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Abstract. This paper presents a Multi-satellite Data Analysis and Simulator Tool (MDAST), developed with
the original goal to support the science requirements of a Martian 3-Unit CubeSat mission profile named
Bleeping Interplanetary Radiation Determination Yo-yo (BIRDY). MDAST was firstly designed and tested by
taking into account the positions, attitudes, instruments field of view and energetic particles flux measurements
from four spacecrafts (ACE, MSL, STEREO A, and STEREO B). Secondly, the simulated positions, attitudes
and instrument field of view from the BIRDY CubeSat have been adapted for input. And finally, this tool can
be used for data analysis of the measurements from the four spacecrafts mentioned above so as to simulate
the instrument trajectory and observation capabilities of the BIRDY CubeSat. The onset, peak and end time of
a solar particle event is specifically defined and identified with this tool. It is not only useful for the BIRDY
mission but also for analyzing data from the four satellites aforementioned and can be utilized for other space
weather missions with further customization.
Keywords. Solar energetic particles—solar particle events—simultaneaous multi-spacecraft measurements—CubeSat—Mars.

1. Introduction
BIRDY is a 3-Unit CubeSat that is piggy-backed on a
host mission to Mars and jettisoned at the beginning
of the journey (Segret et al. 2014). The asset of such
a mission is to provide extra energetic particle measurements in the interplanetary medium between the
Earth and Mars by taking advantage of the Hohmann–
Parker effect (Posner et al. 2013). This effect was
first detected with the Radiation Assessment Detector
(RAD) instrument from the Mars Science Laboratory
(MSL) mission which was turned on during the cruise
to Mars (Hassler et al. 2012). It shows that a Hohmann
minimum energy transfer trajectory has a strong tendency to remain well-connected magnetically to Earth
in the early phase of the transfer and to Mars in the later
phase via the Parker spiral (Parker et al. 1958) magnetic

field. One of the advantages of this effect is that the same
Solar Particle Event (SPE) could be observed by different spacecrafts aligned along the same interplanetary
magnetic field (IMF) line (Posner et al. 2013). In this
situation, simultaneous multi-site measurements would
be useful in understanding the Solar Energetic Particles
(SEPs) propagation in the solar system. Therefore, in
order to support the BIRDY mission science requirements, a MATLAB tool was built which can be used
for:
• Retrieving the data taken by MSL/RAD during its
cruise to Mars (Ehresmann et al. 2016) as well as
other satellites/instruments in the interplanetary
space during the same observational period;
• Simulating the BIRDY Radiation Payload (BRP)
instrument observation capabilities during the
Earth–Mars–Earth cruise.
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The field-of-view (FoV) direction of the BRP is
important as charge particles spiral along IMF field line,
and at the beginning of a well-connected SEP event the
arrival direction distribution of particles is narrow and
centered along the IMF line (beam of particles). If the
FoV direction of the particle detector is not pointing
towards the IMF direction, the detector misses these
particles. However, later in the SEP event, the distribution of the particle arrival directions become isotropic
due to scattering during their IP propagation (Klecker
et al. 2012) and the FoV direction is not crucial at this
later phase.
The tool supports these satellites and related instruments:
• Advanced Composition Explorer (ACE) with its
instruments EPAM (Electron, Proton and Alpha
Monitor) (Gold et al. 1998) and SIS (Solar Isotope Spectrometer) (Stone et al. 1998);
• Mars Science Laboratory (MSL) with its instrument RAD (Radiation Assessment Detector)
(Hassler et al. 2012);
• Solar Terrestrial Relations Observatory A & B
(STEREO A & B) with its instrument High
Energy Telescope (HET) (Von Rosenvinge et al.
2008) and Low Energy Telescope (LET)
(Mewaldt et al. 2008).
It also supports the following satellite and related
instruments but only for the energetic particle flux as
the data regarding the exact positions and attitudes during the mission were corrupted.
• Solar and Heliospheric Observatory (SOHO)
with its instrument Electron Proton Helium
Instrument (EPHIN) (Böhm et al. 2007).
In the following sections, firstly, the data inputs are
presented, then the outputs are provided and finally
examples of data analysis and simulation results are
given.
2. Tool inputs overview
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2.2 Satellite positions and attitudes
The instrument positions (ephemeris) are provided
as a text file by different developer teams. Position
ephemeris is a text table that contains the position of
the spacecraft sampled at different time intervals (time
step may not be constant either) and stated in different
frames or reference systems depending on the mission.
In the case of MSL, ephemeris data is not available
as a text file: the only way to retrieve the MSL position is through the SPICE toolkit (Turner et al. 2010).
This toolkit is used for manipulating ancillary data,
helping to determine, for example, where the satellite
was located and how the spacecraft and its instruments
were oriented. The components of the SPICE system
are: the SPICE Toolkit software and SPICE data files,
often called ‘kernels’. For JPL-managed missions, the
mission archived kernels often have associated metakernels that logically aggregate the entire collection of
kernels appropriate for a given time span or a given
mission phase. A kernel may store data in either text
(ASCII) or binary format. In order to access data within
a kernel, an application program must load the kernel using meta-kernels. Thus, kernels are the mission
stored data, which can have various format and metakernels are used to load only the kernels the user needs
to retrieve. In this case, SPICE generates, from the kernels the positions of MSL at a given time. Only the
meta-kernels need to be configured in order to retrieve
solely the data required by the user. It is thus necessary
to specify the kernels to load. This is done by writing the list of data the user wants to retrieve inside
the meta-kernels (.txt files). SPICE creates a span of
MSL positions during its cruise time from Earth to Mars
(from 2011 December 06 up to 2012 August) with an
user configurable number of elements (default is 1000
total steps). Once the source is generated by SPICE, a
function retrieves (according to the MSL cruise time
boundary) the user desired positions.
As a result, the tool can take the attitude and positions
of the compatible satellites as inputs in the format of text
files (ACE, STEREO A & B, BIRDY) or as kernels and
meta-kernels through the SPICE toolkit (MSL).

