”Var7”) = "dv*2_vmax”;

9%Make txt—file if there are jets and save in correct folder
filename = string (datestr (tll, 'yyyymmdd HH:MM:SS"'));
directory = ('/home/tarama/mmaven/ m_files/Filtered Jets v2/nv correlation/"');
ff = fullfile (directory , filename);

Jowritetable (Tab_nv, ff , 'FileType ', "text ', 'Delimiter ', ' ');
end
end
end
end
totjet = length(jets_unfil) JDoShow how many jets were detected before data security
okjet = length(jets_fil) % ———————— after data security

dels = sum(bounddel)

Listing C.3: Matlab code for spatial sifting (from the atmosphere and shadow
of Mars) and jet location plotting

% Plots spacecraft orbits together with bow shocks for different dates and

% different parameters

%

% Author: Tara Mohammed—Amin

tic

clc; close all; clear all;

Rm = 3389.5; % [km], Volumetric mean radius according to
% https ://nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact. html

FS = 15;

FSleg = 12;

fontname="utopia ';

9% Figure for marking jets

hfiga=figure (1);
clf
fpos = get(gcef, 'pos');
set(gef, 'paperpositionmode ', "auto ', ..
‘position ' ,[fpos (1) fpos(2)+fpos(4)-1000 540 600])

hafa (1) = axes('position',[0.060 0.055 0.440 0.88]);
klot ([0,0,0],[0,0,1], 'kr")
hafa(2) = axes('position',[0.550 0.055 0.440 0.88]);
klot ([0,0,0],[0,0,1], 'kr")

hafpa=get(hafa, 'pos');

set(gef, 'children ', flipud(get(gef, 'children')))

9%% Figure for jet occurance (normalized)

hfigb=figure (2);

clf

set (gef, 'paperpositionmode ', 'auto ', ..
‘position ' ,[fpos (1) fpos(2)+fpos(4)-1000 1200 600])

hafb (1) = axes('position',[0.060 0.055 0.400 0.88]);
hafb(2) = axes('position',[0.530 0.055 0.400 0.88]);
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hafpb=get(hafb, 'pos"');
set(gef, 'children ', flipud (get(gef, 'children')))

9% Solar wind cases

% Solar wind and bow shock case 1

nsw = 0.1;

vsw = 300;

x01 = (0.511%nsw”(=0.37)%(vsw/100)"(-0.86)+1.46);

xBS = [x01:-0.01:-5];

[rhoBS ,rthoIMB,~] = mav_model_boundaries (xBS, nsw, vsw);

xIMB = xBS(rhoIMB==real (rhoIMB));
rhoIMB (rhoIMB~=real (rhoIMB)) = [];

% Solar wind and bow shock case 2

nsw2 = 2;

vsw2 = 400;

x02 = 0.511%nsw2”(-0.37)%(vsw2/100)~(-0.86)+1.46;
x2 = [x02:-0.01:-2.5];

[rhoBS2,~,~] = mav_model_boundaries(x2, nsw2, vsw2);

% Solar wind and bow shock case 3

nsw3 = 20;

vsw3 = 700;

x03 = 0.511%nsw37(-0.37)%(vsw3/100)~(-0.86)+1.46;
x3 = [x03-0.01:-2.5];

[rhoBS3,~,~] = mav_model_boundaries(x3, nsw3, vsw3);

9% Import data and create table

% mean

jet_folder_mean = '/home/tarama/mmaven/ m_files/Filtered Jets v2/Mean of properties/"';
jet_files_mean = dir(fullfile (jet_folder_mean, 's.txt'));
jet_paths_mean = fullfile ({jet_files_mean.folder},{jet_files_mean.name}) ';

datatab_mean = table('Size', [1 9], 'variableTypes'
double”,” double”,”double”,” double ”]) ;

datatab_mean . Properties . VariableNames (”Varl”) = ”StartTime”;
datatab_mean . Properties. VariableNames (”Var2”) = ”"EndTime”;
datatab_mean . Properties . VariableNames (”Var3”) = ”Duration”;
datatab_mean . Properties. VariableNames (”Var4”) = “Density”;
datatab_mean . Properties . VariableNames (”Var5”) = ”|B|”;
datatab_mean . Properties. VariableNames (”Var6”) = "v_x";
datatab_mean . Properties . VariableNames (”Var7”) = "v_y”;
datatab_mean . Properties. VariableNames (”Var8”) = "v_z”;

,[7string”,”string ”,”double”,” double”,” double”,”

datatab_mean . Properties . VariableNames (" Var9”) = ”|v|”;

for i = 1:length(jet_paths_mean)
data = readtable (jet_paths_mean{i}, PreserveVariableNames ', true);
datatab_mean = [datatab_mean;data];

end

datatab_mean (1 ,:) = []; JDodeleting the first row which is empty

W hedatatab_mean (50:end ,:) = []; IIFIIIIIIIIIIIITEMPORARY FOR QUICKER CODE
jet_time_mean = datenum(table2array ([ datatab_mean(:,1), datatab_mean(:,2)1]));
jet_dur = table2array (datatab_mean(:,3));

% max

jet_folder_max = '/home/tarama/mmaven/ m_files/Filtered Jets v2/Max of properties/"';
jet_files_max = dir(fullfile (jet_folder_max , '#.txt'));
jet_paths_max = fullfile ({jet_files_max.folder},{jet_files_max.name}) ';

datatab_max = table('Size', [1 8], 'variableTypes'
double”,” double”,” double ’]) ;

datatab_max . Properties. VariableNames (”Varl”) = ”StartTime”;
datatab_max . Properties . VariableNames (”Var2”) = “EndTime”;
datatab_max . Properties. VariableNames (”Var3”) = “Density”;
datatab_max . Properties. VariableNames (”Var4”) = ”|B|”;
datatab_max . Properties. VariableNames (”Var5”) = "v_x";
datatab_max . Properties. VariableNames (”Var6”) = "v_y”;

