
P
os
te
d
on

4
M
ar

20
25

—
T
h
e
co
py

ri
gh

t
h
ol
d
er

is
th
e
au

th
or
/f
u
n
d
er
.
A
ll
ri
gh

ts
re
se
rv
ed
.
N
o
re
u
se

w
it
h
ou

t
p
er
m
is
si
on

.
—

ht
tp
s:
//
d
oi
.o
rg
/1
0.
22
54
1/
es
so
ar
.1
74
11
23
55
.5
62
38
48
6/
v1

—
T
h
is

is
a
p
re
p
ri
nt

an
d
h
as

n
ot

b
ee
n
p
ee
r-
re
vi
ew

ed
.
D
at
a
m
ay

b
e
p
re
li
m
in
ar
y.

Investigating Rotation and Anisotropic Ablation of Small

Meteoroids and their E↵ects on Head Echo Plasma Formation via

Computational Techniques

Trevor Hedges1, Joseph Corbett Ferguson2, Nicolas Lee1, Sigrid Elschot1, Glenn Sugar1,
and Meers M. Oppenheim3

1Stanford University
2NASA Ames Research Center
3Boston University

March 04, 2025

Abstract

High-power large-aperture radar instruments observe numerous meteor head echoes per minute. Head echoes result from

reflections of radio waves from plasma surrounding meteoroids as they enter Earth’s atmosphere. Knowledge of the spatial

distribution of electrons in this plasma is essential to determining the mass loss rate of the meteor as a function of its measured

radar cross-section. Prior work applies theoretical and computational methods to determine the electron density distribution,

but assumes the meteoroid emits neutral particles uniformly across its surface. In this paper, a numerical surface ablation model

demonstrates that meteoroid mass loss may occur preferentially in the direction facing the oncoming atmosphere. Specifically,

meteoroid mass loss becomes proportional to the frontal surface area facing the freestream atmosphere in the limit of high

Biot number, but remains isotropic in the limit of low Biot number. Meteoroid rotation has a small e↵ect on the direction of

ejected mass, but the e↵ect is insignificant compared to variation in meteoroid properties that a↵ect the Biot number. This

result informs our computational meteor plasma model, in which we compare the e↵ect of meteoroid vaporization on the plasma

distribution in the limits of low versus high Biot number. The resulting electron density profiles demonstrate order-of-magnitude

agreement between each other, with peak di↵erence of 70\% immediately upstream of the meteoroid. This implies that the

directional distribution of vaporizing neutrals likely does not significantly influence head echo observations, lending credence to

existing work that assumes isotropic ablation.
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Abstract18

High-power large-aperture radar instruments observe numerous meteor head echoes per19

minute. Head echoes result from reflections of radio waves from plasma surrounding me-20

teoroids as they enter Earth’s atmosphere. Knowledge of the spatial distribution of elec-21

trons in this plasma is essential to determining the mass loss rate of the meteor as a func-22

tion of its measured radar cross-section. Prior work applies theoretical and computational23

methods to determine the electron density distribution, but assumes the meteoroid emits24

neutral particles uniformly across its surface. In this paper, a numerical surface abla-25

tion model demonstrates that meteoroid mass loss may occur preferentially in the di-26

rection facing the oncoming atmosphere. Specifically, meteoroid mass loss becomes pro-27

portional to the frontal surface area facing the freestream atmosphere in the limit of high28

Biot number, but remains isotropic in the limit of low Biot number. Meteoroid rotation29

has a small e!ect on the direction of ejected mass, but the e!ect is insignificant compared30

to variation in meteoroid properties that a!ect the Biot number. This result informs our31

computational meteor plasma model, in which we compare the e!ect of meteoroid va-32

porization on the plasma distribution in the limits of low versus high Biot number. The33

resulting electron density profiles demonstrate order-of-magnitude agreement between34

each other, with peak di!erence of 70% immediately upstream of the meteoroid. This35

implies that the directional distribution of vaporizing neutrals likely does not significantly36

influence head echo observations, lending credence to existing work that assumes isotropic37

ablation.38

Plain Language Summary39

Meteors entering Earth’s atmosphere, colloquially referred to as “shooting stars,”40

are regularly observed by radar instruments that transmit radio waves into the atmo-41

sphere and then listen for received signals. Although objects that are meters or larger42

in diameter pose a collision risk to life on Earth, small particles that are less than mil-43

limeters in diameter, called meteoroids, are much more abundant and pose an ongoing44

threat to spacecraft via high-speed impacts. During entry, a meteoroid collides with on-45

coming atmospheric particles, causing the meteoroid surface to heat up, melt, and va-46

porize into gas particles. Previous research assumes this gas is ejected in all directions47

equally surrounding the meteoroid. We develop a computer simulation that demonstrates48

that gas may be ejected in greater quantities from the front of the meteoroid facing the49

oncoming atmosphere. As vaporized gas expands outward, it collides with more atmo-50

spheric particles, ionizes, and becomes a plasma. We further perform computer simu-51

lations of plasma formation, comparing the cases where meteor material is ejected equally52

versus preferentially forward. Although the resulting plasma shapes are slightly di!er-53

ent between the two cases, the di!erence is likely not large enough to make a significant54

di!erence in radar observations.55

1 Introduction56

Small extraterrestrial dust particles, known as meteoroids, continuously enter Earth’s57

atmosphere at tens of kilometers per second, colliding with atmospheric species that trans-58

fer energy to the meteoroid. As the meteoroid heats, neutral particles vaporize and ion-59

ize from its surface, forming a plasma detectable by radar, which is referred to as a me-60

teor. By analyzing meteor radar signatures, properties of the meteoroids responsible for61

these signatures, in addition to the atmosphere through which they travel, can be bet-62

ter understood and quantified.63

Recent research has sought to quantify meteoroid mass and density using their radar64

or optical signatures (Tarnecki et al., 2021; Tárano et al., 2019; Close et al., 2012). Im-65

proving the accuracy of these calculations is important since these properties are directly66

related to the hazards that such particles pose to spacecraft and astronauts in the space67
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environment. When meteoroids impact spacecraft, they can cause electrical damage due68

to generation of a plasma during impact that emits radio-frequency pulses (Kelley et al.,69