2.1 Key inputs
2.3 Interplanetary magnetic field
MDAST has the capability to receive the following
inputs:
•
•
•
•

Satellite positions and attitudes;
Interplanetary magnetic field;
Energetic particle flux datasets;
User analysis settings.

The solar wind consists of electrons and ions emitted
outward by the solar corona in a steady stream of ionized
particles (plasma) at supersonic speed. The solar wind
is strongly responsive to electromagnetic fields: the Sun
magnetic field is frozen into the plasma flow and is carried with the solar wind away from the Sun, while the
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origin of the magnetic field itself remain attached to the
solar atmosphere. These open magnetic field lines form
the IMF (Russell et al. 2001).
The IMF is constantly deformed by many factors
including the rotation of the Sun and the velocity of the
flux. In this tool, the Parker spiral (Parker et al. 1958)
is implemented. Preliminary assumptions are:
• Steady-state conditions;
• The solar gravitation and the acceleration of the
solar wind flux can be neglected beyond some
distance b;
• The outward radial velocity is approximated as a
constant vm tunable by the user.
Mathematical computations:
The components of the velocity v in spherical coordinates are (Fitzpatrick 2006)
vr = vm ,
vθ = 0,
vφ = ω(r − b) sin θ = ω(r − b),
where ω is the angular velocity of the Sun and θ = π2 in
the ecliptic plane. The field lines are assumed to corotate
with the Sun’s surface at r = b.
The differential equation for the velocity streamlines
is obtained from ∇ × v = 0,
r dθ
r dθ
dr
=
=
.
(1)
vr
vθ
vφ
The equation is integrated from b to r and from φ0 to
φ to get
r  v
r
m
− 1 − ln
(φ − φ0 ) sin θ.
(2)
=
b
b
ωb
The effect of the Parker spiral, considered in this tool,
is assumed only on the ecliptic plane as the Hohmann
trajectory from Earth to Mars for a spacecraft is located
near the ecliptic plane. It is thus, possible to neglect one
component and simplify the equation as
r 
r
vm
− 1 − ln
(φ − φ0 ).
(3)
=
b
b
ωb
The user can input the following values:
• r , distance from the Sun to the satellite (km)
• b, distance to which the Sun influence can be
neglected (km)
• vm , outward radial velocity (km/s)
• ω, Sun spinning velocity (rad/s).
BIRDY, on its cruise from Earth to Mars and back,
aims to keep the BRP instrument FOV with an attitude
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relative to the direction of the incoming Parker spiral
close to 0◦ to observe efficiently the incoming particles.
Moving outward from the Earth to Mars, the distance
BIRDY-Sun changes, therefore the related incoming
Parker spiral angle (IPSA) changes too. For example,
with a solar wind speed of 400 km/s, the estimated average IPSA for Earth, at the average distance from the
Earth to the Sun, is 45◦ while for Mars it is 56◦ . To
keep the mean BIRDY IPSA value close to 0 (up to
some oscillations around the 0 value), it is necessary
to compute the incoming Parker spiral angles along the
transfer trajectory to Mars and back to Earth and use it
as a target input for the BRP attitude control during the
cruise.
2.4 Energetic particle flux datasets
SEPs are ions (about 1 keV/nuc to tens of MeV/nuc)
and electrons (about 50 keV/nuc to 10 GeV/nuc) ejected
by the Sun. Solar charged particles are accelerated and
released along the interplanetary magnetic field lines by
