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ABSTRACT

Audification has an established history in the field of space sci-
ence, with events such as “lion roars” and “whistlers” drawing
their names from auditory observations. As of 2019, NASA’s
CDAWeb repository provides audified versions of observations
from spacecraft and ground-based instruments as a standard data
product. This approach can be extended further through spatial-
ized audio (auralization) of data from multiple sensors. However,
there are not currently standardized tools available for spatially
rendering audified multispacecraft observations. Here, we demon-
strate an auralization of magnetometer data from NASA’s Magne-
tospheric Multiscale (MMS) Mission, produced using open-source
tools in python. Each spacecraft’s audified data is played by a vir-
tual sound source with a location matching the physical arrange-
ment of that spacecraft. This is used to generate a binaural ren-
dering optimized for playback over headphones. This approach
eliminates the need for specialized tools, improving access for cit-
izen scientists. It lays a foundation for standardized auralizations
of distributed instrumentation systems, both for use in space sci-
ence research and for systematically evaluating the effectiveness
of auralization methods, and supports ongoing work with ground-
based magnetometers in polar regions.

1. INTRODUCTION

The geospace environment is replete with diverse, complex and
interrelated wave features, for which audification can be a valu-
able analysis approach. The scale and geometry of the Sun/Earth
system motivate an extension of audification techniques to aural-
ization (spatial sonification) for data presentation and exploration.
In this work, we present an example of auralized spacecraft data
using Python-based tools. Section |2| introduces audification and
auralization in the context of space science. Section [3]discusses
NASA CDAWeb, and the history of its data audification features.
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Section ] describes the Python workflow used to generate the au-
ralization of satellite data presented in this work, and Section [5]de-
scribes our example data from the MMS mission. Finally, Section
[€]articulates next steps for incorporating auralization into existing
workflows for analyzing space science data from CDAWeb.
Audification transforms data points directly into audio sam-
ples, maintaining the original dataset’s integrity via a one-to-one
mapping. Through this process, 44,100 data samples can be trans-
lated into a single second of audio at a standard sampling rate of
44.1kHz, allowing a million data samples to be auditorily assessed
in approximately 23 seconds. Adjusting the sampling rate by ei-
ther lowering it, which slows down the audio file, or increasing it,
which accelerates playback, alters the frequency spectrum and du-
ration of the audio. This type of adjustment can help to highlight
macro- and micro-scale features and trends in the data, and addi-
tional tools commonly employed in the realm of digital audio can
also help in the analysis process (e.g. filters and noise reduction).
Audification draws upon the innate spectral analysis capabili-
ties of the human ear, offering a highly sensitive diagnostic tool for
the evaluation of continuous signals. It serves as a complementary
or alternative approach to traditional visualization methods such
as wavelet analysis and Fast Fourier Transforms (FFT). Combined
with the ability to distinguish subtle signals within complex and
noisy environments—known as the cocktail party effect [1]—the
human ear offers itself as an invaluable analytical tool. Research
further indicates that a multimodal approach (integrating both au-
ditory and visual analysis) enhances feature identification sensitiv-
ity beyond that of conventional visual analysis alone, particularly
in the context of evaluating heliospheric time-series datasets [2].

2. AUDIFICATION IN SPACE SCIENCE

Before the advent of modern data visualization technology, audi-
tory analysis played a pivotal role in space science, particularly
through the examination of VLF (Very Low Frequency) radio sig-
nals. This approach uncovered phenomena like the "whistler"
mode waves through sounds generated by lightning in Earth’s
magnetosphere [3]]. Auditory analysis also led to the first obser-
vation of "Lion Roar" emissions in the magnetosheath [4], a dis-
covery which has been pivotal in understanding the dynamics of
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plasma turbulence and energy transfer in Earth’s magnetosphere.

More recently, audification was utilized in the analysis of more
than 20 ionic ratios from the ACE/SWICS instrument, revealing
C8F/C*™* to be a more sensitive diagnostic of the solar wind source
region than the more commonly utilized O”*/O%* [3]]. In another
study, audification of magnetometer data from the WIND satellite
led to the discovery of a notable proton cyclotron wave storm, lead-
ing to a new understanding of such events as commonly occurring
and locally generated within the solar wind [6]]. The effectiveness
of audification has also been demonstrated in the identification of
equipment induced noise in satellite data [7]]. Currently, the Helio-
physics Audified: Resonances in Plasma (HARP) project, a NASA
funded citizen science project with more than a thousand partici-
pants is yielding new insights into the nature of ULF waves in the
Earth’s magnetosphere. [§]]

3. AUDIFICATION OF CDAWEB DATA

Coordinated Data Analysis Web (CDAWetﬂ) is a web-based data
browsing tool provided by the NASA Space Physics Data Facility
(SPD [9) heliophysics archive. It facilitates access to a variety
of heliophysics data, including current and past missions, related
to the study of the physical processes in the space environment
from the Sun to Earth and throughout the solar system.