2012; Lau et al., 2024; Lau & Elschot, 2025). The nature of these pulses are known to70

depend strongly on the properties of the impactor (Garrett & Close, 2013).71

As a meteoroid enters Earth’s atmosphere and encounters collisions with atmospheric72

molecules, mass loss occurs from the meteoroid surface due to sputtering and thermal73

ablation (Popova et al., 2001; Guttormsen et al., 2020). As ablated particles travel away74

from the meteoroid, they experience further collisions with atmospheric molecules that75

are often ionizing. A plasma cap forms around the ablating meteoroid, from which ra-76

dio waves scatter to produce head echo signatures in radar data. As the plasma expands77

and undergoes more collisions with the surrounding atmosphere, a Farley-Buneman/gradient78

drift instability may form, initiating turbulence and creating field-aligned irregularities79

(FAI) (Oppenheim & Dimant, 2015; Oppenheim et al., 2000). When a radar beam is aligned80

perpendicular to the background magnetic field, these irregularities can Bragg scatter81

radio waves and create a radar signature known as the nonspecular trail echo (Dyrud82

et al., 2005). Non-FAI scattering is also known to occur and generate trail echoes in cases83

where radar beams are not oriented perpendicular to the background magnetic field (Kozlovsky84

et al., 2020; Chau et al., 2014).85

High-power large-aperture (HPLA) radar instruments capable of performing inco-86

herent scatter radar (ISR) measurements are also particularly capable of detecting me-87

teor head echoes. Examples of such radars include the ARPA Long-Range Tracking And88

Instrumentation Radar (ALTAIR) (Close et al., 2000), the Advanced Modular Incoher-89

ent Scatter Radar (AMISR) facilities such as PFISR and RISR-N (Sparks et al., 2010),90

Millstone Hill Observatory (MHO) (Evans, 1965; Erickson et al., 2001), and Jicamarca91

Radio Observatory (JRO) (Chau & Woodman, 2004; Y. Li et al., 2020). These facili-92

ties observe between hundreds and thousands of meteors per hour (Hedges et al., 2022;93

Volz & Close, 2012), originating from small particles with diameters of micrometer scale;94

larger than the particles observed via impact detectors on spacecraft (Baggaley et al.,95

2007), but smaller than those detectable via optical instruments (Brown et al., 2017; Campbell-96

Brown & Close, 2007). The abundance of head echo signatures present in radar data can97

be quickly identified and analyzed using machine learning algorithms (Hedges et al., 2024;98

Y. Li et al., 2023, 2022). A radar need not be HPLA to observe head echoes; facilities99

that operate within lower-power regimes such as those adapted from specular meteor radars100

are also capable of observing head echoes (Janches et al., 2014; Panka et al., 2021).101

Previous research has sought to quantify the mass loss rate of a meteoroid using102

the measured head echo signal strength, along with some model for radio wave scatter-103

ing from the plasma cap, which can be integrated over the observation time to deduce104

total meteoroid mass (Marshall et al., 2017). The first such e!ort is discussed in Close105

et al. (2004) and Close et al. (2005), in which it is assumed that the electron density sur-106

rounding the ablating meteoroid is spherical and drops o! in distance via a Gaussian.107

Bulk density of meteoroids can then be calculated using the measured meteoroid mass108

and deceleration as input to a model for atmospheric drag (Close et al., 2012). With these109

properties quantified, one can further apply optimization techniques to calculate atmo-110

spheric neutral density as a function of altitude (Limonta et al., 2020; A. Li & Close, 2016).111

More recent research, including an analytical model based on physical gas dynamics (Dimant112

& Oppenheim, 2017a, 2017b), demonstrates that the meteor plasma cap shape is far from113

a Gaussian sphere. This analytical theory, which we henceforth refer to as the DO model,114

has been validated by a three-dimensional electrostatic particle-in-cell (PIC) simulation115

(Sugar et al., 2018, 2019). The PIC method is preferable to fluid methods for meteor sim-116

ulations since it is fully kinetic. Such a method is necessary for meteors since the veloc-117

ity distributions of ablated particles are expected to be highly non-Maxwellian in the mo-118

ments after ablation and before they encounter enough equilibrating collisions (Sam et119

al., 2025). Using a known shape for the plasma surrounding an ablating meteoroid, ra-120
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dio wave scattering from this plasma can been simulated using the finite-di!erence time-121

domain (FDTD) method (Dyrud et al., 2008a, 2008b; Marshall & Close, 2015; Sugar et122

al., 2021). These analytical and computational approaches rely on the assumption that123

the meteoroid ablates warm neutrals isotropically, which is generally justified by the ar-124

gument that the meteoroid is small and rotates quickly.125

Given the reliance of prior work on the isotropic ablation assumption, there is an126

ongoing need to further investigate the directional distribution of ablated neutrals, and127

understand its e!ect on the meteor plasma responsible for head echoes. This enables quan-128

tification of uncertainty due to this variation in ablation physics, knowledge of which is129

currently severely lacking in the field. It is known that head echoes sometimes exhibit130

properties of di!erential ablation (Dyrud & Janches, 2008; Janches et al., 2009) and frag-131