flares or coronal mass ejections. The energetic particles
flux is the measurement of how many charged particles
impact per second in a fixed square area and it is often
expressed in particle flux units (1 pfu = 1 particle per
square centimeter-second-steradian).
The tool supports datasets of energetic particles from
the following satellites/instruments datasets of energetic particles flux:
• EPAM (the 0.48–097 MeV proton differential
energy channel) and SIS (the E > 10 MeV and
E > 30 MeV proton integral energy channels)
instruments on ACE (Advanced Composition
Explorer);
• RAD instrument (differential fluxes for proton
and helium in the range of 10–100 MeV/nuc) on
MSL;
• EPHIN instrument (two proton differential energy
channels in the range of 7.8–53 MeV) on SOHO;
• HET (11 proton differential energy channels in
the range of 13.6–100.0 MeV) and LET (11 proton differential energy channels in the range of
1.8–15.0 MeV) instruments on STEREO A & B.
2.5 User analysis settings
To satisfy the different analysis requirements the user
can define:
• Datasets of interest;
• Time window and time step;
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• SPEs time tolerance;
• Energetic range of interest.
The SPE time tolerance is the accuracy to which the
SPE key events are detected with this tool. The accuracy
is defined by the user but cannot be more precise than
the sampling time of the chosen instrument.
3. Tool outputs overview
3.1 Key outputs
MDAST has the capability to provide the following outputs:
• Common reference systems (spatial and temporal);
• Instruments attitude to incoming Parker spirals
(incoming spiral angle and relative attitude of the
instruments FoV);
• Solar particle events information (key events,
energetic particle flux variation).
3.2 Common reference systems
MDAST allows the user to visualize the positions and
attitudes of the compatible instruments within the same
reference frame in the same plot taking into account the
difference in sampling time interval.
3.2.1 Common spatial reference system. Datasets from
several satellites may use different reference frames.
The tool acquires the ephemeris for each spacecraft
and performs all the necessary computation in order
to obtain positions expressed as Heliocentric Aries
Ecliptic (HAE) defined as: Sun centered, X-axis points
toward Aries and Z-axis points toward the Ecliptic
North Pole. Figure 1 shows the positions of the Sun,
Earth, Mars, Stereo A & B, ACE and MSL as well as the
Parker Spiral (solar wind radial velocity of 400 km/s) as
on 7 March 2012. This date has been chosen as an example for the SEP event which started on 7 March 2012 is
one of the five SEP event detected by MSL/RAD during
its cruise (Wimmer-Schweingruber 2015).
3.2.2 Common temporal reference system. For the purpose of simultaneous multi-site measurements, it is
valuable to be able to compare the energetic particle
fluxes at the same time from different locations. Thus,
data taken with different time-steps need to be directly
time- comparable: two data samples can be plotted one
next to the other for a visual comparison but for accurate

Figure 1. Sun (yellow), Earth (blue), Mars (red), STEREO
A (purple), STEREO B (orange), ACE (green), MSL (cyan)
positions and Parker spiral (yellow) assuming a 400 km/s
solar wind radial velocity on 7 March 2012.

