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Abstract15

We present results and analysis of finite-difference time-domain (FDTD) simulations of16

electromagnetic waves scattering off meteor head plasma using an analytical model and17

a simulation-derived model of the head plasma distribution. The analytical model was18

developed by Dimant and Oppenheim (https://doi.org/10.1002/2017JA023960; https://19

doi.org/10.1002/2017JA023963) and the simulation-derived model is based on particle-20

in-cell (PIC) simulations presented in Sugar et al. (https://doi.org/10.1029/2018JA026434).21

Both of these head plasma distribution models show the meteor head plasma is signif-22

icantly different than the spherically symmetric distributions used in previous studies23

of meteor head plasma. We use the FDTD simulation results to fit a power law model24

that relates the meteoroid ablation rate to the head echo radar cross section (RCS), and25

show that the RCS of plasma distributions derived from the Dimant-Oppenheim ana-26

lytical model and the PIC simulations agree to within 4 dBsm. The power law model27

yields more accurate meteoroid mass estimates than previous methods based on spher-28

ically symmetric plasma distributions.29

1 Introduction30

As a meteoroid moves through the atmosphere, collisions with atmospheric par-31

ticles heat the meteoroid surface. Once the surface temperature reaches the sublimation32

temperature of the meteoroid material, neutral particles will ablate from the surface and33

experience collisions with atmospheric particles. These collisions can ionize the parti-34

cles, resulting in a region of plasma surrounding the meteoroid that is orders of magni-35

tude denser than the background ionospheric plasma. High-power large-aperture (HPLA)36

radars, such as the Jicamarca Radio Observatory, ALTAIR, and the Arecibo Observa-37

tory, can detect this high density plasma as signals referred to as meteor head echoes (Chau38

& Woodman, 2004; Close, 2002; Janches & Revelle, 2005).39

HPLA observations of head echoes have been used to estimate meteoroid mass through40

the equation41

m =

∫
qµv

β
dt, (1)

where m is the meteoroid mass, q is the electron line density, µ is the meteoroid mass42

density, v is the meteoroid speed, β is the ionization coefficient defined as the mean num-43

ber of free electrons produced from ionizing collisions from an ablated meteoroid par-44

ticle, and the integral is taken over the meteoroid trajectory (Close et al., 2004, 2005;45
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Campbell-Brown & Close, 2007). The head echo radar cross section (RCS) is converted46

to q by assuming a plasma density distribution surrounding the ablating meteoroid. Pre-47

vious studies assume that the plasma distribution is a spherically symmetric Gaussian48

(Close et al., 2005; Dyrud & Janches, 2008; Campbell-Brown et al., 2012; Zinn et al., 2011).49

However, this distribution has not been validated with analytical or empirical evidence.50

Furthermore, the plasma distribution cannot be spherically symmetric because there will51

be significantly less plasma ahead of the meteoroid compared to behind. Marshall et al.52

(2017) show that the choice of head plasma distribution can change the estimated me-53

teoroid mass by a factor of 3 for a given RCS. This large source of error motivated the54

derivation of an analytical model, hereinafter referred to as the Dimant-Oppenheim, or55

DO model, as well as particle-in-cell (PIC) simulations of an ablating meteoroid (Dimant56

& Oppenheim, 2017a, 2017b; Sugar et al., 2018, 2019). These new plasma distributions57

are more realistic models of an actual meteor head plasma because they are physics based58

models that relax the spherically symmetric Gaussian assumption. The DO model is de-59

rived from kinetic theory, while the PIC simulations use a numerical simulation tool com-60

monly used to study plasma physics (Birdsall & Langdon, 2018).61

In order to use these improved plasma distributions to estimate meteoroid mass62

from radar observations, we evaluate the RCS of these plasma distributions using the63

finite-difference time-domain (FDTD) simulation code used in Marshall and Close (2015).64

This code has previously been verified and used to determine the RCS of spherically sym-65

metric meteor head plasma distributions in Marshall and Close (2015). We run FDTD66

simulations of three different types of plasma distributions, the DO model described in67

Dimant and Oppenheim (2017a, 2017b), a PIC simulation derived model that ignores68

electric and magnetic fields (referred to as the zero fields simulations) described in Sugar69

et al. (2018), and a PIC simulation derived model that includes electric fields and either70

a 0 or 40000 nT background magnetic field (referred to as the electrostatic simulations)71

described in Sugar et al. (2019). The 40000 nT magnetic field magnitude is within range72

of reported values at 100 km altitude at mid-latitudes (Chulliat et al., 2015).73
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2 Simulation Description74

The FDTD simulations solve Faraday’s Law, Ampere’s Law, and a constitutive re-75

lation for a cold, collisional, and magnetized plasma:76

µ0
∂
−→
H

∂t
= −∇×−→E , (2)