mentation (Close et al., 2011; Campbell-Brown, 2019), so this work makes a crucial ad-132

vance towards the most physically accurate ablation simulations that study these e!ects133

in detail and quantify their e!ect on radar observations.134

We will first discuss the meteoroid surface ablation model used to demonstrate the135

importance of considering non-isotropic ablation in section 2. As part of this discussion,136

we introduce the Biot number for the case where heat transfer occurs primarily due to137

rarefied collisions between oncoming atmospheric particles and the meteoroid. We then138

present our computational plasma simulations used to determine the electron density pro-139

file of the meteor in section 3, where we consider the extremes of low and high Biot num-140

ber ablation, and compare the results with an existing analytical theory.141

2 Meteoroid Ablation Model142

There have been many past works, both analytical and numerical, studying the at-143

mospheric entry of meteoroids, including ablation models (Popova, 2004; Campbell-Brown144

et al., 2013; Brykina & Egorova, 2023) and flow physics (Zalogin & Kusov, 2016). Ef-145

fects of rotation have also been studied for simplified cases. Simulations of meteoroid en-146

try for a rapidly rotating meteoroid and a non-rotating meteoroid have been performed147

to investigate the e!ects of meteoroid rotation on meteor formation altitude (Adolfsson148

et al., 1994).149

Meteoroids with diameters smaller than 10→3 m are often assumed isothermal, such150

that they eject ablation products during entry with a distribution equiprobable in all di-151

rections. The Biot number is often used to justify an isothermal assumption, which is152

an indicator of the temperature uniformity in a body undergoing heating and is typi-153

cally defined as Bi = hL/ω where h is the convection coe”cient, L is a characteristic154

length scale, and ω is the thermal conductivity of the solid. A small Biot number (Bi → 1)155

typically indicates an isothermal condition. In the case of meteoroid entry, since the sur-156

rounding flow is not a continuum flow for small meteoroids, the convection coe”cient157

cannot be used and another parameter to represent the heat flux must be considered.158

Past works (Love & Brownlee, 1991; Longo & Longo, 2018) justify isothermality using159

a modified Biot number that assumes radiation, rather than convection, is the dominant160

mode of heat flux from the meteoroid surface, such that h ↑ εT
3, where ε is the Stefan-161

Boltzmann constant and T is the characteristic temperature of the ablating meteoroid.162

This results in the following expression for the Biot number: Bi = εT
3
L/ω.163

This definition of the Biot number results in very small values of Bi for parame-164

ters of interest in this study. As a simple model of asteroidal meteoroids, we take ω = 3 W/(mK)165

and consider the meteoroid diameter as the characteristic length scale, with L = 10→4 m.166

We show in Section 2.2.1 that the steady-state temperature of this meteoroid traveling167

at 40 km/s reaches 1750 K. These values yield Bi = 0.01, which appears to support168

the use of an isothermal assumption. In this section, we will investigate whether such169

a meteoroid is truly isothermal using a surface ablation model, and what this indicates170
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for the directions in which ablation products are ejected. We also vary meteoroid param-171

eters, including rotation, to determine their e!ect on ablation.172

2.1 Physical Model and Numerical Methods173

A simplified 2D model is used to simulate heat transfer within the meteoroid and
through its surface. It is assumed that the surface does not recede due to mass loss, to
avoid any need to adapt the mesh geometry across each timestep. Energy flux due to
vaporization is still considered. The 2D heat equation is solved in cylindrical coordinates:

ϑT (r, ϖ)

ϑt
=

ϱ

r

ϑ

ϑr

(
r
ϑT (r, ϖ)

ϑr

)
+

ϱ

r2

ϑ
2
T (r, ϖ)

ϑϖ2
, (1)

where ϱ is the thermal di!usivity, defined as ϱ = ω/(ςmcp) where ςm is the mass den-174

sity of the meteoroid material and cp is the specific heat capacity of the material. Per-175

forming the simulation in 2D e!ectively approximates the meteoroid as an infinitely long176

cylinder with the atmosphere impinging on the curved face. Since the fundamental physics177

of heat transfer are similar in 3D, this model serves as a starting point to assess isother-178

mality and ablation.179

The heat flux boundary condition is applied for free-molecular conditions, suitable
for high altitude ablation of small meteoroids. Assuming full thermal accommodation,
the heat flux from collisions with atmospheric molecules at a given point on the mete-
oroid surface, in units of power per unit area, is calculated as

qin =
1

2
ςaU

3 cosφ, (2)

where ςa is the mass density of the neutral atmosphere, U is the meteoroid speed, and180

φ is the relative angle between a surface element normal vector and the meteoroid ve-181

locity vector. For elements on the back side of the meteoroid, the heat flux is set to zero.182

Heat rejection from radiation and vaporization at the surface is also considered,
yielding the net heat flux through a surface element as:

qnet =
1

2
ςaU

3 cosφ ↓ ε↼T
4
s ↓H

(1
s

dm

dt

)
, (3)

where ↼ is the emissivity, Ts is the surface temperature, H is the latent heat of vapor-183

ization, and 1
s
dm
dt is the mass loss per unit area from the surface where s is the area of184

the surface element.185

Following the simplified ablation models in the literature (Popova, 2004; Zalogin
& Kusov, 2016; Adolfsson et al., 1996), we compute

1

s

dm

dt
= Pv

(
µ

2↽kbT

)1/2
, (4)

where µ is the molecular mass, kb is the Boltzmann constant, and Pv is the vapor pres-
sure, calculated with the Clausius-Clapeyron model:

log10 Pv(T ) = CA ↓ CB

T
, (5)

where CA and CB are the Clausius-Clapeyron coe”cients. A slightly modified form of186

this model was used by Zalogin and Kusov for the study of iron meteoroid entry (Zalogin187