,[”string”,”string ”,” double”,”double”,” double”,”

datatab_max . Properties . VariableNames (" Var7”) = "v_z”;

datatab_max . Properties. VariableNames (”Var8”) = 7|v|”;

for i = l:length(jet_paths_max)
data = readtable (jet_paths_max{i}, PreserveVariableNames "', true);
datatab_max = [datatab_max;data];

end

datatab_max (1,:) = []; YDodeleting the first row which is empty

jet_time_max = datenum(table2array ([ datatab_max (:,1), datatab_max(:,2)1]));

% back

jet_folder_back = '/home/tarama/mmaven/ m_files/Filtered Jets v2/Background values/';
jet_files_back = dir(fullfile (jet_folder_back, '#.txt'));

jet_paths_back = fullfile ({jet_files_back.folder},{jet_files_back.name})';
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datatab_back = table('Size', [1 9], 'variableTypes ' ,[”string”,”string”,”double”,”double”,”double”,”
double”,”double”,” double”,” double ”]) ;
datatab_back . Properties . VariableNames (”Varl”) = “Interval start”;
datatab_back.Properties . VariableNames (”Var2”) = "Interval end”;
datatab_back . Properties . VariableNames (”Var3”) = ”Density ”;
datatab_back.Properties . VariableNames(”Var4”) = ”|B|”;
datatab_back . Properties . VariableNames (”Var5”) = “v_x";
datatab_back . Properties. VariableNames (”Var6”) = "v_y”;
datatab_back . Properties . VariableNames (”Var7”) = "v_z”;
datatab_back.Properties . VariableNames(”Var8”) = 7|v|”;
datatab_back . Properties . VariableNames (”Var9”) = ”"Pdyn_back”;
for i = l:length(jet_paths_back)
data = readtable (jet_paths_back{i}, PreserveVariableNames ', true);
datatab_back = [datatab_back;data];
end
datatab_back (1,:) = []; %deleting the first row which is empty
jet_time_back = datenum(table2array ([ datatab_back (:,1), datatab_back(:,2)]));

9onv correlation

jet_folder_nv = '/home/tarama/mmaven/ m_files/Filtered Jets v2/nv correlation/";
jet_files_nv = dir(fullfile (jet_folder_nv, 's.txt'));
jet_paths_nv = fullfile ({jet_files_nv.folder},{jet_files_nv.name}) ';

datatab_nv = table('Size', [l 7], 'variableTypes
double”,” double ’]) ;

,[7string”,”string ”,” double”,” double”,” double”,”

datatab_nv.Properties. VariableNames (”Varl”) = ”StartTime”;
datatab_nv.Properties . VariableNames(”Var2”) = “EndTime”;
datatab_nv.Properties . VariableNames (”Var3”) = “dP_pmax”;
datatab_nv.Properties . VariableNames(”Var4”) = “dn_pmax”;
datatab_nv.Properties . VariableNames (”Var5”) = ”dv~2_pmax”;
datatab_nv.Properties . VariableNames(”Var6”) = “dn_nmax”;
datatab_nv.Properties . VariableNames (" Var7”) = ”dv~2_vmax”;
for i = 1:length(jet_paths_nv)
data = readtable (jet_paths_nv{i}, PreserveVariableNames ', true);
datatab_nv = [datatab_nv;data];
end
datatab_nv (1,:) = []; Ydeleting the first row which is empty

jet_time_nv = datenum(table2array ([ datatab_nv (:,1), datatab_nv(:,2)]));

9%% Separate jets inside and outside of the magnetosheath

posl = []; JGocoordinates of jets

MSHjet = []; % ... inserted here if in MSH
nonMSHjet = [1; % ... or here if outside MSH
it = [1;

atmM = 250/Rm; JDAtmospheric height [Rm]

%To separate jets from the atmosphere and shadow of Mars

for i = l:length(jet_time_mean)
Bstruct = mav_Bfield (jet_time_mean(i,l),jet_time_mean(i,2),'/home/space-maven/data'); Jogetting
the bstruct for each jet interval
pos] = [posJ;Bstruct.scpos(round(length(Bstruct.scpos)/2) ,:)/Rm]; JDogetting the position

coordinates of the spacecraft
if posJ(i,1) < 0 && sqrt(posJ(i,2)"2 + posJ(i,3)"2) < l+atmM
nonMSHjet = [nonMSHjet ; posJ(i,:)];
elseif sqrt(posJ(i,1)?2 + posJ(i,2)”?2 + posJ(i,3)"2) < l+atmM
nonMSHjet = [nonMSHjet ; posJ(i,:)];

else
MSHjet = [MSHjet ; posJ(i,:)]; Josave as MSH jet
ii = [ii ; i]l; %indices of jets in posJ

end

i

end

9% Save MSH jets as txt/files

Jomean
filename = "MSH jets mean”;
directory = ('/home/tarama/mmaven/ m_files/Filtered Jets v2/');

ff = fullfile (directory , filename);
JDowritetable (datatab_mean(ii ,:),ff, FileType ', "text

", "Delimiter ',"' ');
Jomax

filename = "MSH jets max”;

ff = fullfile (directory , filename);

