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3 Results

We share the story of how we made this paper, the first executable paper in Heliophysics, through cross-

disciplinary collaboration to highlight the benefits of our process. Executable papers are interactive documents that 4 Discimsion;

put a publication's text infine with the code used in the research in a containerized environment with the data and 4.1 Future Work

dependencies needed to run the code. This approach enables readers to reproduce every step taken to arrive at Data Availability Statement
the publication's conclusions and to easily build upon and extend the work—all important components of open
science. Open science is, broadly speaking, transparent and accessible knowledge that is shared and developed
through collaborative networks. In this work, we present an adaptable workflow to compare magnetosphere
models to spacecraft observations. It is one example of many other workflows that can be developed through
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Figure 5. A screenshot of a 1D plot produced by the Kamodo fiythrough.

2.5.2 Visual Comparison

We now have values from a model of the magnetic field components measured by our MMS spacecraft. We can
plot the modeled and observed values together to see how accurate the model s.

We do so using Kamodo's built-in plotting capability, rather than matplotlib, because it produces interactive
plots with very little code. We *Kamodofy" the results before we can plot them. "Kamodofication" is a concept
Kamodo uses to “functionalize" callable functions, something that allows many problems in scientific data analysis
to be posed in terms of function composition and evaluation. See the Kamodoficat mentation for details
about this concept.

Note that the model data files we use contain only the variables output by MiFile Variables(model, file_dir)
as compared 1o the fulllist of variables listed by MH_Mode1_Variables(model) . We included only magnetic field
component variables in our model data to conserve space, but OpenGGCM can model any of the fulllist of
variables. Any of the modeled variables can be compared to the corresponding observed ones.

2.5.2.1 Extract the Modeled and Observed Magnetic Field Components

kamodo_object = S.W0.Functionalize_SFResults(model, results)

sat_fgm = pytplot.get_data(

sat_tines = np.array(sat_fgn[0])
np.array([b[e] for b in sat_fgn[1]])
np.array([b[1] for b in sat_fam[1]])
np.array([b[2] for b in sat_fgm[1]])

notionalize WS data

kamodo_object = §.W0.Functionalize_TimeSeries(sat_times,

modo_object)

kamodo_object = S.W0.Functionalize TimeSeries(sat_times,

modo_object)

kanodo_object = §.W0.Functionalize_TimeSeries(sat_times,

modo_object)

sat_B_x, kamodo_object=ka
sat By, kamodo_object=ka

sat_B_z, kamodo_object=ka

2.5.2.2 Plot the Modeled and Observed Magnetic Field Components

promotes the executable paper format as a supplemental tool to improve the reproducibility of publications and
support open science. A key takeaway is that our collaboration made such a complex task an easy feat in the end.
Additionally, the executable version of our paper makes it trivial for others to reproduce our work, and it gives them
a better launching point to extend it. These facts underscore the success of our approach. In highlighting this new
open science approach, we hope to be an example to our field and encourage this way of doing science,

1 Introduction

We recount how we made this paper, the first executable paper in Heliophysics, to highlight the benefits of our
process. Executable papers are a new kind of paper written in software that combines text, data, and code to
enable readers to reproduce every step taken to arrive at the paper's conclusions (Lasser 2020). Our executable
paper is centered around an adaptable Python workflow to compare magnetosphere models to spacecraft
observations. It is one example of many other workflows that can be developed through collaborations between
software developers and scientists in a move towards open science. We detail how our process was facilitated by
such a collaboration and guided by open science principles.

The following subsections provide the background to understand this work. We set the scene in section 1.1 by
discussing open science and how it relates to issues with reproducibility. Then we describe the organization from

which our team originates, the Python in Heliophysics Community (PyHC), and how our goals align with this work in

section 1.2. Then we fully explain the concept of executable papers in section 1.3—what they are, why they
benefit reproducibility, and how they compare to traditional papers. Next, we discuss the cross-disciplinary
collaboration underpinning our work and why it was crucial to our success in section 1.4. Then we give the science
background to follow the workflow presented in our executable paper before actually presenting it in section 1.5.
The following "Method" section contains the workflow (section 2). We will showcase it fully, from the underlying
concepts to the implementation using our PyHC packages. Section 3 covers the results and outcomes from our
work. Finally, we end the paper with our closing remarks in section 4.
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Figure 6. Time series plot of the observed B_x magnetic field component (blue) with the modeled one (red).
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We now have values from a model of the magnetic field components measured by our MMS spacecraft. We can
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Figure 6. Time series plot of the observed B_x magnetic field component (blue) with the modeled one (red).
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2.5.2.2 Plot the modeled and observed magnetic field components
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We share the story of how we made this paper, the first executable paper in Heliophysics, through "
cross-disciplinary collaboration to highlight the benefits of our process. Executable papers are
interactive documents that put a publication’s text inline with the code used in the research ina
containerized environment with the data and dependencies needed to run the code. This
approach enables readers to reproduce every step taken to arrive at the publication’s conclusions
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and to easily build upon and extend the work—all important components of open science. Open TABLE OF CONTENTS
science s, broadly speaking, transparent and accessible knowledge that is shared and developed The three plots In F ana f show how well the OpenGGCM mode simulates our real-world data
through collaborative networks. In this work, we present an adaptable workflow to compare At Recall that our model was Intentionaly generated at a coarse resoluion to save SIOrage space, so the smulation is only a

rough approximation.