& Kusov, 2016).188

The equations are solved with a 2nd order finite di!erencing scheme for the spa-189

tial derivatives and implicit Euler for the time derivative. The Scipy library (Virtanen190

et al., 2020) is used for the sparse matrix construction and solving the linear system of191
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the meteoroid can be assumed relatively constant. With the parameters defined in Ta-205

ble 1, the di!usion timescale specified by R
2
/ϱ is 2.5 ms. Using the time it takes for a206

40 km/s meteoroid to travel 1 km gives a time interval of 25 ms. The Fourier number207

is 10 in this case, which indicates that a steady-state analysis of the meteor tempera-208

ture profile is appropriate.209

An initial simulation was performed of this asteroidal meteoroid without rotation,210

the results of which are shown in Figure 1. We can see that, starting from an initial tem-211

perature of 300 K, a steady-state solution with average temperature T̄ ↑ 1750 K is reached212

at around 0.03 s, with a di!erence between temperature extremes of 138 K. Although213

the meteoroid appears reasonably isothermal, the ablation rate is highly non-uniform across214

the surface. This is because relatively small di!erences in the temperature can result in215

significant di!erences in the ablation rate, which is specified by its nonlinear relation-216

ship with temperature in Equations 4 and 5. We calculate the overall probability den-217

sity function of the direction that a particle is ejected, ϖ, by assuming that all particles218

are ejected from any given surface point with probability given by a half-Maxwellian dis-219

tribution and then integrating the directional distribution of mass loss per unit area across220

the surface. In summary, these results indicate that for a non-rotating meteoroid, tem-221

perature di!erences on the order of 100 K may exist, despite the modified Biot number222

(with h ↑ εT
3) predicting isothermal behavior. Such a temperature di!erence leads to223

a surface ablation rate multiple times larger in the upstream-facing direction than the224

downstream-facing direction.225

2.2.2 E!ects of Rotation226

Next, we consider the e!ects of rotation on the isothermal assumption, particularly227

as it relates to the distribution of ejected ablation products. Some past works have at-228

tempted to estimate the rotation of meteoroids. Beech and Brown used flickering in op-229

tical meteoroid observational data as an indirect measurement of rotation rate (Beech230

& Brown, 2000), with frequencies up to 500 Hz observed for meteoroids as small as 1 cm231

in diameter. Capek performed numerical estimations of the rotation rates of cometary232

meteoroids, estimating a median rotation frequency of around 100 Hz for 1 mm diam-233

eter meteoroids (Čapek, 2014). The results were dependent on the meteoroid diameter,234

with smaller meteoroids having a higher rotation frequency.235

Based on these estimates of meteoroid rotation, we perform simulations with 100 Hz,236

500 Hz, and 1000 Hz rotation with the same conditions detailed in Table 1. The result-237

ing steady-state temperature profiles are shown in Figure 2b, including the prior result238

with no rotation. The rotation produces three main e!ects on the temperature field: first,239

the solution becomes more homogeneous for higher rotation rates; second, the average240

temperature of the meteoroid increases slightly with increasing rotation rates; and finally,241

the location of maximum temperature is shifted in the direction of rotation, with the mag-242

nitude of the shift increasing with the rotation rate. The magnitude of these e!ects are243

shown in Table 2. In each case, a steady state is reached and the time to reach steady-244

state from an initial temperature of 300 K is not significantly a!ected by the rotation245

rate.246

As expected, these results impact the steady-state distribution of the ejected ab-247

lation particles, which are shown in Figure 2a. As the rotation frequency increases, the248

distribution of ejected particles becomes more uniform, and the peak of the distribution249

shifts away from the direction of the incoming free-stream in the direction of the rota-250

tion. This shift corresponds exactly to the shift in maximum temperature. Importantly,251

even at 1000 Hz rotation, there is significant variability in the distribution of ejected par-252

ticles, with a ratio of maximum to minimum ablation rates of 1.58 at 1000 Hz (as a com-253

parison, the ratio is 2.98 at 0 Hz).254
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a) b)

c) d)

Figure 1. Surface ablation model results for an asteroidal meteoroid with diameter of 10→4 m

ablating at 100 km showing a) the average temperature of the meteoroid as a function of time, b)

the steady-state temperature profile of the meteoroid, c) the probability density function of the

ejected direction of particles from the meteoroid, and d) the ablation rate as a function of posi-

tion on the meteoroid surface. Temperature fields are visualized with the atmosphere traveling

from left to right.

Table 2. Results from surface ablation simulations for the variation in temperature as a result

of varying rotation rate.

Rotation Rate Mean Temp. (K) Temp. Range (K) Temp. Peak Shift (Radians)

0 Hz 1750.2 137.6 0
100 Hz 1751.1 133.5 0.142
500 Hz 1757.3 90.90 0.481
1000 Hz 1759.3 64.07 0.550

Although increasing the meteoroid rotation rate does make the solution more isother-255

mal, given the nonlinear relationship between the temperature and the ablation rate, it256

is clear that rapidly rotating meteoroids can still have relevant temperature gradients257

–8–
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0Hz 100Hz

500Hz 1000Hz

a) b)

Figure 2. Surface ablation model results for an asteroidal meteoroid of d = 10→4 m at 100 km

for 0 Hz, 100 Hz, 500 Hz, and 1000 Hz rotation rates showing a) the probability density function

of the ejected direction of particles from the meteoroid and b) the steady-state temperature pro-

file of the meteoroid.

resulting in significant variation in ejected particle distribution. Furthermore, this vari-258

ation can occur in spite of very low Biot numbers as defined using the h ↑ εT
3 con-259

vention used previously in the literature.260

2.2.3 Revisiting the Biot number261

Our result of significant temperature gradients at a low Biot number motivated fur-262

ther investigation of the Biot number definition used in past works (Love & Brownlee,263