77

ε0
∂
−→
E

∂t
= ∇×−→H −−→J , (3)

78

∂
−→
J

∂t
+ νe
−→
J = ε0ω

2
p
−→
E +−→ω ce ×

−→
J , (4)

where ε0 is the permittivity of free space,
−→
E is the electric field,

−→
H is the magnetic in-79

tensity,
−→
J is the current density, µ0 is the permeability of free space, νe is the total elec-80

tron collision frequency (the sum of the electron-neutral, electron-electron, and electron-81

ion collision frequencies), ωp is the electron plasma frequency, and −→ω ce is the vector elec-82

tron gyrofrequency. For a detailed discussion of νe, we refer the reader to Section 2.1 of83

Marshall and Close (2015). The constitutive equation (equation (4)) is derived from the84

electron momentum equation assuming a cold plasma and a negligible convective term.85

Equations (2–4) are solved using the FDTD algorithm described in Lee and Kalluri (1999).86

The FDTD simulation domain is composed of a 3D Cartesian grid with a convo-93

lutional perfectly matched layer boundary condition at each wall (Roden & Gedney, 2000).94

As shown in Figure 1, the domain is in the meteor’s frame of reference with atmospheric95

particles moving in the ẑ direction. In this paper, we assume that the radar’s line of sight96

is aligned with the meteor path, so the incident radar pulse also propagates in the ẑ di-97

rection. The radar pulse is a linearly polarized (with
−→
E oriented 45◦ from the y-axis in98

the yz-plane) modulated Gaussian plane wave with a half-power bandwidth ∆f = 0.4f0,99

where f0 is the radar frequency. Therefore, the radar pulse extends just a few radar wave-100

lengths. For simulations that include a non-zero
−→
B , the magnetic field lies in the xz-plane.101

In order to determine the meteor head plasma RCS, we use a total-field scattered-102

field (TFSF) formulation and a near-to-far (NTF) field transformation to compute the103

scattered far fields for a monostatic radar (Inan & Marshall, 2011). The TFSF formu-104

lation splits the simulation domain in to an internal total-field (TF) region where most105

of the electromagnetic scattering takes place, and an external scattered-field (SF) region106

where negligible scattering occurs. For a detailed discussion on the TFSF formulation107

and the NTF field transformation, we refer the reader to Chapter 7 and Section 12.4 of108

Inan and Marshall (2011) respectively.109
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Scattering Object (Meteor Plasma)

Total Field Zone

Scattered Field Zone

Near-to-Far 
Field Surface

ො𝑥

Ƹ𝑧

Incident
Wave
Propagation

Perfectly Matched Layer
(Absorbing Boundary

Condition)

Figure 1. A diagram showing the different parts of the FDTD simulation domain. The in-

cident wave is generated at the total field zone boundary and propagates in the ẑ direction.

The wave is scattered by the meteor plasma and propagates into the scattered field zone. The

near-to-far field surface is inside the scattered field zone and is used to compute the RCS of the

scattering object (i.e. the meteor plasma). The entire domain is surrounded with a perfectly

matched layer that enforces an absorbing boundary condition.

87

88

89

90

91

92

The plasma distribution models used in this paper provide the ion and/or electron110

density, but the FDTD simulation equations require the plasma frequency. To convert111

from particle density to plasma frequency, we use112

ωp =

√
nee2

meε0
, (5)

where ne is the electron density, e is the elementary charge, me is the electron mass, and113

ε0 is the permittivity of free space. The electrostatic PIC simulations track ions and elec-114

trons separately, while the zero field PIC simulations and the DO model assume quasineu-115

trality and keep the ion and electron densities equal to each other. In addition, a back-116

ground magnetic field,
−→
B , can impact the particle distributions for the electrostatic sim-117

ulations (Sugar et al., 2019). The magnetic field has no noticeable impact on the ions,118

but Sugar et al. (2019) showed noticeable effects on the electron distributions. Sugar et119

al. (2019) also showed regions near the center of the head echo where quasineutrality was120

violated (ne 6≈ ni). This is contrary to the DO model which assumes quasineutrality121

is satisfied throughout the head echo. In order to investigate potential effects of regions122
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where quasineutrality is violated on RCS, we ran simulations where ni was used instead123

of ne in equation (5) to calculate the plasma frequency.124

3 Simulation Parameters125

In order to obtain accurate fields in the scattered-field (SF) region of the FDTD126

simulation domain, the TFSF method requires negligible scattering in the SF region (i.e.127