The repository is regularly updated to provide the latest and
most accurate data to both researchers and the public. The inter-
face offers access to datasets selectable by mission (e.g. Parker
Solar Probe, Voyager), and/or instrument type (e.g. electric and
magnetic fields, energetic particle detectors, and radio and plasma
waves). Users then select data variables to visualize or download
for a given time range (in various formats and with other options).

Audification functionality was added to CDAWeb in 2019, en-
abling users to generate .wav files from individual vectors at a sam-
pling rate of 22kHz. This sampling rate was chosen over the more
traditional 44.1kHz to ensure that important information within the
audio file falls within a frequency range audible to a wide range of
individuals. This sampling rate also requires fewer data samples
to produce a single second of audio. Missing data samples are
smoothed via linear interpolation in order to avoid artifacts that
can be produced by alternative methods such as value assignment.

Numerous datasets on CDAWeb are well-suited for audifi-
cation, notably those involving high-cadence measurements (e.g.
magnetic fields, electric fields and radio waves). In some in-
stances, “burst mode” data may be available, offering a signifi-
cantly higher sampling rate over limited intervals of time. Several
examples of audified solar wind data can be found in the Audifica-
tion README file on CDAWelf’]

4. SPATIAL AUDIO IN PYTHON

Python libraries, such as spacepy [10], ai.cdas, and
pyspedas [11], which use CDAWeb’s REST API to automati-
cally pull data, are already widely adopted in the space science
community. [12]] Often, these tools are used in Jupyter notebooks,
which are designed to enable reproducible computational work-
flows in a web-based format [13]]. These workflows can then be
iterated upon with relative ease. An audification approach which
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can be integrated into a Jupyter notebook, therefore, has advan-
tages for the research community over a workflow which requires
separate or proprietary tools.

Auralization, defined by Kleiner et al. [[14] as a technique for
rendering virtual sound fields, is a natural extension of audifica-
tion where multiple sound sources are concerned. This approach
utilizes a Head-Related Transfer Function (HRTF) to generate a
binaural sound field, enabling a listener to reliably identify the per-
ceived direction in which a sound originates. To date, this method
is not widely used in the space science community.

5. EXEMPLAR: SPATIALIZED MMS DATA

The Magnetic Multiscale (MMS, [[15])) satellite mission, launched
by NASA in 2015, comprises four spacecraft flown in a tetrahe-
dral formation. To auralize this data, we created a set of four loud-
speakers in spaudiopy [16], as shown in Figure[2] The audified
signal for each spacecraft was then assigned to its respective vir-
tual speaker, and used to produce a binauralized recording. From
the listener’s perspective, MMS?2 is to the left, MMS4 is to the
right, MMS3 is directly ahead and MMS1 is below as the satellites
fly through the magnetosheath.

‘We chose as an example event a period between 9:00 and 9:05
UT on 9 December 2016. As reported by Phan [17], this period
includes an observation of a novel electron driven magnetic recon-
nection event at 9:03:54 UT, during which two plasma outflow jets
in opposite directions were observed.

MMS Level 2 Search Coil Magnetometer AC Magnetic Field
Burst data (8192S/s) were audified in a spatial field as described
in[d The Bz component was used for each spacecraft as it was
found to have less instrumentally induced noise than the Bx and
By. Five minutes of data for a single satellite corresponds to 2.46
million data samples, or 1 minute and 52 seconds of audio at a
sampling rate of 22kHz. In the audification, high-amplitude low-
frequency waves associated with reconnection events resemble the
sound of a strong wind hitting a microphone. Close listening re-
veals a set of higher frequency “chirps” which suggest there may
be some wave particle interactions associated with these reconnec-
tion events. Many events present with a subtle but notable variance
in their stereo field location, and the low-frequency waves present
with a stereo width suggesting phase variance. This type of spatial
information may be helpful in the exploratory analysis of structural
properties of the solar wind.

