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INTRODUCTION

The historical record indicates the possibility of intense coronal mass ejections (CMEs). Energized particles and magnetic fields
ejected by coronal mass ejections (CMEs) towards the Earth may disrupt the Earth's magnetosphere and generate a geomagnetic
storm. During a geomagnetic storm, the induced geoelectric field can drive geomagnetically-induced currents (GICs) that ow
through ground-based conductors. These GICs have the potential to damage high voltage power transmission systems and cause
blackouts.

As part of the NSF-funded Comprehensive Hazard Analysis for Resilience to Geomagnetic Extreme Disturbances (CHARGED)
project, a solar-wind-to-lithosphere numerical model of the geoelectric field is being developed. The purpose of this new tool is
to drive a new generation of GIC forecasting. As a part of that work, Maxwell's equations, finite-difference time-domain (FDTD)
models of the last stage of the Sun-to-Earth propagation path is being coupled to output generated by the Block Adaptive Tree
Solarwind Roe-type Upwind Scheme (BATS-R-US) magnetohydrodynamics model and the Ridley Ionosphere Model (RIM) of
ionospheric dynamics.

Specifically, three-dimensional (3-D) Space Weather Modeling Framework(SWMF)/Ridley Ionosphere Model (RIM)-predicted
ionospheric currents occurring in the lower ionosphere during and around the time of the March 17, 2015 storm are modeled in
3-D FDTD models of North America. The FDTD-calculated results are compared with surface magnetic fields measured in the
region by SuperMAG and INTERMAGNET magnetometers. The FDTD results are also compared with virtual magnetometer
data (Gannon et al., 2019), which calculates the perturbation of the surface magnetic field using output from the SWMF/RIM
magnetohydrodynamics model.
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INPUT DATA

A vertical diagram of the 3D FDTD model is shown in Figure 3. The bottom portion of the grid modules the ground and oceans.
Free space is assumed from ground level to an altitude of 100 km. From 100 km to 145 km, ionosphere currents from
SWMF/RIM are assigned. The top layer of these currents (145 km) is extended upward to the upper Perfect Electrical Conductor
(PEC) boundary of the grid at 635 km. The PEC on the top side of the grid mirrors the ionospheric currents below it to create a
complete current loop.
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Figure 3. Model distribution on the vertical direction (Note: not drawn to scale)
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Using the Earth's topography (NOAA-NGDC), ground and ocean electrical conductivity values are assigned, as shown in Figure
4. 3D Earth conductivities from the United States Geological Survey (USGS) are used for the region covering the U.S. (Kelbert
et al., 2009; Semenov & Kuvshinov, 2012; Sun et al., 2015). The northernmost U.S. ground conductivity values are extended to

the north and used as the conductivity values in southern Canada. This is because detailed 3D ground conductivity data is not
available yet for Canada.
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Figure 4. Animation of the 3D ground conductivities at different depths (Kelbert et al., 2009; Semenov & Kuvshinov, 2012; Sun
etal., 2015)

Tonosphere currents from the Space Weather Modeling Framework (SWMF) / Ridley Ionosphere Model (RIM) are used as a
source in Maxwell's equations FDTD model. Only the Pederson and Hall currents from SWMF/RIM are modeled. Figure 5
shows the time evolution of the input ionospheric currents at an altitude of 115 km over time.
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Figure 5. SWFM/RIM output current at 115 km
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RESULTS AND DISCUSSION

The animation in the middle image gallery shows the behavior of the FDTD-calculated surface magnetic fields as well as the
SWMF/RIM ionospheric currents occurring at 115 km over 1 hour and 44 minutes, and at a resolution of 1 minute. The
coordinate system defines N as geographic north, E as geographic east, and D as down.

Notice in the animation that there is a correlation between the B N and J_E components, as well as the B EandJ N
components. Also, the effect of the ocean-continent boundaries is visible in the surface B fields.

Next, the magnetic field at the Earth's surface is recorded in the FDTD model at Boulder, CO over the 1 hour and 44
minutes. Both A B and dB/dt are shown in Figures 6 and 7.