1991; Longo & Longo, 2018). One potential problem with this definition lies in the sub-264

stitution of the convection term given by h ↑ εT
3, which implicitly assumes that ra-265

diation is the dominant mode of heat transfer in the problem. Revisiting the equilibrium266

energy balance specified by Equation 6, the heat flux from the free-molecular flow col-267

lisions is balanced against the endothermic vaporization reaction and the radiative heat268

transfer from the meteoroid. For our simulation parameters in Table 1, the radiation ac-269

counts for roughly 12.4% of this balance, with the remaining 87.6% of the heat losses at-270

tributed to vaporization. A more appropriate definition of the Biot number may there-271

fore be one that captures the heat flux experienced by the meteoroid more directly. Here,272

we instead define the Biot number based on the heat flux per unit area experienced by273

the meteoroid under rarefied flow conditions, with h ↑ ςaU
3
/T and274

Bi =
ςaU

3
L

Tω
. (8)

Applying this definition of the Biot number to the conditions of our aforementioned275

simulations yields Bi = 0.53, as compared to a value of Bi = 0.01 with the previous276

definition. While the current formulation is defined for free-molecular flow conditions,277

it could be extended to account for transitional and continuum flow conditions.278

To study the e!ect of our Biot number definition on the final solution, the ther-279

mal conductivity of the meteoroid was modified to yield Biot numbers of 10, 1, 0.1, and280

0.01. It should be noted that modifying the meteoroid radius to yield the same Biot num-281

bers produces the same steady state solution. Other material and entry properties were282
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unchanged. Simulations were then performed for 0 Hz, 100 Hz, and 1000 Hz rotation rates.283

Results are presented in Figure 3, and the modified Biot number is shown to provide a284

reasonable measure of the homogeneity of the ejected particle distributions. For higher285

Biot numbers (Bi ↭ 1), the solution shows significant variation, and for low Biot num-286

bers (Bi → 1), an isothermal assumption holds. Notably, when Bi = 10, the ejection287

probability trends toward a sinusoidal function, where particles are most likely to be ejected288

upstream (i.e. in the direction of the meteoroid velocity vector). This indicates that par-289

ticles at any given point on the meteoroid surface are ablated at a rate proportional to290

the surface area that faces the oncoming atmosphere. As expected, the rotation rate im-291

pacts the solution homogeneity, but the same trend with the Biot number is still observed.292

In additional simulations, it was found that varying the Biot number by changing either293

the diameter or the thermal conductivity produced identical final results in the temper-294

ature field and ablation product ejection distributions.295

Figure 3. Ejection direction probability distribution functions for Biot numbers of 10, 1, 0.1,

and 0.01 at rotation rates of 0 Hz, 100 Hz, and 1000 Hz. These results correspond to simulations

where the Biot number is controlled by modifying the thermal conductivity. Identical results are

produced by modifying diameter.

Figure 4 depicts the same simulation setup per the parameters specified in Table 1,296

except the atmospheric altitude (and therefore density) is now varied to yield Biot num-297

bers of 10, 1, 0.1, and 0.01. We further recompute the characteristic temperature by solv-298

ing the energy balance in equation 6. This is necessary when either the density or ve-299

locity is modified. While the results in Figures 3 and 4 are not identical, the qualitative300

trend captured in our Biot number definition, specified by Equation 8, holds regardless301

of which parameters are modified. The main di!erence between these results is the im-302

pact of the rotation on the overall solution. Since the high density (and therefore high303

heat flux) solutions in Figure 4 heat the meteoroid very quickly, the impact of the ro-304

tation is reduced.305

2.2.4 Key Takeaway306

In summary, a small numerical study was conducted on meteoroid heating, rota-307

tion, and ablation using a simplified 2D model. The key takeaway from this study is that308

significant temperature gradients can exist under conditions often considered to be isother-309

mal. Under such conditions, these temperature gradients result in a non-uniform distri-310

bution of ejected ablation products from the meteoroid. The commonly used definition311

for the Biot number (where h ↑ εT
3) does not appropriately predict these inhomogeneities.312

Instead, a modified Biot number is proposed and simulations are presented for a range313
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Figure 4. Ejection direction probability distribution functions for Biot numbers of 10, 1, 0.1,

and 0.01 at rotation rates of 0 Hz, 100 Hz, and 1000 Hz. These results correspond to simulations

where the Biot number is controlled by modifying the atmospheric density. Identical results are

produced by modifying entry velocity to achieve the same changes in the free-molecular heat flux.

of modified Biot numbers and rotation rates. When Bi ↔ 1, the ejected particle distri-314

bution is highly heterogeneous, and suggests that a given point on the meteoroid sur-315

face ablates at a rate approximately proportional to the surface area facing toward the316

oncoming atmosphere. When Bi → 1, the ejected particle distribution is nearly isotropic,317

as per the assumptions of many prior models for meteoroid ablation. Rotation can in-318

crease the isotropy of ablation to some extent, but the e!ect is not nearly as pronounced319

as that of changing the Biot number.320

Although this ablation simulation was performed in two dimensions, which e!ec-321

tively approximates the meteoroid as an infinitely long cylinder rather than a sphere, the322

result provides a starting point to investigate how non-isotropic ablation may influence323

plasma formation and radar observations of the meteor head echo. Although a three-dimensional324

ablation simulation would be more physically accurate, determining how the meteoroid325

tumbles in 3D is not trivial, and since the physics of heat and mass transfer are simi-326

lar, we do not expect these key findings to vary drastically in 3D. We further investigate327

the e!ect of varied Biot number on plasma formation using a 3D plasma simulation in328