This audification was time-aligned with videos generated by
NASA’s Scientific Visualization Studio, shown in Figure [3] and
rendered as a presentation video [18]. For this rendering, the au-
dification was mastered in order to balance the low frequencies
that otherwise dominate the mix, and dynamic compression was
added to prevent strong transient events from overpowering the
mix. Instrumental noise was also reduced through a combination
of filtering and de-noising algorithms applied in iZotope RX.

6. FUTURE WORK

The key accomplishment of this work is the direct auralization of

space weather data using open-source tools in Python. Extending

this proof of concept to a general-purpose workflow for auralizing
CDAWeb data may entail:

1. Further experimentation. The example here is a first pass;

there is much room to explore with regard to speaker posi-

tion (and potentially changing it over time to track satellite
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Figure 1: Fig. 3b from [17], showing configuration of MMS satel-
lites in LMN coordinates.
Loudspeaker Setup

-1.0 -1.0

Figure 2: Speaker layout for MMS satellites, generated by
spaudiopy. The listener is located at the origin point and faces
the positive direction of the X-axis. MMS1 is labeled as 0, MMS2
as 1, and so on.
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Figure 3: Synchronized visuals NASA’s Scientific Visualization
Studio, presented with the auralization. The visualizations are doc-
umented at https://svs.gsfc.nasa.gov/4639.
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paths); ways to spatialize B, By, B, components; appro-
priate sampling rates, and other aspects.

2. Integration into a python package.

3. Extension to other spacecraft and distributed sensor
systems. CDAWeb offers data from ground-based stations
as well as satellites. Interhemispheric conjugate magne-
tometer chains (i.e., on opposite ends of Earth’s magnetic
field lines [[19]]) are of particular interest for spatial sonifica-
tion. In some cases, combined sonifications from multiple
instrument systems may be of interest.

4. Documentation of common and uncommon phenomena.
Developing audio guides to a “day in the life” of a sensor
system, perhaps using synthetic data, will help new users
develop an intuition for what a given dataset sounds like.
This approach was used to great effect in the HARP project

and is particularly valuable for citizen scientists process-
ing new data.

5. Direct integration of auralization modes with CDAWeb.
Once prior steps are validated, spatial auralizations could
be included as a CDAWeb product.

This represents an audio-first approach, but is conducive to inte-
gration with immersive visual modes of data presentation, particu-
larly virtual reality and planetarium shows. Immersive audio-only
displays, such as head-tracking headphones, may also be valuable
platforms for expressing these data.

The auralization in Section [5]also suggests new avenues of in-
vestigation specific to MMS. This particular event is an example
of "electron-only" reconnection, whereby the reconnecting mag-
netic fields are coupled only to the electrons, and not the ions,
differing from traditional pictures where both particle populations
are involved. Although this means background ion movement is
not detectable, hidden features heard in the magnetic field might
hold clues. Several open questions regarding reconnection—such
as its onset, rate, and overall role in energy conversion—may be
elucidated by examining the behavior of the generated waves. Ulti-
mately, both the electrostatic and electromagnetic waves driven by
reconnection (such as whistlers and solitary waves [20]) will inter-
act with the overall turbulence dynamics. An overarching question
in space plasma physics is how turbulent energy dissipates across
disparate scales. Electron-only reconnection reveals how turbulent
energy from the reconnection may bypass ion-scales and only heat
electrons [21]]. Future work will thus also include the electric field
to hear the electrostatic waves responsible for the observed elec-
tron acceleration and distinguish the electron-scale dissipation of
the energy cascade. Finally, auralization of multi-spacecraft data
will maximize scientific return of other upcoming missions, such
as HelioSwarm, a swarm of 9 spacecraft capable of unique tetrahe-
dral configurations to capture dissipation of turbulence from large
to sub-ion scales. [22]]

7. OPEN RESEARCH

This work uses data from the Magnetospheric Multiscale (MMS)
mission, available from the NASA SPDF archive [9] via CDAWeb.
Visualizations from NASA’s Scientific Visualization Studio are
available at https://svs.gsfc.nasa.gov/4639. The
code used to compose the sonification is available at [23]. At the

4HARP resources are available at| 1isten.spacescience.org,
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time of writing, the sonification discussed herein [18] is available
athttps://youtu.be/cTauKjcRCPY,

8. ACKNOWLEDGMENT

This work is supported by NSF grant OPP-2218996. We thank
Christoph Hold and the other developers of spaudiopy for mak-
ing this workflow possible. We thank Mike Hartinger, the HARP
team, and all HARP volunteers for inspiring this work.

