How to Choose a Grid Resolution for FDTD Models Applied to GICs
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Motivation

In the interest of maintaining both civilian and military
infrastructure, it is important to protect electric power grids,
smart grids, low-voltage internet of things, and other
electrotechnologies from known and possibly as-of-yet
unknown space weather hazards. The finite-difference time-
domain (FDTD) method is a robust and versatile method that
has already been applied to the study of geoelectric fields
and geomagnetically induced currents. The advantages of
FDTD over other methods are that it can account for more
geometrical complexities and realistic time waveforms. For
example, it can account for the 3-D variations of the
lithosphere composition and ocean-continent boundaries. It
can also account for complex 3-D ionospheric currents.
Previously, when applied to GICs, FDTD grids with relaxed grid
resolutions in the horizontal direction were utilized for
computational efficiency ([2], [4], [5]), since Snell's Law
predicts that any electromagnetic waves should be
propagating straight downwards into the low resistivity
ground even when the electromagnetic waves are incident
from a grazing angle with the ground. We investigate
whether this assumption is correct and find that for accuracy,
the horizontal (not just vertical) grid resolution should be
<1/3 of a skin depth or <1/3 the size of each ground feature.
We then propose a solution that may be applied to FDTD
models on either a regional or global scale in order to
maintain these requirements.

Geomagnetically Induced Currents (GICs)
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Fig: Physics at ocean-continent interface

FDTD Modeling
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Solves Maxwell's equations in time and
space

Grid-based Time-domain method
Computes the electric field directly, rather
than calculating them from magnetic
fields as for many space weather
approaches

One grid cell of the 3-D FDTD model([1])

Conclusions

Whenever the ground composition varies
in the horizontal direction, then the
horizontal (not just the vertical) grid

resolution of the FDTD model must be <
1/3 of a skin depth. This is necessary

oecause the electromagnetic waves
oropagating from the disturbed

ionospheric currents are not true plane
waves; the ground is in the near field of
the ionospheric current sources.

= When variations in the ground structure
are included (such as those predicted by
regional and global ground models, e.g.,
[3]) the resolution of the FDTD models
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nould be at least three times higher than
ne ground model resolutions. This allows

ne FDTD models to more accurately

account for the  diffraction  of
electromagnetic waves around the
ground structures in the near field of the

lonospheric sources.

Results: Geoelectric fields for Different Ground Scenarios and Grid Resolutions

I I
Perfectly'Matched Layer (ﬁML) _2|.5 n( A ) 2I5 o A7 PML —2km( A y)* 1 km ( A 7)
Infinitely long line current source Skm( A yy«5¢m( A2 35 | ree S source 1 e 10km( A y)y+1km( 82 ]
6 L O . v - _10km( Ay)*15km( AZ) || PBC ree pace \lAl 100 km PBC /A\\ 40 km( Ay) 1km( AZ)
PBC | Free Space i 100 km PBC g © o Analytical 4 km 500 ohm-m [
3 - 6 km 150 ohm-m n
51 15 km 20000 ohm-m ] | | ko T
10 km 200 ohm-m ' ‘\4\ 25 20 km 100 ohm-m
- 125km 1000 ohm-m 'c 65 km 300 ohm-m
B4 1S
S z | 200km 100 chm-m > o 300km 100 ohm-m |
é . axis :alf space 3 ohm-m ’ \ F:’ Z 200 km 10 ohmm \
B y \, o axis
2 Y axis O 15 | Half space 1 ohm-m \ a
§ 9 Y axis / \
m 2| Low /
_ / \ _
, . / .
| P R / N
— - P ™ - ] O 5 - / \ |
- - 1 - ’/‘/ \\\
- - | - TN ——
0 | | | | | | | oL | | | | | | | I
-800 -600 400 2200 0 200 400 600 -800 -600 -400 -200 0 200 400 600 800
Distance along the y-direction (km) Distance along the y-direction (km)
’ | | | 05km( B yyeq eI | | | | ' |
5 km *
------- y)* 1.6 km ( SIBC 05 K A A
e Y 0 T N FYPrrs 9 km * Z)
/\ —1km( Dy 16km( A2 ‘ - (A y) * 1.6 km ( .
25 | SIBC 25km( A )+ 16km( A2 _ —Tkm( A yy*16km )
—o-10km( A yyeqgym( A2 PRC _PBC 2.5km( A yyx16km( A2
800 3 L & 10km( Ay)*16km( AZ)_
2 | km ; : ~ T ;
PBC PRC ' . Ground resistivity ranging
3 E from 100 ohm-m to 1000
< <
2 15 | < 22 Bl
T 160km o
2 Ground resistivity 100 ohm-m HG__J
£ I
Y (-
g - 1600k 15
L + 1
LI

05 | _

SO ay
SO Ny,
tesS8ees ....'lll nng
| 2SS ITIoT T — [T
SecewsosccooC022228C8scomoc0ccsoo 22002t )

. z. 2
““‘ 2%°
gutt -
ul - -
O lllllll"l-“‘ anABE A0
L e e e s

L) /
+%% )
. : |
s3%

800 600 400 200 0 00 400 6o go 800 -600 -400 -200 0 200 400 600 800

Distance along the y-direction (km) Distance along the y-direction (km)

References

[1] Taflove, A., & Hagness, S. C. (2005). Computational Electromagnetics: The Finite-Difference Time-Domain Method, 3rd
ed.: Artech House.

[2] Pokhrel, S., Nguyen, B., Rodriguez, M., Bernabeu, E., & Simpson, J. J. (2018). A Finite Difference Time Domain
Investigation of Electric Field Enhancements Along Ocean-Continent Boundaries During Space Weather Events. Journal
of Geophysical Research: Space Physics, 123(6), 5033-5046

[3] Kelbert, A. The Role of Global/Regional Earth Conductivity Models in Natural Geomagnetic Hazard Mitigation. Surv
Geophys 41, 115-166 (2020). https://doi.org/10.1007/s10712-019-09579-z

[4] Nakamura, S., Ebihara, Y., Fujita, S., Goto, T., Yamada, N., Watari, S., & Omura, Y. (2018). Time domain simulation of
geomagnetically induced current (GIC) flowing in 500-kV power grid in Japan including a three-dimensional ground
inhomogeneity. Space Weather, 16, 1946— 1959. https://doi.org/10.1029/20185SW002004

[5] Simpson, J. J. (2011), On the possibility of high-level transient coronal mass ejection—induced ionospheric current
coupling to electric power grids, J. Geophys. Res., 116, A11308, doi:10.1029/2011JA016830.

[6] Boteler, D. H., & Pirjola, R. J. (1998). The complex-image method for calculating the magnetic and electric fields
produced at the surface of the Earth by the auroral electrojet. Geophysical Journal International, 132(1), 31-40.
https://doi.org/10.1046/j.1365-246x.1998.00388.x



https://doi.org/10.1007/s10712-019-09579-z
https://doi.org/10.1029/2018SW002004
https://doi.org/10.1029/2011JA016830
https://doi.org/10.1046/j.1365-246x.1998.00388.x

	 

