AFRL-RV-PS- AFRL-RV-PS-
TR-2015-0129 TR-2015-0129

DEVELOPMENT OF THE RICE CONVECTION
MODEL AS A SPACE WEATHER TOOL

Frank R. Toffoletto, et al.

William Marsh Rice University
Physics & Astronomy Department
6100 Main St., MS-108

Houston, TX 77005-1892

31 May 2015

Final Report

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION IS UNLIMITED.

AIR FORCE RESEARCH LABORATORY
Space Vehicles Directorate

3550 Aberdeen Ave SE

AIR FORCE MATERIEL COMMAND
KIRTLAND AIR FORCE BASE, NM 87117-5776




DTIC COPY

NOTICE AND SIGNATURE PAGE

Using Government drawings, specifications, or other data included in this document for
any purpose other than Government procurement does not in any way obligate the U.S.
Government. The fact that the Government formulated or supplied the drawings,
specifications, or other data does not license the holder or any other person or corporation;
or convey any rights or permission to manufacture, use, or sell any patented invention that
may relate to them.

This report was cleared for public release by the 377 ABW Public Affairs Office and is
available to the general public, including foreign nationals. Copies may be obtained from the
Defense Technical Information Center (DTIC) (http://www.dtic.mil).

AFRL-RV-PS-TR-2015-0129 HAS BEEN REVIEWED AND IS APPROVED FOR
PUBLICATION IN ACCORDANCE WITH ASSIGNED DISTRIBUTION STATEMENT.

//SIGNED/ / //SIGNED/ /
Dr. Robert V. Hilmer Glenn M. Vaughan, Colonel, USAF
Project Manager, AFRL/RVBXR Chief, Battlespace Environment Division

This report is published in the interest of scientific and technical information exchange, and its
publication does not constitute the Government’s approval or disapproval of its ideas or findings.

Approved for public release; distribution is unlimited.



REPORT DOCUMENTATION PAGE oMo e Do o6

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently
valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
31-05-2015 Final Report 15 Nov 2012 to 14 Feb 2015
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Development of the Rice Convection Model as a Space Weather Tool FA9453-13-1-0222

5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

63401F
6. AUTHOR(S) 5d. PROJECT NUMBER
Frank R. Toffoletto, Stanislav Sazykin, Robert W. Spiro, and Richard A. Wolf 5021
5e. TASK NUMBER
PPM00012244
5f. WORK UNIT NUMBER
EF010846
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER
William Marsh Rice University
Physics & Astronomy Department
6100 Main St, MS-108
Houston, TX 77005-1892
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
Air Force Research Laborator
y AFRL/RVBXR

Space Vehicles Directorate
3550 Aberdeen Ave SE
Kirtland AFB, NM 87117-5776

11. SPONSOR/MONITOR’S REPORT
NUMBER(S)
AFRL-RV-PS-TR-2015-0129

12. DISTRIBUTION/ AVAILABILITY STATEMENT

Approved for public release; distribution is unlimited. (377ABW-2015-0674 dtd 18 Aug 2015)

13. SUPPLEMENTARY NOTES

14. ABSTRACT

We have successfully demonstrated that the Rice Convection Model (RCM) can provide a superior space-weather product. The work
under this preliminary project consisted of a modest amount of code development and more extensive validation and testing. By varying
relevant RCM input parameters for different model runs of the same event, and assessing their effects on the computed output comparisons,
we established cause and effect relationships and guidance on how best to represent new physics in the RCM for predictive capabilities
purposes. At the conclusion of this project, we have at our disposal a modern and flexible inner magnetospheric model coupled to the
ionosphere that is suitable for both scientific studies as well as a prediction tool. We are able to run the model faster than “real time” on
sufficiently modern computational platforms for many days of magnetospheric time. In collaboration with the multi-agency Community
Coordinated Modeling Center (CCMC), we made available a version of the RCM that runs in “real time”. We plan on exploring additional
ways to expand this line of work by finding ways to fund a more systematic effort in making the RCM a space weather prediction tool for
magnetospheric and ionospheric studies relevant to space weather requirements.