ωp/ωradar � 1). Over the course of running the FDTD simulations, we found that a128

plasma frequency three orders of magnitude smaller than the radar frequency in the SF129

region is sufficient to satisfy this negligible SF region scattering condition. This require-130

ment combined with the finite FDTD simulation domain size establishes an upper limit131

on the peak plasma frequency of the meteor head plasma distributions that can be used132

in the FDTD simulations.133

When using PIC-derived plasma distributions, the FDTD simulation domain can-134

not be larger than the original PIC domain without introducing unknown extrapolation135

errors. This is because the PIC-derived plasma densities are only calculated inside the136

PIC domain. If we set the FDTD domain size equal to the PIC domain size and set the137

plasma frequency at each grid cell equal to the PIC results, the 1000ωp ≤ ωradar in138

the SF region condition is not necessarily fulfilled. To ensure that the condition is ful-139

filled, we scale the PIC-derived plasma frequency at all grid cells such that the maximum140

ωp in the SF region equals ωradar/1000. This results in the maximum plasma frequency141

in the whole FDTD domain to be approximately 0.56ωradar. Therefore, all FDTD sim-142

ulations of the electrostatic PIC-derived meteor plasma will be underdense (i.e. ωp0 <143

ωradar), the dielectric constant will be greater than 0 for all electrostatic PIC plasma144

distributions, and they will produce relatively small RCS values compared to overdense145

plasma distributions where ωp0/ωradar ≥ 1.146

The PIC-derived ωp values reported in Sugar et al. (2019) can be scaled linearly147

to correspond to a higher or lower ablation rate. This scaling makes the FDTD simu-148

lations computationally feasible for the following reason. The peak plasma densities re-149

ported in the electrostatic PIC simulations are approximately 1012 m−3, corresponding150

to ωp0 = 5.6 × 107 rad/s, or 9.0 MHz. Using the ωp0/ωradar . 0.56 constraint, we151

have ωradar & 108 rad/s, or 16 MHz. If a 16 MHz incident wave is used with a grid152

spacing of 0.005 m (the same grid spacing used in the PIC simulations), it requires 3750153
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grid cells to resolve a single wavelength. This unnecessarily fine spatial resolution results154

in an unnecessarily small time step, and therefore wasted computation time. The com-155

putation time can be decreased by increasing either the grid spacing or ωradar. We do156

not increase the grid spacing because that would introduce extrapolation errors in the157

PIC-derived plasma frequencies, so we are left with increasing ωradar. Using a more rea-158

sonable grid resolution of 100 grid cells per free space wavelength, which falls in the range159

of resolutions used in the Marshall and Close (2015) FDTD simulations (50 – 300 grid160

cells per free space wavelength), a 0.005 meter grid spacing corresponds to a 600 MHz161

radar frequency. However, this results in little scattering off a plasma with a 9 MHz peak162

plasma frequency. To satisfy ωp0/ωradar = 0.56 with a 600 MHz radar frequency, the163

ωp0 reported in Sugar et al. (2019) must increase by a factor of 37.5, which is accomplished164

by increasing the ablation rate by a factor of 1406.25. Note that this still satisfies the165

negligible scattering in the SF region requirement because even though the plasma fre-166

quency increased by a factor of 37.5, the radar frequency increased by the same factor167

(16 MHz to 600 MHz).168

Scattering in the SF region is not a significant issue for either the DO model or zero169

fields PIC-derived distributions. The DO model defines the plasma density at arbitrary170

distances from the meteor center, so there will not be any extrapolation errors if the FDTD171

domain size increases. Therefore, the FDTD simulation domain can be made large enough172

such that the DO model plasma density is sufficiently small (i.e. 1000ωp ≤ ωradar) in-173

side the SF region even for overdense meteors where ωp > ωradar in parts of the TF174

region. While the FDTD domain size for the zero fields PIC-derived plasma is still lim-175

ited by the PIC domain size, the zero fields PIC domain size can be much larger than176

the electrostatic PIC domain. This is because unlike the electrostatic PIC simulations,177

there is no requirement for the zero fields PIC simulation grid to resolve the Debye length,178

allowing for the zero fields simulations to use a much larger grid spacing and have a much179

larger domain. The larger domain contains regions farther from the meteor center where180

there is lower density plasma. The zero fields PIC simulation domain can be sufficiently181

large to satisfy both an overdense meteor (i.e. ωp > ωradar) in parts of the TF region182

and the 1000ωp ≤ ωradar requirement in the SF region.183

Because the FDTD simulation domains using plasma distributions derived from184

zero fields PIC simulations and the DO model can be large enough to contain overdense185

meteors while satisfying the low plasma density SF region requirement and the electro-186
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static PIC simulation derived distributions cannot, we use two different FDTD param-187

eter sets. The first parameter set uses the electrostatic PIC constraints where ωp < ωradar188

throughout the entire FDTD simulation domain. Therefore, this parameter set will be189

referred to as the “underdense parameter set.” Note that a naive implementation of the190