magnetosphere models to spacecraft observations. It is one example of many other workflows L
that can be developed through collaborations between software developers and scientists in a Methor
move towards open science. Most of the authors are members of the Python in Heliophysics

Community (PyHC), an international, multi-organizational community that serves as a knowledge
base for performing Heliophysics research in the Python programming language. PYHC promotes
the executable paper format as a supplemental tool to improve the reproducibility of publications
and support open science. A key takeaway is that our collaboration made such a complex task an
easy feat in the end. Additionally, the executable version of our paper makes it trivial for others to
reproduce our work, and it gives them a better launching point to extend it. These facts on erest
underscore the success of our approach. In highlighting this new open science approach, we
hope to be an example to our field and encourage this way of doing science.
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Link to the executable version of this paper on Deepnote: h
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10/16 17:00s run_type: events solarwind: vars sw_source: OMNI|s desplike solar wind data: O« despike: threshold

(slgmas): 3« despike: number of samples: 5e setting option for Bx: users constant-Bx: O« By-coefficient: 0« Bz-coefficlent

b_abs: 2.19« b_angle: 123.13« lono_conductance: aurora dersen Conductance: defaulte Hall Conductance: defaulte

1084.

The OpenGGCM model was run with a low-resolution grid (‘dayside emphasis grid with 3,500,000 cells” with 355 x 1
100 cells) in the simulation domain extending from -350 t0 33 Rg In Xggp. and up to 49 Re In [Yggel and |Zgse| with a 0.3 R
resolution around the Earth. During the packaging of magnetosphere model outputs Into Kamodo, NetCDF files were
reduced to only Include magnetic field components (8,. B,, B) at a 600-s time cadence to limit model outputs to 1.6 GB.
The near-Earth boundary conditions at 2.5 R distance Includes 100 particles/cm?, a temperature of 100 eV, and a shlelding
latitude of 45° In the lonosphere electric field potentlal solver.
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\\ Big data is a challenge

Storage Limits

Deepnote: 5GB free
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observations. It is one example of many other workflows that can be developed through collaborations between
software developers and scientists In a move towards open sclence. We detall how our process was faclltated by
such a collaboration and guided by open science principles.
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The following subsections provide the background to understand this work. We set the scene In Section 1.1by
discussing open sclence and how It relates to lssues with reproducibilty. Then we describe the organization from
‘which our team originates, the Python in Hellophysics Community (PYHC), and how our goals align with this work
In Section 1.2. Then we fully explain the concept of executable papers in Section 1.3—what they are, why they
benefit reproducibiy, and how they compare to traditional papers. Next, we discuss the cross-disciplinary People also looked at

collaboration underpinning our work and why It was crucial to our success In Section 14. Then we give the

sclence background to follow the workflow presented In our executable paper before actually presenting it in Siiperposed epoch anslyse g
Section 1.5. The following “Method section contalns the workfiow (Section 2). We will showcase It fuly, from the

underlying concepts to the Implementation using our PYHC packages. Section 3 covers the results and outcomes
from our work. Finally, we end the paper with our closing remarks In Section 4.
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time-normalization: A Python tool
for statistical event analysis

FIGURE 9. Time series plot of the observed B_z magnefic ield
component (biue) with the modeled one (re

1.1 Open science and reproducibility

Open science Is a disruptive new approach to the sclentific process based on CoOperative Work and new PyThea: An open-source software
diffusing knowledge by using digital technologles and new collaborative toos (i 2022). 1tis about
package to perform 3D
extending the principles of openness to the whole research cycle, fostering sharing and collaboration as earty as
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2.5.2.2 Plot the modeled and observed magnetic field components
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2.5.2.2 Plot the modeled and observed magnetic field components
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The three plots In F and Flgure 9 show how well the OpenGGCM model simulates our real-world data
amodo_object.plo yMMS', 'B_y Recall that our model was Intentionaly generated at a coarse resoluion to save SIOrage space, so the smulation is only a
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rough approximation.
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\\ In Conclusion

A Traditional papers face open science and reproducibility problems
A Executable papers combine text and code
1 Lessons Learned:

Executable papers solve problems

Big data is a challenge
Journals decide how you represent code

Working with typersetters was tricky




Thank you \

Contact me:
shawn.polson@lasp.colorado.edu




