
Numerical Modeling of Lightning-Ionosphere
Interactions

Robert A. Marshall*, Umran S. Inan

VLF Group, Department of Electrical Engineering, Stanford University
* Previously at Center for Space Physics, Boston University

* Special thanks to Supriya Chakrabarti, CEDAR Postdoc Sponsor at BU

CEDAR 2011 Workshop,
Santa Fe, NM
June 28, 2011



Introduction

Outline

1 Lightning-Ionosphere Interactions

2 Previous Modeling Efforts

3 Modeling in-cloud lightning EMP

4 Towards a full 3D QE/EMP model

Marshall et al (Stanford) Lightning-Ionosphere Modeling 6/28/2011 2 / 29



Introduction

Lightning-generated fields
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Introduction

Lightning-generated fields

We treat return stroke as a current,
and ignore microphysics (leaders,
streamers, etc.)

QE field is electrostatic component
of lightning "antenna" field; decay
with time makes it
"quasi"-electrostatic

EMP is merely radiation field

somewhere in between is the
induction field

What happens when fields reach
ionosphere?
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Introduction

Products of these fields

The QE field:
Produces sprites ∼when |E | > Ek ,
the breakdown field

Produces halos under similar
conditions

May accelerate a relativistic electron
beam

The EMP field:
Produces elves ∼when |E | > Ek

Modifies the electron density, both
increases and decreases

Injects whistler-mode waves into
magnetosphere

Whistlers in turn precipitate
electrons from the radiation belts
(LEP events)

Both fields "heat" the ionosphere,
by modifying the conductivity,

and thus deposit energy
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Introduction

Questions to Address through Modeling

1 What is the relationship between the lightning parameters (Ik , I(t), h, etc) and
the QE field (i.e., altitude and time at which |E | > Ek )?

2 What is the relationship between lightning parameters and TLE production:
sprites, halos, and elves?

3 How much new ionization is produced?
4 How bright do we expect the optical emissions to be (and how do they compare

to observations)?
5 What is the intensity of whistler waves leaking through the ionosphere?
6 How much energy is deposited in the ionosphere (through heating and

ionization)?
7 What is the cumulative effect of a storm on the ionosphere?
8 How do questions 1–7 depend on ionosphere conditions and B0 (magnitude and

direction)?
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Past work

Inan / Taranenko work

Inan et al. [1991]
Taranenko et al., [1992, 1993a,b]

1D time-domain model of EMP only,
from 70–100 km altitude

fully kinetic solutions of Boltzmann
equation

Results: a few to tens of % change in
Ne from E100 = 10–20 V/m pulses

Find that electron distribution at
80–90 km altitude becomes stationary
in ∼10 µs
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Past work

Pasko et al. work

Pasko et al. [1995, 1996a,b,
1997, 1998, 1999]

Cylindrical 2D time-domain model
of QE field, from ground to 80 km

Solutions of Gauss’ Law and
Continuity equation

Used analytical descriptions of
field-dependent excitation rates
for ionization, attachment,
mobility, and optical emissions

Modeled relaxation of electric field
due to conductivity changes
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Past work

Veronis et al. [1999]

Also used by Barrington-Leigh et
al., [2001], Moore et al., [2003]

Cylindrical 2D time-domain model
of EMP field, from ground to 90
km

FDTD Solutions of Ampere’s and
Faraday’s Laws

Same calculations as Pasko of
excitations

2D predictions of elves, including
"camera" view

Fully explicit time-domain 2D
FDTD model; no B0
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Past work

Cummer (Duke) Research Group

Cummer, [1997], Hu and
Cummer, [2006], Hu et al.,
[2007], Li et al., [2008]

2D cylindrical FDTD model of
Maxwell’s equations

time-dependent processes
calculated with same methods as
Pasko and Veronis

Earth curvature correction, PML
boundary

Prediction of breakdown time and
altitude due to QE field

includes B0 with cylindrical
symmetry
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IC EMP Modeling
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IC EMP Modeling

The 3D EMP model
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IC EMP Modeling

The 3D EMP model
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Conducting Ground

Source Dipoleh, θ, I

70 km

195 km
500 km

500 km

Ionosphere
Ne (h)

Field Mapped
Analytically to

70 kmAltitude,
Orientation,
Current →

B0

Model solves Maxwell’s Equations
and the Langevin Equation:

∇× H = ε0
∂E
∂t

+ J tot

∇× E = −µ0
∂H
∂t

∂Ja

∂t
+ νanJa = ε0ω

2
paE −ωca × Ja

F = qaE + qava × B0 − νanqava

Ja = qaNava

va = velocity of species a

ω2
pa =

Naq2
a

maε0
plasma freq. of species a

ωca =
qaB0

ma
gyrofreq. of species a



IC EMP Modeling

Shameless Advertisement
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IC EMP Modeling

Nonlinear Interactions

Collision Frequency:

∂J
∂t

+ νJ = ε0ω
2
pE −ωc × J

ν increases with N (neutrals)→
decreases with altitude

ν increases with |E |

Electron Density:
Ionization: M2 + e−→ M+

2 + 2 e−

Yields an increase in electron density

Attachment: O2 + e−→ O + O−

Yields a decrease in electron density
∂Ne

∂t
= (νi − νa)Ne

Optical Emissions:
N2 First Positive

N2 Second Positive

N+
2 First Negative

O+
2 First Negative

N+
2 Meinel

Update number density nk of
particles in excited state k :

∂nk

∂t
= νk Ne −

nk

τk
+

∑
m

nmAm
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IC EMP Modeling

"Camera View" of Elves
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IC EMP Modeling

Results: Vertical Discharge (CG)
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IC EMP Modeling

Results: Vertical Discharge (CG)
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IC EMP Modeling

Results: Single In-Cloud Pulse
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IC EMP Modeling

Results: Multiple IC Pulses
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3D QE/EMP model
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3D QE/EMP model

Shortcomings of the old model

Analytical description of lightning current not conducive to realistic pulses

Lower boundary artificially reflects - limited duration

Poor altitude resolution (∼800 m)

Outdated method for solving Langevin equation

Lower boundary does not deal with QE field properly

Lower boundary limits pulse durations to 6 20 µs

Written in Fortran77... ugh.
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3D QE/EMP model

New 3D Model

Features:
Spherical coordinates (eliminates Earth-curvature problems)

Nonuniform orthogonal grid (variable ∆r , down to 200 m in ionosphere)

Arbitrary B0 direction – requires 3D

PML boundary conditions

Time-dependent ionosphere parameters (Ne, νe, etc.)

Inclusion of ion species

Easy parallelization via OpenMP
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3D QE/EMP model

Lee and Kalluri [1999] Method

θ = 0 axis

Er

Eθ

Hφ

Jr

JθJφ

θ = 0 axis

altitude = 0 axis

Eφ

Hr

Hθ

k-plane k+1/2-plane
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3D QE/EMP model

Lee and Kalluri [1999] Method
Usual 2nd-order update equations for E and H. J updated according to:

Jr

∣∣∣n+1/2

i,j,k

Jθ
∣∣∣n+1/2

i,j,k

Jφ
∣∣∣n+1/2

i,j,k

 = A(∆t)


Jr

∣∣∣n−1/2

i,j,k

Jθ
∣∣∣n−1/2

i,j,k

Jφ
∣∣∣n−1/2

i,j,k

+
ε0ω

2
p

2
K(∆t)


Er

∣∣∣n
i+1/2,j,k

+Er

∣∣∣n
i−1/2,j,k

Eθ
∣∣∣n
i,j+1/2,k

+Eθ
∣∣∣n
i,j−1/2,k

Eφ
∣∣∣n
i,j,k+1/2

+Eφ
∣∣∣n
i,j,k−1/2


With the matrices:

A(t) = eΩt = e−νt

 C1ω
2
br + cos(ωb t) C1ωbrωbθ − S1ωbφ C1ωbrωbφ + S1ωbθ

C1ωbθωbr + S1ωbφ C1ω
2
bθ + cos(ωb t) C1ωbθωbφ − S1ωbr

C1ωbφωbr − S1ωbθ C1ωbφωbθ + S1ωbr C1ω
2
bφ + cos(ωb t)



K(t) =Ω−1(eΩt − I) =
1

ω2
b + ν2

 C2ω
2
br + C3 C2ωbrωbθ − C4ωbφ C2ωbrωbφ + C4ωbθ

C2ωbθωbr + C4ωbφ C2ω
2
bθ + C3 C2ωbθωbφ − C4ωbr

C2ωbφωbr − C4ωbθ C2ωbφωbθ + C4ωbr C2ω
2
bφ + C3


Where:

S1 = sin(ωb t)/ωb

C1 = (1 − cosωb t)/ω2
b

C2 = (1 − e−νt )/ν− νe−νt C1 − e−νt S1

C3 = ν(1 − e−νt cosωb t) + e−νtωb sinωb t

C4 = 1 − e−νt cosωb t − νe−νt S1
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3D QE/EMP model

Time dependent quantities: Excitation Rates
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3D QE/EMP model

E and J fields in Spherical 2D model
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3D QE/EMP model

∆Ne and Optics
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3D QE/EMP model

Long distance Propagation
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3D QE/EMP model

To do list:

2D model:
Include ion species, including ∆Ni(t)

Run model over variety of ionospheres and lightning parameters

Calculate energy deposition

Create a model of energy deposition versus lightning parameters

Calculate stormwide, global, and seasonal cumulative effects

3D model:
Incorporate PML and ionosphere equations (Jr[i][j]→ Jr[i][j][k])

Vary magnetic field direction and analyze effect
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