GDowritetable (datatab_max(ii ,:),ff, FileType ', 'text

", 'Delimiter ', " ');
Joback

filename = "MSH jets back”;

ff = fullfile (directory , filename);

J%owritetable (datata b_back(ii,:),ff, FileType ', "text ', 'Delimiter ', "' ');
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Jon v

filename = "MSH jets nv corr”;

ff = fullfile (directory , filename);

JGowritetable (datatab_nv(ii ,:),ff, FileType ', "text ', 'Delimiter ', "' ');

9% Plot MSH jets and nonMSHjets

%Plot jets in Martian environment xy view
hold (hafa (1), 'on")
axis (hafa(l), 'equal')
view (hafa (1) ,0,90) %0 deg azimuth, 90 deg elevation
A = plot3 (hafa (1) ,MSHjet(:,1) ,MSHjet(:,2) ,MSHjet(:,3),'r+");
if isempty (nonMSHjet) == 0
B = plot3 (hafa(1l),nonMSHjet(:,1) ,nonMSHjet(:,2) ,nonMSHjet(:,3),'bo");
end
plot3 (hafa (1) ,xBS,-rhoBS, zeros(length(rhoBS)), 'k"');
plot3 (hafa (1) ,xBS,rhoBS, zeros (length (rhoBS)), 'k"');
plot3 (hafa(1l),x2,-rhoBS2, zeros (length (rhoBS2)), 'k——");
plot3 (hafa (1) ,x2,rhoBS2, zeros (length (rhoBS2)), 'k——");
plot3 (hafa(1l),x3,-rhoBS3, zeros(length (rhoBS3)), ")
plot3 (hafa(1),x3,rhoBS3, zeros(length(rhoBS3)), 'k:

ylim (hafa (1), [-2.6 2.6]);

xlim (hafa (1), [-2.6 2.6]);

hold (hafa (1), 'off")

xlabel (hafa (1), '$x$\ \ \ [$R_\mathrm{M}$]", "interpreter ', 'latex ', 'fontname ', fontname, 'fontsize ',FS);
ylabel (hafa(1),'SyS$\ \ \ [$R_\mathrm{M}$]', "interpreter ', 'latex ', 'fontname ',fontname, 'fontsize ',FS);

if isempty (nonMSHjet) == 0
subsetlgd = [A B];
lgd = legend (hafa(1),subsetlgd , 'Magneotsheath jets ', 'Discarded jets');
else
subsetlgd = [A];
lgd = legend(hafa(1),subsetlgd , 'Magneotsheath jets ');
end
set(lgd);

% Plot jets in Martian environment xz view

hold (hafa(2),'on");

axis (hafa(2), 'equal');

view (hafa(2) ,0,0); %0 deg azimuth, 0 deg elevation

plot3 (hafa(2) ,MSHjet(:,1) ,MSHjet(:,2) ,MSHjet(:,3), 'r+"'); JDoplot MSH jets as red +
if isempty (nonMSHjet) == 0
plot3 (hafa(2) ,nonMSHjet (:,1) ,nonMSHjet (:,2) ,nonMSHjet(:,3), 'bo"); Joplot jets outside MSH as
blue o
end
% plot3 (hafa(2),xIMB, zeros(length(rholMB)),—rhoIMB, 'k');

% plot3 (hafa(2),xIMB, zeros(length(rhoIMB)),rholMB, k') ;

% Pl = [xIMB(2) O rholMB(1)];

% P2 = [xIMB(2) O —rhoIMB(1)];

% pts = [Pl;P2];

% plot3(hafa(2),pts(:,1),pts(:,2),pts(:,3),'k"); Y%Filling in gap for IMB
plot3 (hafa(2) ,xBS, zeros(length (rhoBS)),-rhoBS, 'k");

plot3 (hafa(2) ,xBS, zeros (length (rhoBS)) ,rhoBS, 'k');

plot3 (hafa(2) ,x2,zeros(length(rhoBS2)),-rhoBS2, 'k—-");

plot3 (hafa(2),x2,zeros(length (rhoBS2)) ,rhoBS2, 'k——");
plot3 (hafa(2),x3,zeros(length (rhoBS3)),-rhoBS3, ")
plot3 (hafa(2),x3,zeros(length (rhoBS3)) ,rhoBS3, 'k:');

zlim (hafa (2), [

xlim (hafa (2), [-2. .
hold (hafa(2), 'off"');
xlabel (hafa(2), '$x$\ \ \ [$R_\mathrm{M}$]", "interpreter ', 'latex ', 'fontname ', fontname, 'fontsize ',FS);
zlabel (hafa(2),'$z$\ \ \ [$R_\mathrm{M}$]", "interpreter ', 'latex ', 'fontname ', fontname, ' fontsize ',FS);

9% Jet location (normalized)

Jelmport sample

folder = '/home/tarama/mmaven/ m_files/"';

file = dir(fullfile (folder, ‘'sample.txt"'));

paths = fullfile ({ file.folder},{file .name}) ';

tab_orb = table('Size', [1 3], 'variableTypes',[”double”,”double”,”double”]);

tab_orb . Properties . VariableNames (”Varl”) = "Year”;

tab_orb . Properties . VariableNames (”Var2”) = “"Month”;

tab_orb . Properties . VariableNames (”Var3”) = “Day”;

for i = l:length(paths)
date = readtable (paths{i}, 'Delimiter',"' ',"'PreserveVariableNames ', true);
tab_orb = [tab_orb;date];

end
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tab_orb (1,:) = [];
orbit = table2array (tab_orb);