15. SUBJECT TERMS
magnetospheric model, geomagnetic storms, sub-auroral polarization streams, SAPS, convection electric field, total electron content, TEC,
ionospheric convection, plasmasphere

16. SECURITY CLASSIFICATION OF: 17.LIMITATION 18.NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES Dr. Robert V. Hilmer
a. REPORT b. ABSTRACT c. THIS PAGE Unlimited 19b. TELEPHONE NUMBER (include area
Unclassified Unclassified Unclassified 18 code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




This page is intentionally left blank.

Approved for public release; distribution is unlimited.



Table of Contents

1. INTRODUCTION ..ottt e st e et e e s sba e e ebe e e asbe e e snbaeesnbeeennreeans
2. BACKGROUND ......ccciiiiet ettt sttt et e b beseeseste e e neebeseenearennns
3. METHODS, ASSUMPTIONS, AND PROCEDURES .........ccccooiiiiiie e
TN I O To (o 100 0T ()Y /=T 1< ] S
3.2. Validation and TeSTING .....ccueieeiieieiie ettt st e e e beeneesreeneeenee e

4. RESULTS AND DISCUSSION......couitiiieieiisieieiisiesiees st sie sttt ssesessesseseesessesens
4.1 Role of boundary conditions 0N DSt ........ccoiiiiiiieiiiie e
4.2 Signatures of magnetospheric electric fields in the ionosphere.........c.cocvvevevieve i,
4.3 Storm-time lonosphere and Plasmasphere StruCturing.........cocevvererinneeiesieeneee e

5. CONCLUSIONS.... ..ottt sttt sttt sttt be b e e b et e s e e s e s te e eneabe st enearennns
REFERENGCES ...ttt e et e et e e st e e e be e e st e e e snaaeennneeans

i
Approved for public release; distribution is unlimited.



List of Figures
1. Comparison of Results for PrediCting DSt .........c.coiviiiiiieiieie e 4

2. lonospheric Projection of the Total Electron Content (TEC) (in color) and ExB Drift Flow
Pattern (Vectors) During the Geomagnetic Storm of October 25, 2011.........cccccooeeiiiiiiiivieiiecciee 5

3. Comparison of lonospheric Convection Flow Velocity (Westward Component) Measured by
the SuperDARN Radar [7] (Right) and Computed by the RCM (Left) during the 2011-04-09
[C1=ToTagFoTo g o] L Tol ] (o] 1 1o PSR 5

4. Plasmasphere (Top) and lonosphere (Bottom) at 08:00 UT during the Storm of 2001-03-31...6

i
Approved for public release; distribution is unlimited.



List of Tables

1. Event SIMUIAEIONS WITN RCM ...ttt e e e e e e e e eeees

ii
Approved for public release; distribution is unlimited.



This page is intentionally left blank.

v
Approved for public release; distribution is unlimited.



1. INTRODUCTION

The MSFM (Magnetospheric Specification and Forecast Model), which was completed in the
1990's, was designed to calculate kilovolt electron fluxes at geosynchronous orbit and was
coupled to a real-time version of the NASCAP code to provide estimates of spacecraft charging.
The MSFM was essentially a simplified version of the 1990-vintage Rice Convection Model
(RCM). With support from NASA and NSF, our group has concentrated since then on improving
the RCM's scientific capabilities. We have been successful to the point where we think we have a
first-principles code that can calculate geosynchronous charged particle fluxes more accurately
than the MSFM could, while self-consistently calculating a wide range of other physical
parameters of interest. The objective of this AFRL-funded work was to optimize and test the
current version of the RCM, so that it will provide a realistic and comprehensive representation
of the closed-field-line region of the magnetosphere.

This report summarizes technical accomplishments and science results that were obtained during
the period of performance. Because the RCM self-consistently computes such a large set of
relevant physical parameters in the inner magnetosphere and ionosphere, we focus only on the
most relevant aspects of the code development and scientific studies.

2. BACKGROUND

During the period of performance, we made significant improvement to the RCM code to turn it
into a robust tool that can be used for routine event simulations and prediction of a variety of
physical parameters that are of practical importance for applications. In Section 3, we provide a
brief description of the code improvements under the grant. Section 4 contains test results and
discussion of the capabilities of the modern RCM code. Concluding remarks are presented in
Section 5.