data analysis, they must be time-synchronous (Harvey
et al. 2000).
Indeed, data are usually not continuous but discrete as
sequence of points are taken with different time steps
depending on the instrument. If the time steps of the
two discrete datasets are not the same, then it is not
possible to perform a direct and accurate comparison.
The common time step for all desired datasets must be
smaller or equal to the smallest data sample time-step
due to aliasing problem during the interpolation process.
The re-sampling involves interpolation that converts
a time series (Ti , X i ) onto a set of time tags (tj ) in
which the sample interval is nt. n is usually a multiple
inferior to the original time step, to produce a set of
values for X but through the new time tj and t is the
time step configured for the abscissa of the plots. Time
tags (tj ) form the common time grid.
This tool uses a linear approach for the energetic particle flux data that does not introduce noise nor deface
any data content. It also uses a spline approach for trajectories as satellites positions are driven by non-linear
equations represented through a cubic spline interpolation.
3.3 Instruments attitude to incoming Parker spirals
3.3.1 Incoming Parker spiral angle. The IPSA to the
satellites are computed, on the common reference system (CRS), along the user selected time window,
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Figure 2. Angles between instruments FoV center and incoming Parker spiral. ACE/EPAM-SIS (blue), STEREO A/HETLET (red), STEREO B/HET-LET (pink), MSL/RAD (purple).

through the interpolation of the positions of satellites
according to the user inputs.
3.3.2 Instruments field-of-view center and incoming
Parker spiral angle. For many satellites, the attitude
of the instrument is not immediately accessible and in
some cases not provided. In order to obtain it, the tool
retrieves the attitude of the satellite first and performs
the proper vector rotation taking into account the position of the instrument on the satellite itself.
The angle is obtained differently depending on the
available instruments attitude data:
• For ACE: It is obtained by computing, the angle
between the IPSA and the satellite attitude with a
conversion matrix from the satellite to the EPAM
attitude. As for SIS, the conversion matrix uses
an estimation of the instrument position on the
satellite.
• For STEREO A & B: It is obtained by computing,
the angle between the IPSA and the satellite attitude assuming Z-axis is always aiming at the Sun
(as suggested by the STEREO team) for HET and
by computing the attitude angle for LET.
• For MSL: It is obtained by computing the angle
between the IPSA and the satellite attitude with
a conversion matrix from the satellite estimated
attitude to the estimated RAD instrument attitude.
• For BIRDY: The attitude of the instrument remains
constant during the mission. As the average angle
between the IPSA and the instrument should be
near 0 degree during the cruise from Earth to
Mars.

Instruments FoV center and incoming Parker spiral
angle is provided as a function of time and distance as
seen in Fig. 2.
3.4 Solar particle events information
3.4.1 Key events. A SPE is a significant increase in the
SEPs flux related to the Sun activity (Reames et al.
2001). It occurs when particles emitted by the Sun are
accelerated either by solar flares (impulsive events),
coronal or interplanetary shocks (gradual events) driven
by coronal mass ejections and their interplanetary
manifestations respectively.
MDAST is able to identify the following key SPE
events using the energetic particle measurements from
the supported satellites:
Onset. When the flux overcomes a threshold value,
de- fined based on background flux values before each
event;
Peak. The maximum value reached by the solar particle
flux per event;
End. When the flux returns below a threshold value
defined upon the background activity values out of any
event.
3.4.2 Energetic particle flux variation. Comparing
instrument measurements may require an additional
normalization process when data are taken with different units (i.e. dosimetry for RAD but particle impact per
seconds on a fixed square area (pfu) for EPAM, SIS,
HET, LET, EPHIN) and cannot be directly compared
due to a different physical quantity scale. The normalization process does not change the physical features
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Another feature of the tool is to provide the increase
and decrease rate of the energetic particle flux studied.
This approach is interesting for the normalization of the
flux between datasets so that different measurements
can be compared to each other.
Increase/decrease rate of the flux variations is the discrete derivative computed with the discrete finite central
difference stencil:
D(U ) =

Figure 3. Normalized energetic particle fluxes function of
time observed by STEREO B/HET (yellow), ACE/EPAM
(green), MSL/RAD Detector B (dark blue), MSL/RAD
Detector E (light blue).