The results in Figures 6 and 7 indicate that both the magnetic field and dB/dt results from the FDTD model show similar
characteristics as the measured data and the SWMF/RIM predicted results.
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Figure 6. The magnetic field from FDTD, Intermagnet, SuperMAG, and the SWMF/RIM virtual magnetometer. The right y-axis
corresponds to the Intermagnet data. The left y-axis corresponds to the other three curves. (Note: In the legend, "J g1 + J peg”
corresponds to the SWMEF/RIM virtual magnetometer data)
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Figure 7. The dB/dt curves from FDTD, Intermagnet, SuperMAG, and the SWMEF/RIM virtual magnetometer.
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FUTURE WORK: GLOBAL FDTD MODEL

The periodic boundary conditions (PBCs) implemented in the FDTD model allow us to run a relatively small simulation in a
reasonable amount of time. However, the PBCs are non-physical. Therefore, the results in the animation in the middle image
gallery are most realistic in the center of the grid rather than the horizontal edges.

As a result, as the next step, we will be running analogous using a global FDTD model. The global FDTD module will account
for all of the SWME/RIM.
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METHOD: FDTD MODEL

The finite-different time-domain (FDTD) method solves Maxwell's equations over a 3-D spatial grid. Each cell of the 3D grid
has electric and magnetic field components that are staggered in space as shown in Figure 1. All six electric and magnetic field
components are updated in time and space using central differencing.
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Figure 1. One grid cell of the 3D FDTD model (Yee, 1966)
For this project, the FDTD model extends over the northern U.S. and southern Canada, as shown in Figure 2. In the radial

directions, the model extends from 150 km below sea level to an altitude of 635 km. The resolution of the FDTD model is 22 km
(East-West) x 11 km (North-South) x 5 km (radially).
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Figure2. The FDTD model's horizontal range(37.15° N — 51.05° N, 132.75°W — 60.95°W)

Boundary Conditions:
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The lower boundary of the model is 150 km underground. A Surface Impedance Boundary Condition (SIBC) (Taflove &
Hagness, 2005) is used to approximate the ground as an infinite medium.

A Perfect Electrical Conductor (PEC) boundary condition is used for the upper boundary. This PEC boundary is used to mirror
the lower ionospheric currents (from 100 km to 635 km) in order to create a complete current loop. This ensures the continuity of
currents.

Along the horizontal edges of the model, a periodic boundary condition (PBC) is implemented to connect the east and west sides

of the grid, and also the north and south sides of the grid. These PBCs are implemented in a manner to ensure continuity of
current. The PBCs also approximate the continuation of the earth ionosphere waveguide in the horizontal directions.
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ABSTRACT

The historical record indicates the possibility of intense coronal mass ejections (CMEs). Energized particles and magnetic fields
ejected by coronal mass ejections (CMEs) towards the Earth may disrupt the Earth’s magnetosphere and generate a geomagnetic
storm. During a geomagnetic storm, the induced geoelectric field can drive geomagnetically-induced currents (GICs) that flow
through ground-based conductors. These GICs have the potential to damage high voltage power transmission systems and cause
blackouts.

As part of the NSF-funded Comprehensive Hazard Analysis for Resilience to Geomagnetic Extreme Disturbances (CHARGED)
project, a solar-wind-to-lithosphere numerical model of the geoelectric field is being developed. The purpose of this new tool is
to drive a new generation of GIC forecasting. As a part of that work, Maxwell’s equations, finite-difference time-domain (FDTD)
models of the last stage of the Sun-to-Earth propagation path is being coupled to output generated by the Block Adaptive Tree
Solarwind Roe-type Upwind Scheme (BATS-R-US) magnetohydrodynamics model and the Ridley Ionosphere Model (RIM) of
ionospheric dynamics.

Specifically, three-dimensional (3-D) BATS-R-US and RIM-predicted ionospheric currents occurring in the lower ionosphere
during and around the time of the March 17, 2015 storm are modeled in 3-D FDTD models of North America. These models start
at a depth of 150 km, and they account for ionospheric currents occurring up to an altitude of 115 km. The resolution of the
FDTD models is 22 km (East-West) x 11 km (North-South) x 5 km (radially), and they account for 3-D lithosphere conductivities
provided by the U.S. Geological Survey.

The FDTD-calculated results are compared with surface magnetic fields measured in the region by SuperMAG and
INTERMAGNET magnetometers. The FDTD results are also compared with virtual magnetometer data, which calculates the
perturbation of the surface magnetic eld using output from the BATS-R-US magnetohydrodynamics model. Comparison plots
and an analysis of the results will be provided.
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