DO model (equation (45) in Dimant and Oppenheim (2017b)) results in a singularity191

at r = 0, resulting in an overdense plasma. However, the DO model plasma density is192

undefined where r is less than the meteoroid radius. The simulated meteoroids have radii193

an order of magnitude smaller than a single FDTD grid cell, so the DO model plasma194

density is undefined at the single grid point associated with r = 0. We approximate195

the DO model plasma frequency at r = 0 by setting it equal to the maximum defined196

plasma frequency in the domain.197

The second parameter set has ωp > ωradar for some region inside the TF region,198

and will therefore be referred to as the “overdense parameter set.” These overdense sim-199

ulations are able to contain high plasma frequencies in the TF region while satisfying200

low electromagnetic scattering in the SF region due to much larger domain sizes. All plasma201

distributions (electrostatic PIC, zero fields PIC, and DO model) are simulated with the202

underdense parameter set, while only the zero fields PIC and DO model derived distri-203

butions are simulated with the overdense parameter set due to the limitations discussed204

above.205

The underdense parameter set values are chosen to maximize the FDTD domain206

size while not introducing any extrapolation errors when assigning plasma frequency val-207

ues to the grid. Therefore, we set the FDTD domain volume to equal the electrostatic208

PIC domain volume used in Sugar et al. (2019). The time step, ∆t, is set to satisfy the209

stability criterion for FDTD simulations containing plasma,210

c∆t

∆

√
D ≤

√
1−

(
ωp0∆t

2

)2

(6)

where c is the speed of light, ∆ is the grid cell width (assuming ∆ = ∆x = ∆y = ∆z),211

D is the number of simulation spatial dimensions (D = 3), and ωp0 is the peak plasma212

frequency in the simulation (Young, 1994). Similar to Marshall and Close (2015), the213

incident radar frequency is set such that 100 grid cells resolve a wavelength. These and214

other important parameters for the underdense and overdense parameter set are shown215

in Table 1.216
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Parameter Underdense Overdense Units

Grid (nx × ny × nz) 512× 512× 512 512× 512× 512 cells

Grid Size (∆x = ∆y = ∆z) 0.005 0.15725 m

Radar Frequency (fradar) 600 38.15 MHz

Table 1. The values for the FDTD underdense and overdense parameter sets.217

The overdense parameter set values are chosen such that 50 grid cells resolve an218

incident radar frequency of 38.15 MHz, the minimum grid cell per free space wavelength219

resolution used in Marshall and Close (2015) and the same radar frequency used by the220

Canadian Meteor Orbit Radar, a radar which we plan to use for evaluating the FDTD221

results in future work. This coarser grid resolution creates a larger domain compared to222

the underdense parameter set, enabling the FDTD simulation of overdense meteors while223

still satisfying the low electromagnetic scattering in the SF region requirement. How-224

ever, as stated previously, the larger domain makes it impossible to use electrostatic PIC-225

derived plasma distributions without introducing extrapolation errors by estimating plasma226

densities outside the PIC domain.227

4 Results228

This section presents the FDTD simulation results for the meteor head plasma dis-229

tributions derived from the electrostatic PIC simulations, zero fields PIC simulations,230

and the DO model. We run FDTD simulations using plasma frequency distributions from231

10 different models: 1-4 being electrostatic PIC ion distributions with no magnetic field232

and a 40000 nT
−→
B oriented perpendicular, parallel, and 45◦ to the meteor path (denoted233

−→
B ⊥,

−→
B ‖, and

−→
B 45◦ respectively); 5-8 being electrostatic PIC electron distributions234

with
−→
B = 0,

−→
B ⊥,

−→
B ‖, and

−→
B 45◦; and 9-10 being zero field PIC distributions and235

DO model distributions. Figure 2 shows plasma frequency distributions used in the FDTD236

simulations. We do not show the PIC ion
−→
B 45◦ and

−→
B ⊥ distributions because the ions237

are not affected by
−→
B and those distributions are visually indistinguishable from the PIC238

ion
−→
B = 0 distribution.239

Figures 3 and 4 show the evolution of ‖−→E tot‖2, the magnitude squared of the to-250

tal electric field, and ‖−→E scat‖2, the magnitude squared of the scattered electric field, for251

–9–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR: Space Physics

-1

-0.5

0

0.5

1

R
 P

o
s
it
io

n
 (

m
)

-1 -0.5 0 0.5 1

Z Position (m)

-1

-0.5

0

0.5

1

R
 P

o
s
it
io

n
 (

m
)

-1 -0.5 0 0.5 1

Z Position (m)

-1 -0.5 0 0.5 1

Z Position (m)

-1 -0.5 0 0.5 1

Z Position (m)