Section 3.329

3 Plasma Simulation330

Since the plasma surrounding an ablating meteoroid is responsible for the head echo331

signature, we seek to simulate this plasma as accurately as possible to best interpret the332

plethora of head echoes present in radar data. As part of this e!ort, we incorporate the333

physical understanding gained via our ablation model into our models of the plasma that334

is directly observed by radar instruments.335

Prior e!orts to simulate plasma in the near-meteoroid region make significant as-336

sumptions in how ions and electrons from the ablating meteor are initialized within the337

simulation domain. The first such investigation by Jones et al. (1999) tracks the motion338

of ablated particles and the momentum-scattering and ionization e!ects that occur due339

to collisions with background neutral particles. However, thermally ablated neutral atoms340

are initialized at zero velocity, which neglects the initial motion of ablating particles be-341

fore they collide with atmospheric particles. Furthermore, it is not a full PIC simulation342

since the e!ect of the electric field acting on ions and electrons is neglected. The second343
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attempt to perform meteor head echo simulation by Dyrud et al. (2008a) utilized a two-344

dimensional PIC code to resolve the meteor plasma including the e!ects of the electric345

field, but this simulation e!ectively assumed that ions are directly ablated from a point346

source via sputtering, rather than assuming neutrals are thermally ablated at some fi-347

nite velocity before ionizing some distance away from the meteoroid due to a collision.348

The most recent PIC simulation of the meteor head echo by Sugar et al. (2019) used349

the massively parallel three-dimensional Electrostatic Parallel Particle-in-Cell (EPPIC)350

code on a supercomputer (Oppenheim et al., 2008), which tracks meteoric neutrals, ions,351

and electrons along with background ionospheric ions and electrons, while modelling back-352

ground atmospheric neutrals as a continuum. The simulation assumes warm neutrals are353

initialized isothermally, with equal probability that a neutral particle is ejected from any354

part of the meteoroid. Ionization occurs subsequently after the neutral particle travels355

some distance from the meteoroid and collides with an atmospheric neutral particle.356

Despite Sugar et al. (2019) being the most accurate meteor head echo plasma sim-357

ulation to date, the ablation model results discussed in Section 2 demonstrate that warm358

neutrals are not ejected isotropically from many of the meteoroids that generate head359

echoes observed via radar, which raises the question of how this e!ect influences the elec-360

tron density shape surrounding the meteoroid, and therefore how radio waves reflect from361

the plasma. In the following section, we will discuss the implementation of a non-isotropic362

ablation case into EPPIC based on the ablation model results, and then compare the dif-363

ference between the plasma shape calculated via this non-isotropic case and the formerly364

used isotropic ablation case. We further compare the results from both cases with the365

analytical DO model developed by Dimant and Oppenheim (2017a, 2017b).366

3.1 Simulation Method367

We performed our PIC simulations using the EPPIC code running on a supercom-368

puter cluster. EPPIC is an electrostatic PIC code that performs computation in three369

dimensions on a uniform Cartesian grid.370

For our meteor plasma simulations, we track five particle species: meteoric neu-371

trals, meteoric ions, meteoric electrons, ionospheric ions, and ionospheric electrons. We372

take the meteoric neutral particles to be purely sodium particles, since spectral obser-373

vations reveal that sodium is quite common in meteor observations (Ceplecha et al., 1998).374

Although simulations including varying or multiple elements would be interesting, it is375

not the focus of this study. Ionospheric ions and electrons are initialized uniformly through-376

out the domain with a Maxwellian velocity distribution at a given temperature.377

Atmospheric neutrals are treated as a uniform fluid of nitrogen gas particles trav-
elling at constant velocity relative to the meteoroid, since they are far more numerous
relative to the other species and therefore including them as discrete particles would be
computationally prohibitive. On each timestep, the present particle positions are used
to calculate species densities, and thus total charge density, ς, everywhere on the grid.
The electrostatic potential, ⇀, is then calculated using Poisson’s equation derived via Gauss’
Law,

↗2
⇀ = ↓ ς

↼0
, (9)

where ↼0 is the vacuum permittivity. Poisson’s equation is discretized and solved on the378

3D simulation grid by leveraging fast Fourier transforms in the dimensions perpendic-379

ular to the meteoroid trajectory, and then solving the equation directly via a tridiago-380

nal matrix solution in the remaining dimension. The use of Fourier methods accelerate381

computations in directions where it is acceptable to assume the boundary conditions are382

periodic.383
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The electric field is computed via the definition of electrostatic potential, ⇁E = ↓↗⇀,
at the position of each particle, from which the particle’s velocity at the next timestep
is determined via

#⇁v =
q

m

(
⇁E + ⇁v ↘ ⇁B0

)
#t, (10)

where q and m are the particle’s charge and mass, respectively, ⇁B0 is the background ge-384

omagnetic field vector, and #t is the timestep length. Given the electrostatic solution,385

we assume that the magnetic field induced by the plasma itself is not strong enough to386

significantly alter the results. Once the new particle velocity is calculated, the e!ect of387

momentum-scattering collisions with atmospheric neutral particles is accounted for us-388

ing the Monte Carlo Collision (MCC) method (Birdsall, 1991), which updates the ve-389

locity vectors of some neutrals, ions, and electrons. Particle positions are then simply390

updated via the relation #⇁r = ⇁v#t.391

3.1.1 Simulation Parameters392

For a small meteoroid entering Earth’s atmosphere at an altitude of 100 km and393

velocity of 40 km/s, Sugar et al. (2019) determined that the simulations require a do-394

main size of 2.56 m in all three dimensions to ensure the meteor head plasma is fully cap-395