3. METHODS, ASSUMPTIONS, AND PROCEDURES

The Rice Convection Model (RCM) [1] is a modern numerical code that simulates the physics of
the inner magnetospheric environment by evolving in time the Vlasov equation for the multi-
species plasma distribution function that is isotropic in pitch angle, and concurrently integrating
the coupled Poisson-type two-dimensional equation for the global ionospheric electrostatic
potential. The code has been developed principally for scientific studies. It includes a large
number of physics modules but required manual configuration and setup of input and other
parameters.

3.1 Code Improvements

The following technical improvements were made to the RCM code to advance it to the level of
a prediction-like tool:

Conversion to double precision. Through testing and validation of model results, we identified
the need to convert the RCM code to double precision from the existing single precision. The

1
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primary reason was lack of sufficient reproducibility of results on different platforms, caused by
increased spatial grid resolution used in the RCM. The conversion was completed.

Implementation of the substorm current wedge in the inputted magnetic field model. In order to
simulate substorm events, the code requires that the inputted time-varying magnetic field model
undergoes a magnetic-local-time dependent “collapse” that represents the substorm current
wedge. After various attempts, we found that the most robust scheme is the use of the “collapse
parameter” in the Hilmer-Voigt [2] magnetic field model. Such a mechanism was originally
implemented in MSFM in the late 1990s. We implemented this feature in the modern RCM.

Auroral particle precipitation signatures with TANGLE The module that computes precipitation
of auroral energetic particles (electrons) has been generalized to compute auroral ionospheric
electron density altitude profiles. Our previous version of this module, we evaluated field-line
integrated Pedersen and Hall conductances using the moments (energy flux and average energy)
of precipitating electrons using a semi-empirical relationship of Robinson et al. [3]. In the new
version, we compute altitude profiles of the electron density in the auroral oval using
parameterized results of the energy deposition calculation. This gives us the capability to
estimate ionospheric global maps of the Total Electron Content (TEC) for routine comparison
with GPS-derived maps regularly available from several data providers.

Implementation of magnetic field inputs. We implemented a series of options to use multiple
magnetic field models in the RCM. Our additions funded by the grant are the magnetic field

model TS04 (aka TS05) [4], which is a data-based high-resolution empirical model, and the

TS07D model [5]. The later model is event-specific and requires a set of coefficients that are
provided by APL on request.

Development of test particle module. We revised and improved a module that evolves test
particles in the RCM-computed electromagnetic fields. The purpose of the module is to test the
numerical schemes of the RCM as well as address the physics of particle injection and dynamics.

3.2 Validation and Testing

We performed several event simulations with the modern RCM that includes modifications as
described above. In addition to idealized simulations, real event simulations were done for events
listed in Table 1. Due to the large volume of the results, we are still working on validating RCM
results and comparing them to multiple data sets. Our initial results indicate that RCM-predicted
structure and magnitudes of the convection electric fields, particle precipitation, and TEC
structuring are in good agreement with observations.

2
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Table 1. Event simulations with RCM

Event SuperDARN GPS TEC RCM Min Dst
2001-03-31 - v v -457 nT
2011-04-09 v 4 v -40 nT
2011-09-28 v 4 v -100 nT
2011-10-25 v v v -160 nT
2011-11-01 v v v -40 nT
2010-05-02 v v

2010-05-29 v v

4. RESULTS AND DISCUSSION

The following are some of the significant scientific findings.

4.1 Role of boundary conditions on Dst

To establish the role of the boundary conditions on the nightside plasma fluxes in modeling the
Dst index during geomagnetic storms, we participated in the GEM metrics challenge that was
run by the Community Coordinated Modeling Center (CCMC). We determined the optimal
specification of the plasma fluxes boundary condition in the RCM that reproduces the predicted
Dst index during geomagnetic storms with different drivers. Figure 1 present preliminary results
of the Dst index predicted by the RCM (as well as a number of other inner magnetospheric
models) for four different geomagnetic storms that differed in both intensity and their solar-wind
drivers (these events are addition to those in Table 1). The full results were published in [6].