10
1

10
2

10
3

p
 (MHz)Plasma Distributions

Figure 2. Representative plasma frequency distributions used in the underdense FDTD

simulations with contours denoting where ωp = 15, 30, and 60 MHz in cyan, green, and blue

respectively. Starting from the top left image and moving clockwise, the plasma frequency dis-

tributions are derived from the particle densities of the DO model, ions from the zero field PIC

simulation, ions from the
−→
B ‖ PIC simulation, ions from the

−→
B = 0 PIC simulation, electrons

from the
−→
B = 0 PIC simulation, electrons from the

−→
B ‖ PIC simulation, electrons from the

−→
B

45◦ PIC simulation, and electrons from the
−→
B ⊥ PIC simulation. The ablation rates for each

distribution are equal and set such that the peak plasma frequency of the
−→
B ⊥ PIC simulation

is 336 MHz. The plasma frequencies are axially averaged about the meteor path axis (ẑ), which

reduces noise but removes the axial asymmetry that exists in the
−→
B 45◦ result.
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a typical underdense simulation, specifically the ion distribution of the
−→
B ⊥ electrostatic252

PIC simulation with ωp0/ωradar = 0.56, while Figures 5 and 6 show the evolution of253

‖−→E tot‖2 and ‖−→E scat‖2 for a typical overdense simulation, specifically the DO model de-254

rived distribution where ωp0/ωradar = 20. Figures 3-4 and 5-6 are snapshots from movies255

that are included as supporting information movies 1 and 2 respectively. The incident256

field can only be seen in the top row of the figures because the bottom rows contain only257

the scattered field.258

Figures 3 and 5 are snapshots when the incident pulse is passing through the me-259

teoroid center and some scattering has already occurred off the front of the head echo,260

with significantly more scattering appearing in the overdense simulation compared to the261

underdense simulation. Figures 4 and 6 are snapshots after the incident pulse has moved262

past the head plasma and show the field being scattered almost uniformly away from the263

meteor center in both the underdense and overdense simulations. After the incident pulse264

has passed through the entire simulation domain, significant fields remain in the inte-265

rior of the head plasma that decay as time progresses. This is a similar phenomenon ob-266

served in the Marshall and Close (2015) FDTD simulations. A possible explanation for267

these fields is that the high-frequency components of the incident pulse are not sufficiently268

resolved by the FDTD grid resulting in numerical errors. Fortunately, these fields do not269

radiate outward and reach the NTF surface so they cannot contribute to the meteor plasma’s270

RCS.271

4.1 Underdense Scattering284

To compare the RCS values of the different plasma distributions, we run multiple285

FDTD simulations on each distribution using the underdense parameter set with ωp0/ωradar286

ratios between 0.1 and 0.9. Note that the higher ωp0/ωradar ratios violate the ωp0/ωradar .287

0.56 condition, so some scattering outside the TF region may occur for the electrostatic288

PIC distributions. The radar frequency is fixed at 600 MHz, so we vary ωp0 which is equiv-289

alent to varying the meteoroid ablation rate since ωp ∝ n2, and n ∝ C, where n is the290

plasma density and C is the ablation rate. Figure 7 shows the RCS vs C for various elec-291

trostatic PIC derived distributions, the zero fields PIC derived distribution, and the DO292

model derived distribution. For the electrostatic PIC distributions, we test both elec-293

tron (blue) and ion (red) distributions. Because the zero fields PIC distributions and the294

DO model assume quasineutrality and do not track electrons separately from ions, their295

–11–
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Figure 3. The electric field magnitude squared of the total field (top row) and scattered field

(bottom row) in the yz-plane (left column) and xy-plane (right column) when the incident pulse

encounters the underdense meteor center using the PIC derived plasma distribution.

272

273

274
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Figure 4. The electric field magnitude squared of the total field (top row) and scattered field

(bottom row) in the yz-plane (left column) and xy-plane (right column) after the incident pulse

encounters the underdense meteor center using the PIC derived plasma distribution.

275

276

277
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Figure 5. The electric field magnitude squared of the total field (top row) and scattered field

(bottom row) in the yz-plane (left column) and xy-plane (right column) when the incident pulse

encounters the overdense meteor center using the DO model plasma distribution.

278

279

280
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Figure 6. The electric field magnitude squared of the total field (top row) and scattered field

(bottom row) in the yz-plane (left column) and xy-plane (right column) after the incident pulse

encounters the overdense meteor center using the DO model plasma distribution.

281

282

283
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Distribution a b R2

Electrostatic Ion 1.591× 10−45 1.920 0.999867

Electrostatic Electron 5.571 × 10−46 1.930 0.989057

Zero Fields 1.318× 10−45 1.919 0.99995

DO Model 3.408× 10−45 1.901 0.999948

Table 2. The parameters for the fitted lines for the underdense FDTD simulations shown in

Figure 7 using the equation (8) model and the associated R2.