tured, and a cell length of 5↘10→3 m in all three dimensions to ensure the plasma De-396

bye length is resolved throughout the domain, including at the position of peak plasma397

density. The computational grid therefore includes 512 points per dimension. Ideally,398

we would resolve the length scale of the meteoroid surface within our PIC plasma sim-399

ulation and include surface physics such as charging, but it is currently computation-400

ally prohibitive to use a grid resolution small enough when the meteoroid diameter is set401

to 0.1 mm.402

We use a simulated electron mass of 10 times the physical electron mass in order403

to increase the allowable timestep size. This technique is frequently used in PIC simu-404

lations to decrease the computational time necessary to run the simulations while pre-405

serving accuracy (Bret & Dieckmann, 2010). A timestep size of 20 ns then ensures that406

plasma oscillations are resolved throughout the domain. We consider background ions407

to have the same mass as meteoric ions since the mass of sodium is very similar to the408

mass of nitrogen gas and therefore does not significantly a!ect the results.409

In our simulation, at time t = 0, we initialize the domain with a background iono-410

spheric plasma of uniform density throughout the domain, and we begin to initialize ab-411

lated neutral particles at the meteoroid location. After enough timesteps have been com-412

puted, the number of total particles in the simulation reaches a quasi-steady value. At413

this point, the simulation has reached a steady state, and we consider the results for quan-414

tities such as density and electrostatic potential final.415

Since our meteor simulations evolve into a steady state within a timescale of mi-416

croseconds, and meteor entry typically occurs on a larger timescale of tens to hundreds417

of milliseconds, we choose background conditions that are constant and consistent with418

our chosen altitude of 100 km. We set the background neutral atmospheric number den-419

sity to 1.1↘ 1019 m→3, and the background ionospheric species number densities to 1.9↘ 109 m→3
420

with a temperature of 380 K, corresponding to a quiet nighttime ionosphere. We initial-421

ize meteoric particles such that one simulated particle represents 2048 physical particles,422

and initialize background ionospheric particles such that one simulated particle repre-423

sents 256 physical particles. We orient the background magnetic field perpendicular to424

the meteor trajectory. As an example, this condition would be expected for a meteor de-425

scending from directly overhead at Jicamarca Radio Observatory. We assume the me-426

teoroid ablates at a total rate of ṁ = 10→11 kg/s. This value is lower than what we ex-427

pect for many head echoes observed in HPLA radar data, but increasing it further would428

reduce the smallest Debye length and therefore require reducing the simulation cell size.429

We tested varying the simulated value of ṁ, and doing so results in directly proportion-430
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Meteoroid
surface

Atmospheric 
neutrals
(11 to 73 km/s)

High Biot NumberLow Biot Number

(a) (b) (c)

(d) (e)

Figure 5. Illustration of how thermally ablated neutral particles are initialized in the simula-

tion, including a) definition of angle ω, diagrams of particle initialization for b) low Biot number

and c) high Biot number, and simulated neutral particle density in steady-state within the do-

main for d) low Biot number and e) high Biot number. The diagrams showing the meteoroid

surface are for illustration only; in the plasma simulation, this surface reduces to a point source.

ate scaling of the plasma density. The results also remain in agreement with the DO model.431

Thus, although the simulated plasma density will be overall lower than what occurs in432

many real meteors, we can assume that the plasma shape is representative of the shape433

that appears at higher ablation rates, up to the point where collisions between two me-434

teoric particles, as opposed to collisions involving one meteoric particle and one atmo-435

spheric particle, become frequent enough to alter the plasma shape.436

3.1.2 Meteoric Particle Initialization437

Since the grid spacing is 50 times larger than the diameter of the meteoroid exam-438

ined via our computational ablation model, we consider the meteoroid a point source of439

warm neutral particles at 2500 K, where each neutral is generated given the probabil-440

ity that its initial velocity has a particular magnitude and direction.441

We initialize warm neutral particles via a two-step process. The first step is to choose442

a point on the meteoroid surface corresponding to the point at which the particle vapor-443

izes, using some probabilistic model specifying the odds a particle is ablated from any444

given point on the surface. The second step is to assign a magnitude and direction to445

the velocity vector of the particle, assuming the probability it is ejected in any given di-446

rection is specified via a half-Maxwellian oriented normal to the meteoroid surface at the447

point chosen via the first step. This process is illustrated in Figure 5. Note that since448

the meteoroid surface is so small relative to the grid, the particle position on the sur-449

face is not modelled, and this position is only relevant for determining the direction of450

the half-Maxwellian distribution from which it is initialized.451

In the material ablation simulations with high Biot number, it is observed that the452

ejection probability trends toward a value that is proportional to the projected surface453

area facing upstream at any given point, with far reduced ablation occurring from the454

side facing downstream. The ablation rate per unit area at any point on the surface is455
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thus ṁ↑ ≃ cos (⇀), where ⇀ is the angle between a given surface point and the point on456

the meteoroid directly facing upstream (i.e. aligned with the meteoroid velocity vector),457

and
∫
A ṁ

↑
dA = ṁ. Straightforwardly, in simulations with low Biot number, the ejec-458

tion probability is constant across angle. We therefore simulate the two extremes of high459

and low Biot number in separate PIC simulations, to determine how varying Biot num-460

ber may a!ect the meteor plasma, and thus influence radar head echo observations.461

3.1.3 Collisions and Ionization462

Since the background atmospheric neutral density is multiple orders of magnitude
higher than the densities of each meteoric species, we include only collisions between each
meteoric species and background atmospheric neutral particles in our PIC simulation.
Via the MCC method, the chance that particle collides with an atmospheric neutral within
the length of a timestep is given by