% Jet occurance in Z_num and Y_num
xv = linspace (-3, 3, 54);

yv = linspace (-3, 3, 54);

zv = linspace (-3, 3, 54);

Z_num = zeros(54,54);

Y_num = zeros(54,54);

xv0 = xv (1) =(xv(2)-xv(1));

yv0 = yv(1)=(yv(2)-yv(1));

zv0 = zv(1)=(zv(2)-zv(1));

xv = [xv0 , xv];
yv = [yv0 , yvI;
zv = [zv0 , zv];

for i = 1:length(MSHjet)
for j = l:length(xv)-1
xx = MSHjet(i,1);
yy = MSHjet(i,2);
zz = MSHjet(i,3);
if xx>xv(j) && xx<xv(j+1)

inx = j;
end
if yy>yv(j) && yy<yv(j+1)
iny = j;
end
if zz>zv(j) && zz<zv(j+1)
inz = j;
end
end
Z_num(iny ,inx) = Z_num(iny,inx) + 1}
Y_num(inz ,inx) = Y_num(inz,inx) + 1;

end

Z = zeros(54.,54);

Y2 = zeros(54.,54);

for i = 1l:length(orbit)
tl = datenum ([ orbit(i,:) 00 00 00]);
t2 = datenum ([ orbit(i,:) 04 40 00]);
Bstruct = mav_Bfield (tl ,t2,'/home/space-maven/data'); % Load the magnetic field
X = Bstruct.scpos(1:10000:end,1)/Rm;
y = Bstruct.scpos(1:10000:end,2) /Rm;
z = Bstruct.scpos(1:10000:end,3) /Rm;
XX = linspace (-3, 3, length(x));
YY = linspace (-3, 3, length(y)):
772 = linspace(-3, 3, length(z));
[X,Y] = meshgrid (XX,YY):
X0 = XX(1) ~(XX(2)-XX(1)) ;
yvo = YY(1) -(YY(2)-YY(1)):
20 = ZZ2(1) —(ZZ2(2)-772(1));
XX [xv0 , XX]T;
YY = [yv0 , YY];
772 = [zv0 , Z72];
for i = 1:length(x)

for j = 1l:length(x)-1
if X (i)>XX(j) && x(i)<XX(j+1)

inx = j;

end
i y(i)>YY(j) && y(i)<YY(j+1)
iny = j;
end
if z2(i)>Z72(j) && z(i)<ZZ2(j+1)
inz = j;
end
end
Z(iny ,inx) = Z(iny ,inx) + 1;
Y2(inz ,inx) = Y2(inz,inx) + 1;
end
end

%Normalize
77 = Z_num./Z;
YY2 = Y_num./Y2;

% Plot normalized occurances in xy plane
surf (hafb (1) ,X,Y,ZZ, 'EdgeColor ', "none ") ;
view (hafb (1) ,2)

axis (hafb(l), 'equal');

grid (hafb (1), "off ")}
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axis (hafb(l), 'equal');
caxis (hafb(1),[0 1.5]);
mymap = [0 0 1
autumn ];
colormap (hafb (1) ,mymap) ;
cb = colorbar (hafb(1));
cb.Label. String = 'Normalized number of occurenece';
xlabel (hafb (1), '$x$\ \ \ [$R_\mathrm{M}$] ', "interpreter ', 'latex ', 'fontname ',fontname, 'fontsize ',FS);
ylabel (hafb (1), 'Sy$\ \ \ [$R_\mathrm{M}$]", "interpreter ', 'latex ', 'fontname ', fontname, 'fontsize ',FS);

surf (hafb(2).X,Y,YY2, 'EdgeColor ', 'none ')

view (hafb (2) ,2)

grid (hafb(2), 'off");

axis (hafb(2), 'equal');

colormap (hafb (2) ,mymap) ;

cb = colorbar (hafb(2));

cb.Label.String = 'Normalized number of occurenece';

xlabel (hafb(2), '$x$\ \ \ [$R_\mathrm{M}$]", "interpreter ', 'latex ', 'fontname ', fontname, 'fontsize ',FS);
ylabel (hafb(2), '$z$\ \ \ [$R_\mathrm{M}$]", "interpreter ', 'latex ', 'fontname ', fontname, 'fontsize ',FS);

toc

Listing C.4: Matlab code for histograms and density-velocity correlation plot.

% Statistical results of properties
% Author: Tara Mohammed—Amin

clc; close all; clear all;
mp = 1.67e-27;
Rm = 3389.5; % [km], Volumetric mean radius according to
%% https ://nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact. html
FS = 15;
FSleg = 12;
fontname="utopia ';

alphabet = ('a':'f").";
chars = num2cell(alphabet);

hars = chars.';

9%% Figures

Jp, v, n histograms

hfiga=figure ();

clf

fpos = get(gef, 'pos');

set(gef, 'paperpositionmode ', "auto ", ..
‘position ' ,[fpos (1) fpos(2)+fpos(4)-1000 900 1000])

hafa (1) = axes('position',[0.080 0.700 0.330 0.25]);

hafa(2) = axes('position',[0.500 0.700 0.330 0.25]);

hafa(3) = axes('position',[0.080 0.370 0.330 0.25]):

hafa(4) = axes('position',[0.500 0.370 0.330 0.25]);

hafa(5) = axes('position',[0.080 0.06 0.330 0.25]);

hafa(6) = axes('position',[0.500 0.06 0.330 0.25]);

hafp=get(hafa, 'pos');

set(gef, 'children ', flipud (get(gef, 'children')))

Yoduration and scale size
hfigb=figure (2);
clf
fpos = get(gcf, 'pos');
set (gef, 'paperpositionmode ', 'auto ', ..