313

314

data are marked in magenta and black respectively. The different symbols denote which296

plasma distribution was used in the FDTD simulation. We group each simulation into297

different types according to the color (electrostatic ion, electrostatic electron, zero fields,298

and DO model derived distributions) and use the least squares method to fit the data299

to a power law model300

S = aCb, (7)

where a and b are the fitting parameters, S (the head echo’s RCS) is in units of m2, and301

C (the meteoroid ablation rate) is in units of particles/s. Least squares fitting was per-302

formed on303

y = b′x+ a′, (8)

where y = log (S) , b′ = b, x = log (C) , and a′ = log (a). The best fit a and b parame-304

ters as well as the goodness-of-fit parameter R2 are shown in Table 2.305

Figure 7 and Table 2 show that a power law model, where RCS ∝ Cb, fits the data315

well with R2 values above 0.989 for all plasma distributions. There is a slight shift be-316

tween the distributions, with the largest difference of about ∼ 4 dBsm between the ion317

and the electron distributions. While the power law model fits all four types of plasma318

distributions well, the model performs the worst for the electrostatic electron distribu-319

tions, with an R2 value of “only” 0.989057 compared to the other 3 distributions which320

all have R2 > 0.9998. The lower R2 for the electron distributions is due to fitting the321

data without regard to the magnetic field orientation. If we separate the electrostatic322

PIC electron data into subgroups based on the magnetic field orientation and perform323

fitting, the R2 values increase to over 0.9995 for each subgroup. The best fit and asso-324

ciated R2 values for these electron distribution subgroups are shown in Table 3.325
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Figure 7. The RCS as a function of meteoroid ablation rate for various underdense plasma

distributions. The ion distributions from electrostatic PIC simulations are in red, while elec-

tron distributions from electrostatic PIC simulations are in blue. The DO model and zero fields

simulations are in black and are denoted with circles and squares respectively. The RCS of

electrostatic PIC simulations with varying
−→
B are shown. The

−→
B ⊥,

−→
B45◦,

−→
B ‖, and

−→
B = 0 sim-

ulations are denoted with +,O,×, and ∗ respectively. The least squares best fit lines are shown

and colored according to the data used for fitting.

306

307

308

309

310

311

312

–17–



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved.  

 

 

 

 

 

 

 

manuscript submitted to JGR: Space Physics

The magnetic field clearly affects the electron distribution and RCS, and can change326

the RCS by up to 4 dBsm. This effect can be explained by noting two phenomena: first,327

collisions with atmospheric particles will preferentially push particles in the ẑ direction328

(behind the meteoroid); second, electrons are magnetized and will therefore drift faster329

parallel rather than perpendicular to
−→
B . When

−→
B is aligned with the meteor path, elec-330

trons can easily move in the ẑ direction. When
−→
B is perpendicular to the meteor path,331

electrons cannot easily move in the ẑ direction and therefore there will be a higher elec-332

tron density in the meteor center. This causes higher plasma frequency gradients, which333

will increase the scattered field. This phenomenon can be clearly seen in the bottom row334

of Figure 2, where the
−→
B ‖ electron distribution contours are extended farther in the335

ẑ direction than the other distributions.336

In the
−→
B = 0 case, electron motion is no longer constrained by the magnetic field337

and the RCS is consistently lower than the ion and DO model RCS values. This is likely338

because electron velocities far exceed ion ones in the PIC simulations. When an ablated339

particle experiences an ionizing collision in the PIC simulation, the resulting electron and340

ion will have different velocities. Electrons have higher velocities due to their smaller mass,341

and therefore diffuse faster than ions. This creates a net positive charge in a region cen-342

tered around the meteor center where the particle densities and density gradients are largest343

(Sugar et al., 2019). Outside of this region, the PIC simulations show that quasineutral-344

ity holds and ion and electron densities are approximately equal (Sugar et al., 2019). There-345

fore, for a given electrostatic PIC simulation with no magnetic field, the only significant346

difference in the ion and electron density distributions is in the region of positive charge347

near the meteor center where the ions have a higher density and density gradient than348

the electrons, thus causing the electron-derived distributions to have a smaller RCS than349

the ion-derived distributions. Figure 7 of Sugar et al. (2019) shows the size of this pos-350

itively charged region is less than about 1 dimensionless unit equivalent to just 0.08 m351

for the parameters used in our simulations, which is why the differences in ion and elec-352

tron densities are not easily noticeable in Figure 2.353

If we assume quasineutrality throughout the meteor and use the DO model or PIC354

ion distributions to calculate plasma frequency, then the magnetic field orientation has355

a negligible affect on RCS. This is a promising result because it will allow our new me-356

teoroid mass estimation model to be independent of the magnetic field orientation as long357

as a few dBsm RCS error is acceptable. If a few dBsm error is not acceptable, this er-358
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Distribution a b R2

−→
B ⊥ 2.4154× 10−45 1.907 0.999961

−→
B45◦ 6.3407× 10−46 1.927 0.999945

−→
B ‖ 1.0232× 10−46 1.963 0.999593

−→
B = 0 4.0359× 10−46 1.931 0.999971

Table 3. The parameters and associated R2 for the best fit lines of the electrostatic PIC elec-

tron distributions in Figure 7 grouped by magnetic field orientation using the equation (8) model.