3
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Figure 1. Comparison of Results for Predicting Dst [6].

4.2 Signatures of magnetospheric electric fields in the ionosphere

We simulated several geomagnetic storms that occurred in 2011-2012 for which new high-
resolution measurements of two-dimensional convection flow maps are available from the newly
constructed mid-latitude chain of the SuperDARN HF radar system. Figure 2 shows an example
of the map of the ionospheric total electron content (TEC) with three superimposed latitudinal
slices of convection velocity vectors during the main phase of one such event. Flow pattern is
computed globally but is shown only at three lines of constant longitude for clarity. A new
element of this simulation was self-consistent calculation of TEC due to auroral precipitation in
the RCM, allowing for determination of auroral boundaries with respect to the electric field
structures. The double-peaked convection pattern in the dusk sector reflects magnetospheric
processes responsible for the electrodynamics of the ring current particle injection, with the low-
latitude peak collocated with the main ionospheric trough outside the main auroral flow.

Figure 3 further compares the westward component of convection velocity measured by one of
the SuperDARN radars [7] with that computed by the RCM during another simulated event.
These comparisons allow us, for the first time, to confirm that magnetospheric mechanisms
responsible for sub-auroral polarization streams (SAPS) structures are directly controlled by the
direction of the interplanetary magnetic field (IMF) z-component.

4
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Figure 2. lonospheric Projection of the Total Electron Content (TEC) (in color) and ExB
Drift Flow Pattern (Vectors) During the Geomagnetic Storm of October 25, 2011.
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Figure 3. Comparison of lonospheric Convection Flow Velocity (Westward Component)
Measured by the SuperDARN Radar [7] (Right) and Computed by the RCM (Left) During
the 2011-04-09 Geomagnetic storm.

4.3 Storm-time lonosphere and Plasmasphere Structuring

We examined the relationship between structuring in the ionosphere and plasmasphere during
quiet and storm times for the case of a major geomagnetic storm of March 31, 2001. Figure 4 [8]
(top) shows color-coded contours of the electron density and contour lines of the total
electrostatic potential in the magnetospheric equatorial plane (Sun is to the right). Mapping is
done assuming dipolar magnetic field. The lowest level contour of the electron density is set at
30 cm . The bottom of Figure 4 shows the global TEC (computed by integrating electron
densities up to 2000 km) as well as the electrostatic potential from RCM. The contribution to the

5
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TEC from plasma above 2000 km is <2%. The black contour line is 50 TECU; this contour level
is mapped to the equatorial plane and is denoted by the red triangles in the top panel.
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Figure 4. The Plasmasphere (Top) and lonosphere (Bottom) at 08:00 UT during the Storm
of 2001-03-31.

These results indicate the conjugate nature of structuring of electron densities (formation of
ionization plumes) at various altitudes.
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5. CONCLUSIONS

We have successfully demonstrated that the RCM can provide a superior space-weather product.
The work under this preliminary project consisted of a modest amount of code development and
more extensive validation and testing. In order to get initial understanding of the space weather
potential capabilities of the RCM, we conducted a series of RCM event simulations and detailed
comparisons of model output with available data. By varying relevant RCM input parameters for
different model runs of the same event, and assessing their effects on the computed output
comparisons, we established cause and effect relationships and guidance on how best to
represent new physics in the RCM for predictive capabilities purposes. Establishing these
relationships is an important step toward eventual inclusion of these effects into a realistic space
weather model of substorm effects in the inner magnetosphere.

At the conclusion of this project, we have at our disposal a modern and flexible inner
magnetospheric model coupled to the ionosphere that is suitable for both scientific studies as
well as a prediction tool. We are able to run the model faster than “real time” on sufficiently
modern computational platforms for many days of magnetospheric time. In collaboration with
the multi-agency Community Coordinated Modeling center (CCMC), we made available a
version of the RCM that runs in “real time” [9]. We plan on exploring additional ways to expand
this line of work by finding ways to fund a more systematic effort in making the RCM a space
weather prediction tool for magnetospheric and ionospheric studies relevant to space weather
requirements.
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