‘position ' ,[fpos (1) fpos(2)+fpos(4)-500 900 500])
hafb (1) = axes('position',[0.080 0.12 0.330 0.8]);
hafb(2) = axes('position',[0.540 0.12 0.330 0.8]);
hafp=get (hafb, 'pos');
set(gef, 'children ', flipud (get(gcf, 'children')))

Jov components

hfigec=figure (3);

clf

fpos = get(gef, 'pos');

set(gef, 'paperpositionmode ', "auto ', ..
‘position ' ,[fpos(1l) fpos(2)+fpos(4)-1000 900 1000])

hafc (1) = axes('position',[0.080 0.700 0.330 0.25]);

hafc(2) = axes('position',[0.500 0.700 0.330 0.25]);

hafc(3) = axes('position',[0.080 0.370 0.330 0.25]);

hafc (4) = axes('position',[0.500 0.370 0.330 0.25]);

hafc (5) = axes('position',[0.080 0.06 0.330 0.25]);

hafc (6) = axes('position',[0.500 0.06 0.330 0.25]);
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hafp=get(hafc, 'pos');
set(gef, 'children ', flipud (get(gcf, 'children')))

Jonv correlation
hfigd=figure (4);
clf
fpos = get(gcf, 'pos');
set (gef, 'paperpositionmode ', "auto ', ..
‘position ' ,[fpos (1) fpos(2)+fpos(4)-500 900 500])
hafd (1) = axes('position',[0.080 0.12 0.330 0.8]);
hafd (2) = axes('position',[0.520 0.12 0.330 0.8]);
hafp=get (hafd, 'pos');
set(gef, 'children ', flipud(get(gef, 'children')))

9% Import mean data

jet_folder = '/home/tarama/mmaven/ m_files/Filtered Jets v2/';

jet_files = dir(fullfile (jet_folder, 'MSH jets mean.txt'));

jet_paths = fullfile ({jet_files.folder},{jet_files .name}) ';

tab_mean = table('Size', [1 9], 'variableTypes',[”datetime”,”datetime”,”double”,”double”,”double”,”
double”,”double”,”double”,” double "]) ;

tab_mean.Properties . VariableNames (”Varl”) = ”StartTime”;

tab_mean. Properties . VariableNames (”Var2”) = “EndTime”;
tab_mean. Properties. VariableNames (”Var3”) = ”Duration”;
tab_mean. Properties . VariableNames (”Var4”) = “Density ”;
tab_mean. Properties . VariableNames (”Var5”) = ”|B|”;
tab_mean. Properties . VariableNames (”Var6”) = "v_x";
tab_mean. Properties . VariableNames (" Var7”) = "v_y”;
tab_mean. Properties . VariableNames (”Var8”) = "v_z7;
tab_mean. Properties . VariableNames (”Var9”) = ”|v[|”;

for i = l:length(jet_paths)
meandata = readtable (jet_paths{i}, PreserveVariableNames ', true);

tab_mean = [tab_mean;meandata];
end
tab_mean (1,:) = []; Yodeleting the first row which is empty
time_mean = table2array ([tab_mean(:,1) tab_mean(:,2)]);
dur_mean = table2array (tab_mean(:,3));

n_mean = table2array (tab_mean(:,4));
B_mean = table2array (tab_mean(:,5));
v_mean = table2array (tab_mean(:,9));

%% Import max data

jet_files = dir(fullfile (jet_folder , 'MSH jets max.txt'));

jet_paths = fullfile ({jet_files.folder},{jet_files.name})

tab_max = table('Size', [1 8], 'variableTypes',[”datetime”,”datetime”,”double”,”double”,”double”,”
double”,”double”,” double ’]) ;

tab_max . Properties. VariableNames (”Varl”) = ”StartTime”;

tab_max . Properties . VariableNames (”Var2”) = ”"EndTime”;

tab_max . Properties . VariableNames (”Var3”) = "Density”;

tab_max . Properties . VariableNames (”Vard4”) = ”|B|”;

tab_max . Properties . VariableNames (" Var5”) = "v_x";

tab_max . Properties . VariableNames (”Var6”) = "v_y”;

tab_max . Properties . VariableNames (”Var7”) = "v_z”;

tab_max . Properties . VariableNames (”Var8”) = "|v|”;

for i = 1l:length(jet_paths)
maxdata = readtable(jet_paths{i}, PreserveVariableNames ', true);
tab_max = [tab_max;maxdata];

end

tab_max (1,:) = []; Ydeleting the first row which is empty

time_max = table2array ([tab_max (:,1) tab_max(:,2)]);

n_max = table2array (tab_max(:,3)); Yecm—3

B_max = table2array (tab_max(:,4)); 9nT

vx_max = table2array (tab_max(:,5)); Yekm/ s

vy_max = table2array (tab_max(:,6)); Ykm/ s

vz_max = table2array (tab_max(:,7)); Yekm/ s

v_max = table2array (tab_max(:,8)); Ykm/ s

P_max = mpxle6xn_max.*x(v_max. 2)xle6xle9; %nPa

9% Import background data

jet_files = dir(fullfile (jet_folder, 'MSH jets back.txt'));

jet_paths = fullfile({jet_files.folder},{jet_files .name}) ';

tab_back = table('Size', [1 9], 'variableTypes',[”string”,”string”,”double”,”double”,”double”,”double
”,”double”,”double”,”double ”’]) ;

tab_back.Properties. VariableNames (”Varl”) = “Interval start”;

tab_back.Properties. VariableNames (”Var2”) = "Interval end”;