365

366

ror can be reduced by relaxing the quasineutrality assumption and conducting a more359

in depth study on how magnetic field strength and orientation affects the electron dis-360

tribution and RCS. Such a study is out of the scope of this paper, but it is not neces-361

sary for meteors whose path is perpendicular to the magnetic field since their RCS val-362

ues (blue crosses in Figure 7) are within 1 dBsm of both the DO model and PIC ion-derived363

distributions.364

4.2 Overdense Scattering367

We use the overdense parameter set for only the zero fields PIC simulation and DO368

model derived plasma distributions due to the domain size limitations of the electrostatic369

PIC simulations. However, it is reasonable to assume that the electrostatic PIC simu-370

lation derived ion distributions will produce similar RCS values as the zero fields PIC371

simulation derived distributions based on the very similar fits of their RCS values in the372

underdense FDTD simulations (see Figure 7 and Table 2), as well as their similar ion373

density distributions. We run multiple FDTD simulations on plasma distributions de-374

rived from the DO model and the large zero fields PIC simulation with ωp0/ωradar ra-375

tios between 1 and 25. Similar to the underdense FDTD simulations in the previous sec-376

tion, we vary ωp0 which is equivalent to varying the meteoroid ablation rate. Figure 8377

shows the RCS vs ablation rate for the DO model and the zero fields PIC derived dis-378

tributions as well as the associated best least square fits using the equation (8) power379

law model. The parameters for the fits and the associated R2 values are shown in Ta-380

ble 4.381
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Figure 8. The RCS as a function of meteoroid ablation rate for various overdense plasma

distributions. The DO model simulations are in black circles and the zero fields simulations are

in magenta squares. The least squares best fit lines are shown and colored according to the data

used for fitting.

382

383

384

385

Distribution a b R2

Zero Fields 2.087× 10−42 1.892 0.994500

DO Model 7.819× 10−43 1.916 0.996359

Table 4. The parameters and associated R2 for the best fit lines associated for the overdense

FDTD simulations shown in Figure 8 using the equation (8) model.

386

387
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Similar to the underdense results, there is very good agreement between the RCS388

values of the DO model and zero fields PIC distributions. However, there is slightly more389

error in the best fit power law model in the overdense simulations, with R2 values un-390

der 0.9964 for both the DO and PIC distributions compared to the R2 values over 0.9998391

for the underdense FDTD simulations. One likely explanation is that the overdense sim-392

ulations cause numerical errors in the FDTD simulation. As the plasma frequency gets393

higher, especially near the overdense boundary, the dominant propagating electromag-394

netic field wavelength becomes smaller and eventually becomes smaller than the FDTD395

grid cell resolution. These wavelengths are not properly resolved, resulting in numeri-396

cal errors.397

5 Discussion and Conclusions398

The FDTD simulations reported in this paper are a critical step in developing a399

more accurate meteoroid mass estimation model that uses radar observations of head400

echoes. The results show that the RCS can be mapped to a meteoroid ablation rate us-401

ing a power law model. It is important to note that the RCS to ablation rate models are402

dependent on the radar frequency (as seen in the different best fit parameters for the un-403

derdense and overdense simulations in Tables 2 and 4). There is likely a three degrees404

of freedom scaling relation between the RCS, radar frequency, meteor peak plasma fre-405

quency, and the mean free path of the ablated meteor particles (which is dependent on406

the altitude and meteor velocity). However, we have not yet fully explored this scaling407

relationship since we only varied two out of the three degrees of freedom (we kept the408

ablated particle mean free path constant in all simulations). Once this relationship is quan-409

tified, the power law parameters in Tables 2 and 4 should be applicable for meteor ob-410

servations with different radar frequencies and ablated particle mean free paths. Until411

then, we caution against using the power law parameters in Tables 2 and 4 to determine412

meteoroid ablation rate from RCS unless the radar transmits at close to 600 MHz or 38.15413

MHz respectively.414

The power law dependence of S on the ablation rate C with the exponent b ≈ 2,415

as seen in equation (7) and Tables 2-4, can be interpreted in terms of the power law dis-416

tance dependence of the meteor plasma density around the ablating meteors (Dimant417