(1]

(2]

(3]

[4

—_

[5

—

[6

—_

[7

—

(8]

[9

—

(10]

(11]

9. REFERENCES

E. C. Cherry, “Some experiments on the recognition of
speech, with one and with two ears,” Journal of the acousti-
cal society of America, vol. 25, no. 5, pp. 975-979, 1953.

R. L. Alexander, “The bird’s ear view: Audification for the
spectral analysis of heliospheric time series data,” Ph.D. dis-
sertation, University of Michigan, 2015.

H. Barkhausen, “Whistling tones from the earth,” Proceed-
ings of the Institute of Radio Engineers, vol. 18, no. 7, pp.
1155-1159, 1930.

E. J. Smith and B. T. Tsurutani, “Magnetosheath lion roars,”
Journal of Geophysical Research, vol. 81, no. 13, pp. 2261-
2266, 1976.

E. Landi, R. Alexander, J. Gruesbeck, J. Gilbert, S. T. Lepri,
W. Manchester, and T. H. Zurbuchen, “Carbon ionization
stages as a diagnostic of the solar wind,” The Astrophysical
Journal, vol. 744, no. 2, p. 100, 2011.

R. Wicks, R. Alexander, M. Stevens, L. Wilson III, P. Moya,
A. Vinas, L. Jian, D. Roberts, S. O’Modhrain, J. Gilbert,
et al., ““A proton-cyclotron wave storm generated by unstable
proton distribution functions in the solar wind,” The Astro-
physical Journal, vol. 819, no. 1, p. 6, 2016.

R. L. Alexander, S. O’Modhrain, D. A. Roberts, J. A. Gilbert,
and T. H. Zurbuchen, “The bird’s ear view of space physics:
Audification as a tool for the spectral analysis of time series
data,” Journal of Geophysical Research: Space Physics, vol.
119, no. 7, pp. 5259-5271, 2014.

M. O. Archer, M. Cottingham, M. D. Hartinger, X. Shi,
S. Coyle, E. ill, M. F. J. Fox, and E. V. Masongsong,
“Listening to the magnetosphere: How best to make
ulf waves audible,” Frontiers in Astronomy and Space
Sciences, vol. 9, 2022. [Online]. Available: https:
/Iwww.frontiersin.org/articles/10.3389/fspas.2022.877172

NASA Space Physics Data Facility (SPDF), ROR: https:
/lror.org/00ryjtt64, DOIL: http://doi.org/10.17616/R3P301.
[Online]. Available: https://spdf.gsfc.nasa.gov

J. T. Niehof, S. K. Morley, D. T. Welling, and B. A.
Larsen, “The spacepy space science package at 12 years,’
Frontiers in Astronomy and Space Sciences, vol. 9, 2022.
[Online]. Available: https://www.frontiersin.org/articles/10.
3389/fspas.2022.1023612

E. W. Grimes, B. Harter, N. Hatzigeorgiu, A. Drozdov,
J. W. Lewis, V. Angelopoulos, et al, “The space
physics environment data analysis system in python,”
Frontiers in Astronomy and Space Sciences, vol. 9, 2022.
[Online]. Available: https://www.frontiersin.org/articles/10.
3389/fspas.2022.1020815

[12]

(13]

(14]

[15]

[16]

(17]

[18]

[19]

(20]

(21]

[22]

(23]

June 24 - 28, 2024, Troy, NY, USA

A. G. Burrell, J. Coxon, K.-M. Aye, L. Lamarche, and S. A.
Murray, Snakes on a spaceship—An overview of python in
space physics. Frontiers Media, July 2023.

T. Kluyver, B. Ragan-Kelley, F. Pérez, B. Granger, M. Bus-
sonnier, et al., “Jupyter notebooks — a publishing format for
reproducible computational workflows,” in Positioning and
Power in Academic Publishing: Players, Agents and Agen-
das, F. Loizides and B. Schmidt, Eds. IOS Press, 2016, pp.
87 -90.