tab_back.Properties. VariableNames (”Var3”) = ”Density”;

tab_back . Properties . VariableNames (”Var4”) = ”|B|”;

tab_back.Properties . VariableNames (”Var5”) = "v_x";
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tab_back . Properties . VariableNames (” Var6”) Yoy
tab_back.Properties. VariableNames (” Var7”) "v_z7,
tab_back . Properties . VariableNames (”Var8”) = ”|v|”;
tab_back.Properties. VariableNames (”Var9”) = "Pdyn_back”;
for i = 1l:length(jet_paths)

backdata = readtable (jet_paths{i}, 'PreserveVariableNames ', true);
tab_back = [tab_back;backdatal];
end
tab_back (1,:) = []; Ydeleting the first row which is empty
time_back = table2array ([tab_back(:,1) tab_back(:,2)]);
n_back = table2array (tab_back(:,3)); Yocm"—3
B_back = table2array (tab_back(:,4)); 9nT
vx_back = table2array (tab_back(:,5)); Yekm / s
vy_back = table2array (tab_back Yekm/ s
vz_back = table2array (tab_back(:,7)); Yekm / s
v_back = table2array (tab_back(:,8)); Yekm / s
Pdyn_back = table2array (tab_back(:,9)); JonPa
n_back = n_back*1076; Jan™—3
v_back = v_back*10/3; 9am/ s

9% Import nv correlation data

jet_files = dir(fullfile (jet_folder, 'MSH jets nv corr.txt'));
jet_paths = fullfile ({jet_files.folder},{jet_files.name}) ';
tab_nv = table('Size"', [1 7], 'variableTypes',[”string”,”string”,”double”,”double”,”double”,”double”,”
double ”]) ;
tab_nv.Properties . VariableNames (”Varl”) = ”StartTime”;
tab_nv.Properties. VariableNames (”Var2”) = ”"EndTime”;
tab_nv.Properties . VariableNames (”Var3”) = ”dP_pmax”;
tab_nv.Properties. VariableNames (”Var4”) = “dn_pmax”;
tab_nv.Properties . VariableNames (" Var5”) = ”dv~2_pmax”;
tab_nv.Properties. VariableNames (”Var6”) = ”dn_nmax”;
tab_nv.Properties . VariableNames (" Var7”) = ”dv”2_vmax”;
for i = 1:length(jet_paths)

nvdata = readtable (jet_paths{i}, 'PreserveVariableNames ', true);
tab_nv = [tab_nv;nvdatal];

end

tab_nv (1,:) = []; Ydeleting the first row which is empty

time_nv = table2array ([tab_nv(:,1) tab_nv(:,2)]);

dP_pmax = table2array (tab_nv(:,3)); %Pa

dn_pmax = table2array (tab_nv (:,4)); Jecm™—3

dv2_pmax = table2array (tab_nv (:,5)); Jan/ s

dn_nmax = table2array (tab_nv (:,6)); Jeem™—3

dv2_vmax = table2array (tab_nv (:,7)); Jan/ s

dn_pmax = dn_pmaxx1076; Yan"—3

dn_nmax = dn_nmax*x1076; Y —3

9% Histograms for Pmax, vmax and nmax

nbins = 20;

histogram (hafa (1) ,P_max,nbins , 'Normalization ', 'probability ', 'DisplayStyle ', 'stairs ');
xlabel (hafa(l),'P_{max} [nPa]');

ylabel (hafa (1), 'Probability ");

charlbl = strcat('(',chars,')'); % {'(a) ', '(b) ", "(c) ', "(d)")
text(hafa(1),0.9,0.95,charlbl {1}, ' Units"', 'normalized', 'FontSize ',12)

Pmaxavg = mean(P_max);

Pmaxmed = median(P_max) ;

histogram (hafa(2) ,P_max-Pdyn_back*1079,nbins , 'Normalization ', 'probability ', 'DisplayStyle ', 'stairs ');
xlabel (hafa(2), '\DeltaP_{max} [nPa]');

text(hafa(2),0.9.,0.95,charlbl {2}, 'Units ', 'normalized ', 'FontSize',12)

dPmaxavg = mean(P_max—Pdyn_back#107"9);

dPmaxmed = median (P_max-Pdyn_back*1079);

histogram (hafa (3) ,v_max,nbins , 'Normalization ', 'probability ', 'DisplayStyle ', "stairs ');
xlabel (hafa(3),'|v|_{max} [km/s]');

ylabel (hafa(3), 'Probability ');

text(hafa(3),0.9,0.95,charlbl {3}, 'Units "', 'normalized ', 'FontSize ',12)

vmaxavg = mean(v_max):

vmaxmed = median(v_max);

histogram (hafa (4) ,v_max-v_back*107-3,nbins , 'Normalization ', 'probability ', 'DisplayStyle ', 'stairs ');
xlabel (hafa(4), '\ Delta|v|_{max} [km/s]");

text(hafa(4),0.9,0.95,charlbl {4}, 'Units ', 'normalized ', 'FontSize"',12)
dvmaxavg = mean(v_max—-v_backx107-3);

dvmaxmed = median(v_max-v_backx10"-3);

histogram (hafa (5) ,n_max,nbins , 'Normalization ', 'probability ', 'DisplayStyle '
xlabel (hafa(5), 'n_{max} [cm"{-3}]");

ylabel (hafa(5), 'Probability ');

text (hafa(5),0.9,0.95,charlbl {5}, 'Units "', 'normalized ', 'FontSize ',12)