& Oppenheim, 2017b; Sugar et al., 2018, 2019). For the overdense case, the radar backscat-418

tered signal can be approximated by assuming the scattering occurs at the surface where419
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ωp = ωradar. Most of the reflected signal is formed near the location where the radar’s420

line of sight is perpendicular to the reflection surface. With respect to the incident radar421

wave, this reflection surface is convex and results in the defocusing of the reflected sig-422

nal. As the curvature radius increases, the defocusing effect decreases and therefore the423

RCS increases. One might expect that S will be proportional to the square of the cur-424

vature radius, which is in turn the order of rp, the distance of the reflection point to the425

meteoroid center. This should hold for at least when the radar’s line of sight is aligned426

with the meteor path, which was the orientation of all FDTD simulations presented in427

this paper.428

As discussed in Dimant and Oppenheim (2017b) and Sugar et al. (2018), the plasma429

density behaves largely as n ∝ C/R (with some axial dependence to be ignored here)430

within an ion-neutral collisional mean free path from the meteoroid center (the near-meteriod431

region). Assuming the overdense surface lies within this region, we can approximate the432

overdense region as a sphere with radius rp and at the sphere’s surface we obtain433

ω2
p = ω2

radar ∝
C

rp
. (9)

For constant ω2
p = ω2

radar, the corresponding S ∝ r2p ∝ C2, which corresponds to434

equation (7) with b = 2. If the overdense surface is situated outside of but not too far435

from the near-meteoroid region, one might expect a similar S ∝ C2 dependence. If the436

overdense surface is situated far outside the near-meteoroid region, one might still ex-437

pect a power law dependence but with a different exponent b. However, it is difficult to438

simulate this case for PIC-derived plasma distributions due to the limited computational439

domain size.440

The power law model for underdense meteors is more difficult to interpret because441

the backscattered radar signal is no longer formed by a limited region that can be ap-442

proximated by a single overdense surface but rather the entire meteor head plasma dis-443

tribution. However, as the ablation rate C increases, the plasma density increases ∝ C444

and the effective backscattered signal-forming size also increases with C. This may re-445

sult in the net scattered signal to be proportional to approximately C2, although this446

statement requires additional studies.447

A potentially significant limitation of the power law model is that we assume that448

the radar’s line of sight is aligned with the meteor path. In order to apply the method449

developed in this work to head echoes with arbitrary orientations with respect to the radar450
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beam, the incident pulse propagation direction in the FDTD simulation should be ori-451

ented appropriately with respect to the meteor path. Another limitation of our model452

is that we assume all ablated particles originate from a single source and therefore we453

assume the ablating meteoroid does not fragment. Fragmentation is a phenomenon com-454

monly observed in large meteors that can be observed optically, but is a controversial455

topic for smaller meteors that can only be detected with radars (Ceplecha et al., 1998).456

Studies have shown that except for very small or very fast meteoroids, the majority of457

meteoroid mass loss is due to thermal ablation rather than fragmentation (Vondrak et458

al., 2008; Rogers et al., 2005). Therefore, it is a reasonable assumption that the major-459

ity of meteor head plasma is produced from ionizing collisions between ablated particles460

originating from the parent meteoroid rather than from a source that previously frac-461

tured off the parent meteoroid. However, this model could produce unreliable results when462

applied to meteoroids that lose significant mass through mechanically induced mass trans-463

fer off the surface (i.e. meteoroids with masses < 10−10 kg and velocities > 60 km/s).464

To better predict the RCS of these meteors, one could superimpose multiple DO model465

distributions offset from each other and run FDTD simulations to investigate the effects466

of fragmentation. It is also important to note that the DO model and PIC simulations467

assume the meteoroid size is smaller than the atmospheric mean free path and therefore468

the method described in this work should not be applied to meteoroids that violate this469

assumption. An estimate on the meteoroid mass where the model breaks down can be470

found by noting that HPLA radars observe the majority of meteoroids between 90 and471

110 km altitude where the mean free path ranges from about 2 cm to 80 cm (Swarnalingam472

et al., 2019). Taking the lower bound and assuming a spherical meteoroid with a 2 g/cm3
473

density, we find that this model should not be used for meteoroids greater than approx-474

imately 8 g.475

The final limitation we will address is that determining meteoroid mass using the476

method outlined in this work requires knowledge of the ionization coefficient β, which477

is the probability than an ablated particle will experience an ionizing collision. We use478

the β model derived in Vondrak et al. (2008) in the PIC simulations as well as for cal-479

culating the ablation rate of the meteor plasma used in the FDTD simulations. Char-480

acterizing β as a function of velocity for different materials is an active topic of research,481

and it is a relatively trivial task to update this method as better β models are developed482

since the meteoroid mass is linearly proportional to β in equation (1).483
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