M. Kleiner, B.-I. Dalenbick, and P. Svensson, “Auralization-
an overview,” Journal of The Audio Engineering Society,
vol. 41, pp. 861-875, 1993. [Online]. Available: https:
//ap1i.semanticscholar.org/CorpusID: 107179857

J. L. Burch, T. E. Moore, R. B. Torbert, and B. L.
Giles, “Magnetospheric multiscale overview and science
objectives,” Space Science Reviews, vol. 199, no. 1-4, p.
5-21, May 2015. [Online]. Available: http://dx.doi.org/10.
1007/s11214-015-0164-9

C. Hold, “spaudiopy,” Mar. 2024. [Online]. Available:
https://github.com/chris-hld/spaudiopy

T. D. Phan, J. P. Eastwood, M. A. Shay, J. F. Drake,
B. U. O. Sonnerup, et al., “Electron magnetic reconnection
without ion coupling in earth’s turbulent magnetosheath,”
Nature, vol. 557, no. 7704, p. 202-206, May 2018. [Online].
Available: http://dx.doi.org/10.1038/s41586-018-0091-5

K. Collins, R. Alexander, R. Candey, and J. Verniero, “ICAD
2024 MMS Binaural Audification,” March 2024, https://
zenodo.org/doi/10.5281/zenodo.10850637, [Online]. Avail-
able: https://www.youtube.com/watch?v=cTauKjcRCPY

D. R. Weimer, C. R. Clauer, Z. Xu, S. Coyle, and M. D.
Hartinger, “Magnetic field observations on interhemispheric
conjugate chains,” Earth and Space Science, vol. 10, no. 9, p.
€2023EA003046, 2023, e2023EA003046 2023EA003046.
[Online]. Available:  https://agupubs.onlinelibrary.wiley.
com/doi/abs/10.1029/2023EA003046

F. D. Wilder, R. E. Ergun, K. A. Goodrich, M. V. Goldman,
D. L. Newman, D. M. Malaspina, et al., “Observations of
whistler mode waves with nonlinear parallel electric fields
near the dayside magnetic reconnection separatrix by the
magnetospheric multiscale mission,” Geophysical Research
Letters, vol. 43, no. 12, pp. 5909-5917, 2016. [Online].
Available: |https://agupubs.onlinelibrary.wiley.com/doi/abs/
10.1002/2016GL069473

J. E. Stawarz, J. P. Eastwood, T. D. Phan, I. L. Gingell, P. S.
Pyakurel, M. A. Shay, S. L. Robertson, C. T. Russell, and
O. Le Contel, “Turbulence-driven magnetic reconnection
and the magnetic correlation length: Observations from
Magnetospheric Multiscale in Earth’s magnetosheath,”
Physics of Plasmas, vol. 29, no. 1, p. 012302, 01 2022.
[Online]. Available: https://doi.org/10.1063/5.0071106

K. G. Klein, H. Spence, O. Alexandrova, M. Argall, L. Arza-
masskiy, et al., “HelioSwarm: A Multipoint, Multiscale Mis-
sion to Characterize Turbulence,” , vol. 219, no. 8, p. 74, Dec.
2023.

K. Collins and R. Alexander, “Auralization of MMS Data,”
Mar. 2024. [Online]. Available: https://github.com/KCollins/,
1cad2024/tree/v.0.0.1


https://youtu.be/cTauKjcRCPY
https://www.frontiersin.org/articles/10.3389/fspas.2022.877172
https://www.frontiersin.org/articles/10.3389/fspas.2022.877172
https://ror.org/00ryjtt64
https://ror.org/00ryjtt64
http://doi.org/10.17616/R3P301
https://spdf.gsfc.nasa.gov
https://www.frontiersin.org/articles/10.3389/fspas.2022.1023612
https://www.frontiersin.org/articles/10.3389/fspas.2022.1023612
https://www.frontiersin.org/articles/10.3389/fspas.2022.1020815
https://www.frontiersin.org/articles/10.3389/fspas.2022.1020815
https://api.semanticscholar.org/CorpusID:107179857
https://api.semanticscholar.org/CorpusID:107179857
http://dx.doi.org/10.1007/s11214-015-0164-9
http://dx.doi.org/10.1007/s11214-015-0164-9
https://github.com/chris-hld/spaudiopy
http://dx.doi.org/10.1038/s41586-018-0091-5
https://zenodo.org/doi/10.5281/zenodo.10850637
https://zenodo.org/doi/10.5281/zenodo.10850637
https://www.youtube.com/watch?v=cTauKjcRCPY
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2023EA003046
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2023EA003046
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016GL069473
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016GL069473
https://doi.org/10.1063/5.0071106
https://github.com/KCollins/icad2024/tree/v.0.0.1
https://github.com/KCollins/icad2024/tree/v.0.0.1

	 Introduction
	 Audification in Space Science
	 Audification of CDAWeb data
	 Spatial Audio in Python
	 Exemplar: Spatialized MMS data
	 Future Work
	 Open Research
	 ACKNOWLEDGMENT
	 References