within a boundary scale [0, 1]. It is thus possible to
compare different flux variations and peaks as shown
in Fig. 3. Features in the SEP event time series depend
on energy and magnetic connection (the distance of the
foot point of the spacecraft IMF line from the source location of the eruption). Figure 1 shows the locations of
ACE, MSL, STEREO A & B, Earth, Mars and the Sun
on 7 March 2012 at the starting time of the SEP event
depicted in Fig. 3. Figure 3 shows the SEP event of 7
March 2012 at different times by different spacecrafts at
different locations. The following satellites/instruments
were used for plotting Fig. 3:
• ACE/EPAM: Proton flux, range: 0.48–0.97 MeV,
sampling time 5 min;
• STEREO B/HET: Protons flux, channels: 13.6–
15.1 MeV, sampling time 15 min;
• MSL/RAD: dosimetry, average sampling time 8–
9 min.
Having the data normalized make it easier to compare measurements from each spacecraft. A deeper
analysis of this event remains necessary to assess how
disturbances such as CMEs between spacecraft may
have complicated the IMF configuration. Ricci et al.
(2013), Ding et al. (2016) and Kouloumvakos (2016)
provide additional useful information on the 7 March
2012 SPE event.

(Ui−1 − Ui+1 )
+ O(h 2 ),
2h

(4)

where U is the requested derivative value and h is the
time step.
Figure 4 shows the flux derivative of energetic particle flux measured by ACE/EPAM, STEREO B/HET and
by MSL/RAD during the SEP event which took place
on 7 March 2012. It is one of the five events detected
by MSL/RAD during its cruise to Mars. This Figure
shows that the increase and decrease rate of the flux
detected respectively by ACE/EPAM, STEREO B/HET
and MSL/RAD is quite different.

4. Earth–Mars CubeSat mission simulation results
MDAST is useful in the frame of preparing an Earth–
Mars CubeSat Space Weather mission. It provides the
simulated instrument FoV angle with the interplanetary
magnetic field lines, as well as information regarding
the energetic particle flux seen by other instruments in
the solar system compared with data from RAD taken
during the MSL cruise from Earth to Mars. The data of
those instruments may be used during the actual BIRDY
mission for simultaneous multi-site measurements by
taking advantage of the Hohmann Parker effect.
4.1 Inputs
4.1.1 Positions and attitudes. Position and attitudes of
ACE, STEREO A & B and MSL from 6 December 2011
to 6 August 2012 have been used. The BIRDY mission
simulated with this tool is for a launch on 4 January
2018, and arrival back near the Earth on 23 May 2019.
4.1.2 Interplanetary magnetic field. The method
described in Section 2.2 has been used taking an average
solar wind velocity of 400 km/s.
4.1.3 Energetic particle flux.Simultaneous multispacecraft measurements of SEPs flux have been used
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Figure 5. BIRDY estimated trajectory from 2018/1/4 to
2019/5/23.

Figure 4. Energetic particle flux derivative for ACE/EPAM
(green), STEREO B/HET (orange) and MSL/RAD (cyan)
during a SPE.

from ACE/EPAM, SOHO/EPHIN, STEREO A&B/HET- Figure 6. Parker spiral angles at Earth and at Mars and the
LET, MSL/RAD.
deviations of the FoV direction from the IMF direction for
the simulated BRP instrument.

4.2 Outputs
4.2.1 Common reference systems. BIRDY follows an
Earth–Mars free-return trajectory. The positions have
been computed within the HAE reference frame and
the trajectory can be seen in Fig. 5.
4.2.2 Instrument attitude to incoming Parker spirals.
Figure 6 shows the angle between the simulated BRP
instrument FoV and the incoming IMF lines. This simulation shows that the BRP can have an angle near to 0
degree with the incoming IMF lines during the whole
mission. This tool also works with ACE (EPAM and
SIS), STEREO A & B (LET and HET) and MSL (RAD)
as shown in Fig. 2.