,'stairs ')
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nmaxavg = mean(n_max);

nmaxmed = median(n_max) ;

histogram (hafa (6) ,n_max—-n_back*107-6,nbins , 'Normalization '
xlabel (hafa(6),'\Deltan_{max} [cm"{-3}]");
text(hafa(6),0.9,0.95,charlbl {6}, ' Units ', 'normalized ', 'FontSize ',12)
dnmaxavg = mean(n_max-n_back10"-6);

dnmaxmed = median (n_max-n_backx10"-6);

,'probability ', 'DisplayStyle ", 'stairs ');

9%% Histograms for duration and scale size
histogram (hafb (1) ,dur_mean,nbins, 'Normalization '
xlabel (hafb (1), 'Duration [s]');

ylabel (hafb (1), 'Probability ');

text(hafb (1) ,0.9.,0.95,charlbl {1}, 'Units', 'normalized ', 'FontSize"',12)
duravg = mean(dur_mean);

durmed = median(dur_mean);

,"probability ', 'DisplayStyle ', 'stairs ');

scsize = v_mean.*dur_mean/Rm;

histogram (hafb (2) ,scsize ,nbins, 'Normalization
xlabel (hafb(2),'Scale size [RM]");

JDoylabel (hafb(2), ' Probability ') ;

text(hafb(2) ,0.9.,0.95,charlbl {2}, 'Units ', 'normalized ', 'FontSize ',12)
scsizeavg = mean(scsize);

scsizemed = median(scsize);

,'probability ', 'DisplayStyle ', 'stairs ');

9%% Histograms for components of vmax and their difference from background

histogram (hafc (1) ,vx_max, nbins , 'Normalization ', 'probability ', 'DisplayStyle ', "stairs ');
text (hafc (1) ,0.9,0.95,charlbl {1}, 'Units"', 'normalized ', 'FontSize',12)
xlabel (hafc (1), 'v_{x,max} [km/s]");

ylabel (hafc (1), 'Probability ');

vxmaxavg = mean(vx_max);

vxmaxmed = median(vx_max) ;

histogram (hafc (2) ,vx_max-vx_back ,nbins, 'Normalization"'
xlabel (hafc (2), '\ Deltav_{x,max} [km/s]"');

text (hafc(2),0.9,0.95,charlbl {2}, 'Units "', 'normalized ', 'FontSize ',12)
dvxmaxavg = mean(vx_max-vx_back);

dvxmaxmed = median(vx_max-vx_back);

,'probability ', 'DisplayStyle ', 'stairs ');

histogram (hafc (3) ,vy_max,nbins, 'Normalization
xlabel (hafc(3), 'v_{y.max} [km/s]");

ylabel (hafc(3), 'Probability ');
text(hafc(3),0.9,0.95,charlbl {3}, 'Units ', 'normalized ', 'FontSize ',12)
vymaxavg = mean(vy_max);

vymaxmed = median(vy_max);

,'probability ', 'DisplayStyle ', 'stairs ');

histogram (hafc (4) ,vy_max-vy_back,nbins, 'Normalization
xlabel (hafc(4), '\Deltav_{y,max} [km/s]");
text(hafc(4),0.9,0.95,charlbl {4}, 'Units ', 'normalized ', 'FontSize ',12)
dvymaxavg = mean(vy_max-vy_back);

dvymaxmed = median(vy_max-vy_back);

,'probability ", 'DisplayStyle ', 'stairs ");

histogram (hafc (5) ,vz_max,nbins , 'Normalization
xlabel (hafc(5),'v_{z,max} [km/s]");

ylabel (hafc(5), 'Probability ");
text(hafc(5),0.9.0.95,charlbl {5}, 'Units ', 'normalized ', 'FontSize ',12)
vzmaxavg = mean(vz_max);

vzmaxmed = median(vz_max);

,'probability ', 'DisplayStyle ', 'stairs ');

histogram (hafc (6) ,vz_max-vz_back ,nbins, 'Normalization
xlabel (hafc (6), '\Deltav_{z,max} [km/s]"');

text (hafc(6),0.9,0.95,charlbl {6}, 'Units ', 'normalized ', 'FontSize ',12)
dvzmaxavg = mean(vz_max-vz_back);

dvzmaxmed = median(vz_max-vz_back);

,'probability ', 'DisplayStyle ', 'stairs ');

9%% Comparison between n and v"2
% Fig 11 Raptis et al 2020
% Fig 3 Archer & Horbury 2013

A = (dv2_pmax./(v_back.?2))./(dP_pmax./Pdyn_back);
B = (dn_pmax./n_back) ./(dP_pmax./Pdyn_back);

xv = linspace (min(A), max(A), 100);

yv = linspace (min(B), max(B), 100);

[X,Y] = meshgrid(xv,yv);

zer = zeros(size(X));

xv0 = xv(l)—=(xv(2)-xv(1l)):
yvO = yv(1) =(yv(2)-yv(1));
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xv = [xv0 , xv];
yv = [yv0 , yvI;
for i = 1l:length(A)
for j = l:length(xv)-1
XX = A(i);
yy = B(i);
if xx>xv(j) && xx<xv(j+1)
inx = j;
end
if yy>yv(j) && yy<yv(j+1)
iny = j;
end
end
zer (inx ,iny) = zer(inx,iny) + 1;
end
xv(l) = [1;
yv(l) =

surf (hafd (1) ,X,Y,zer, 'EdgeColor ', 'none ') ;
view (hafd (1) ,2)
mymap = [1 1 1

jet]s
colormap (hafd (1) ,mymap) ;
cb = colorbar(hafd (1), 'position’
cb.Label. String = 'Number of occurenece';
hold (hafd (1), 'on");
grid (hafd (1), 'off ");
xline (hafd (1) ,0);
xline (hafd (1) ,1);
yline (hafd (1) ,0);
yline (hafd (1) ,1);
plot(hafd (1) .[1 3].,[0 0],'g")
plot(hafd (1) ,[1 1],[-0.5 0],'g")
plot(hafd (1) ,[0 O],[1 3],'m")
plot(hafd(1),[-1 O],[1 1],'m")

[0.88 0.12 0.02 0.8]):

xlabel (hafd (1), '$\frac {\Delta n_{p_{max}}}{\langle n \rangle}
rangle }$ ', ..
'Interpreter ', 'Latex ', 'Fontsize',15)
ylabel (hafd (1), '$\frac {\Delta v*2_{p_{max}}}{\langle v~2 \rangle}
P \rangle}$"',..
'Interpreter ', 'Latex

', 'Fontsize ',15)

C = (dv2_vmax./(v_back.”2))./(dP_pmax./Pdyn_back);
D = (dn_nmax./n_back)./(dP_pmax./Pdyn_back);

xv = linspace (min(C), max(C), 100);
yv = linspace (min(D), max(D), 100);
[X,Y] = meshgrid(xv,yv);
zer = zeros(size(X)):
xv0 = xv(l)—-(xv(2)-xv(1l)):
yv0 = yv(1) =(yv(2)-yv(1));
xv = [xv0 , xv];
yv = [yv0 , yv]:
for i = 1l:length(A)
for j = l:length(xv)-1
xx = A(i);
yy = B(i);
if xx>xv(j) && xx<xv(j+1)
inx = j;
end
if yy>yv(j) && yy<yv(j+D)
iny = j;
end
end
zer (inx ,iny) = zer(inx,iny) + 1;
end
xv(l) = [1;
yv(l) = [1;

surf (hafd (2) ,X,Y,zer, 'EdgeColor ', 'none ') ;
view (hafd (2) ,2)

colormap (hafd (2) ,mymap) ;

hold (hafd (2),'on");

grid (hafd(2), 'off ");

xline (hafd(2) ,0);

xline (hafd(2) ,1);

yline (hafd (2) ,0);

yline (hafd(2) ,1);
plot(hafd(2).[1 3].[0 0],'g")
plot(hafd(2),[1 1],[-0.5 0],'g")
plot(hafd(2) ,[0 O0],[1 3],'m")

/ \frac {\Delta P_{p_{max}}}{\langle P \

/ \frac {\Delta P_{p_{max}}}{\langle
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plot(hafd(2),[-1 O0],[1 1], 'm")

xlabel (hafd (2), '$\frac {\Delta n_{n_{max}}}{\langle n \rangle} / \frac {\Delta P_{p_{max}}}{\langle P \
rangle}$"',..
"Interpreter ', 'Latex ', 'Fontsize ',15)

ylabel (hafd (2), '$\frac {\Delta v 2_{v_{max}}}{\langle v*2 \rangle} / \frac{\Delta P_{p_{max}}}{\langle
P \rangle}$"',..
'"Interpreter ', 'Latex ', 'Fontsize ',15)
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This meant that the phenomenon is not exclusively coupled with Earth, but they can be found in other
environments too.

The work in this thesis will attempt to statistically describe the jets in this new setting so that
inferences about them can be drawn. It will be done by conducting a comprehensive search in the data
from the NASA MAVEN mission using selective criteria to pull out jets so they can be analyzed. From
the results one will be able to make comparisons between Mars and Earth, which will hopefully help
fill some gaps of knowledge on the topic.

By the end of this thesis it will be seen that magnetosheath jets are, indeed, a reoccurring
happening at Mars which can be statistically studied. It will be evident how they behave, both in
independently and in relation to their close surroundings. Specifically, distributions of some



properties will be displayed, correlations will be determined, and spatial mapping of the sample will
be presented.
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Magnetskiktsjetar ar ett relativt ungt forskningsomrade och studerades for forsta gangen for ett par
artionden sen. De definieras som pldtsliga dynamiska tryckdékningar i den magnetosfiriska plasman, och
det finns manga mojliga generationsmekanismer tillgdngliga. Dessutom har det studerats kring hur
jetarna paverkar sin omgivning, men det finns fortfarande en del obesvarade fragor som forskare
forsoker svara pa.

Tidigare i ar (2023) publiserades en artikel angdende upptickten av magnetskiktsjetar vid Mars. Detta
betydde att fenomenet inte uteslutande hoér ihop med Jorden, utan de kan hittas i andra miljéer ocksa.

Arbetet i denna studie avser att statistiskt beskriva jetarna i denna nya miljo sa att man kan dra
slutsatser an dem. Tillvigagdngssittet kommer att se ut si att en omfattande sdkning i datat fran
NASAs MAVEN uppdrag kommer goras med selektiva kriterier for att extrahera jetar si de kan
analyseras. Fran resultaten kommer vi kunna jamféra mellan Mars och Jorden, som férhoppningsvis kan
tdta kunskapsluckorna pa admnet.

Vid slutet av denna uppsats kommer det vara tydligt att magnetskiktsjetar ar en &aterkommande
féoreteelse vid Mars som statistiskt kan studeras. Det kommer vara tydligt hur de beter sig, bade som
sjalvstandiga enheter och i jamforelse med deras narliggande omgivning. Specifikt sdtt kommer
féordelningar av vissa egenskaper visas upp, korrelationer kommer faststallas, och rumsliga
kartldggningar kommer presenteras.
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