4.2.3 Solar particle events information. In order to prepare for the BIRDY mission it is important to first
determine if there is a correlation between energetic particle fluxes observed by different satellites at differ- ent
locations during SPEs. Indeed, if there is a correlation,
it means that the Hohmann–Parker effect advantages
could be used for the BIRDY mission to better understand the propagation of SEPs. During the BIRDY
cruise from Earth to Mars and back, SPEs could be
observed by BIRDY and other spacecraft and propagation of the particles better understood if the spacecrafts
are magnetically aligned. As a reference, MSL/RAD
data is used, as the trajectory of the spacecraft from
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Figure 7. SEP events onset detected by MDAST and (Kubo et al. 2009) A.1 and A.2 methods using ACE/EPAM,
SOHO/EPHIN, STEREO/HET data from 2011/12/6 to 2012/07/14.

Earth to Mars would be similar to the BIRDY trajectory
and data compared with other satellites as seen in Fig. 3.

• True positive: A detected onset that is within tolerance of a real onset.
• False positive: A detected onset that is not within
tolerance of any real onset.
• False negative: All undetected real onsets and misleading onset which has been detected but they should
not have been as they are actually there, is no event.

(f) and A.2 methods (g), (h), (i), for ACE/EPAM,
SOHO/EPHIN, STEREO/HET from 2011/12/6 to
2012/07/14. A tolerance x1 means a tolerance of detection as precise as the sampling time of the instrument.
Figure 7 shows that with the MDAST method, the SEP
events are detected with a majority of true positive, a
minority of false positive and zero false negative results.
In comparison, (Kubo et al. 2009) A.1 and A.2 methods
show mitigated results. For ACE/EPAM, the methods
detect mostly false positive and true positive results as
seen in (d) and (g). However, for SOHO/EPAM (e), (h)
and STEREO/HET (f), (i), it shows a majority of false
negative and false positive. Figure 7 clearly shows that
MDAST provides better results than (Kubo et al. 2009)
A.1 and A.2.
MDAST is based on several simplified assumptions
which could have an impact on the results:

Figure 7 shows the percentage of SEP event onset
detected accurately by MDAST method (a), (b), (c),
in comparison with (Kubo et al. 2009) A.1 (d), (e),

• Instruments FoV center and IPSA: In function of the
precision of instruments attitude provided, the angle

5. Discussions
The SEP events onset time of each encountered event
has been estimated manually for all the instruments
datasets mentioned in this paper. Three categories of
SEP event onset detection have been defined:
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•

•

•

•

between IPSA and instruments FoV may slightly differ from the reality.
IMF: This field is constantly deformed by many factors but MDAST uses the Parker spiral model as an
assumption for the IMF. The real IPSA might thus
differ in comparison to the simulated Parker spiral
model.
Interpolation: Positions and attitudes of satellite/
instrument and energetic particle fluxes are provided
by MDAST based on interpolation of the data. The
sampling data rate impact the quality of the interpolation.
MSL/RAD dosimetry: RAD being located behind
the MSL shielding, the dosimetry measurements are
affected by secondary particles produced by the interaction of the SEP and shielding. RAD data can still
give interesting information in the frame of SEP
events study as it is possible to observe the dosimetry
variation due to SEP events. It is however impossible to separate the dosimetry coming from the SEP
or from the secondary particles. The impact on the
MDAST results is relatively minor as the tool looks
at the variation of the total flux of particles detected
by the instruments.
Data corruption: Corrupted data may influence the
results of the tool. This effect has been mitigated
as the data which are known to be corrupted on the
compatible instruments of MDAST are not taken into
account in the outputs. However, other corrupted data
undetected may be part of the instruments datasets.
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the Parker spiral direction could be calculated. And
finally, to compare the energetic particle flux, the
data has been normalized and derivative of the flux
calculated.
This tool is thus useful to study the energetic particles flux propagation in the solar system during SPE
by comparing simultaneous multi-spacecraft measurements. To prepare the BIRDY science requirements,
several tasks had to be carried out: confirming a correlation between energetic particle measurements at
different locations of the solar system and by a probe
on an Earth–Mars trajectory, simulating the BIRDY
instrument trajectory, attitude and angle with the Parker
spirals. We now know that a solar particle event which
would be observed by BIRDY could also be observed by
other satellites in the solar system, we also have evaluated the pointing capability of the instrument toward
the Parker spiral which provides a requirement on
the desired FoV of the BRP. In summary, this tool
contributes in integrating data with different time resolutions from multi-satellites into the input as well as
to define when the solar particle events onset, peak and
end time is from the detected data values for not only
this BIRDY mission but for any future missions.
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