Pm = 1↓ exp (↓nAεVrel#t), (11)

where nA is the background atmospheric density, ε is the collisional cross section, and
Vrel is the magnitude of the relative velocity between the colliding particles. We assume
that collisions between meteoric neutrals and atmospheric neutrals have the same cross-
section as between meteoric ions and atmospheric neutrals, since Sugar et al. (2018) demon-
strates that the di!erence is less than 1% via analysis of Lennard-Jones interaction po-
tential models. We then determine this cross-section using an empirical formula that has
been used frequently in prior research (Bronshten, 1983). Therefore,

εnn = εin = 5.61↘ 10→19
V

→0.8
rel , (12)

where Vrel must be specified in kilometers per second. These collisions are considered463

to be fully elastic, since the ionization energy of sodium is significantly less than the to-464

tal collision energy at velocities in the range expected for meteors. For collisions between465

electrons and atmospheric neutrals, we instead assume that inelastic collisions dominate,466

since Figure 7 of Frost and Phelps (1962) demonstrates that inelastic collision rates at467

energies around 1 eV and below are multiple orders of magnitude larger than elastic col-468

lision rates. We then model inelastic energy loss via the method discussed in Oppenheim469

et al. (2008) and Oppenheim and Dimant (2013). The collisional cross-section for electron-470

neutral collisions at velocities below 400 km/s is determined by the formula specified in471

Gurevich (1978),472

εen =
(
1.6246↘ 10→23

)
V

2
3
rel, (13)

where Vrel must be specified in meters per second. For velocities above 400 km/s, the473

cross sections are interpolated from Figure 1 in Engelhardt et al. (1964).474

In the event that a neutral particle undergoes momentum scattering, its probabil-
ity of ionization is assessed using the empirical power law specified by Vondrak et al. (2008)
for sodium particles,

φ = 0.933 (Vrel ↓ 8.86)2 V →1.94
rel , (14)

where Vrel must be specified in kilometers per second. If ionization occurs, the neutral475

particle is replaced with an ion and an electron. The ion undergoes momentum scatter-476

ing via the MCC method, while the electron is initialized with random direction and with477

its velocity magnitude sampled from a 1 eV Maxwellian distribution relative to the col-478

lision center of mass. This method of initializing electrons is based on the work of Berry479

(1961) and is further discussed in Sugar et al. (2019). Since spectroscopic observations480

demonstrate that most ions are singly ionized species, we do not include any multiply481

ionized species in our simulation (Ceplecha et al., 1998).482
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3.1.4 Boundary Conditions483

In order to reduce overall computation time and leverage the performance improve-484

ment gained by the use of fast Fourier transform methods, we use periodic boundaries485

in both dimensions perpendicular to the direction the meteor travels. Although this ef-486

fectively simulates a two-dimensional array of meteors in parallel, so long as there is no487

significant population of meteoric particles crossing the periodic boundaries, the assump-488

tion does not significantly impact results. Particles that exit a periodic boundary will489

re-enter from the opposite side, and electrostatic potential is inherently assumed peri-490

odic at the corresponding boundaries when calculated via the Fourier method.491

We cannot use a third periodic boundary in the direction of the meteor trajectory,492

since the outgoing meteor trail would nonphysically overlap with the meteor head echo493

plasma. These boundaries act as inflow and outflow boundaries for the neutral atmo-494

sphere and background ionosphere. Since only the background ionosphere needs to be495

resolved via particles, we inject ionospheric ions and electrons at each of the boundaries496

using a Maxwellian flux distribution with the bulk velocity of the relative atmospheric497

motion. The results of Sugar et al. (2019) demonstrate that Neumann field boundary498

conditions at the nonperiodic boundaries, where ↗⇀ = ⇁E = 0, are appropriate for me-499

teor plasma simulations with a quiet ionosphere, so we employ this condition for the field500

potential.501

3.2 Simulation Results502

Since the magnetic field only contributes to minor asymmetry in the results, and503

studying its e!ect is not the primary motivation of this paper, we present the electron504

density profiles axially averaged about the meteor trajectory. Furthermore, to mitigate505

the noise that is inevitable in PIC simulation results, we perform time-averaging of the506

steady-state result by outputting the electron density field every 25 simulated timesteps,507

until the results from 400 timesteps are output. These fields are averaged together.508

The electron density for the cases of low-Biot and high-Biot meteoroids, along with509

the electron density predicted by the DO model, the percent di!erence between the low-510

Biot and high-Biot cases, and the percent di!erence between each simulation and the511

DO model, are compared in Figure 6. From visual inspection of the logarithmic contour512

plots, the electron density shapes are remarkably similar between the low-Biot and high-513

Biot cases, and even the DO model in the near-meteoroid head echo region. The per-514

cent di!erence plot between the low- and high-Biot cases reveals the di!erence between515

the shapes. In the region directly upstream of the meteoroid, there is greater than 60%516

di!erence, and in the region directly downstream, the di!erence is up to 40%. This is517

intuitive given that the di!erence in neutral ablation is greatest in front of and behind518

the meteoroid, and di!erences in the neutral densities drive di!erences in the electron519

densities as neutrals quickly ionize after vaporizing.520

It is clear that the DO model produces the greatest similarity in the near-meteoroid521

region, as expected given that the DO model is intended specifically to resolve this re-522

gion. The DO model neglects a component of forward scattering of ionized particles, which523

explains the apparent discontinuity between the upstream and downstream components524

of the plasma, and the reduced upstream agreement between the DO model and PIC plasma525

densities. For the low-Biot case, agreement is very strong downstream of the meteoroid,526

with less than 50% di!erence until beyond 0.5 meters downstream. For the high-Biot527

case, agreement in this region is not as strong, with up to 100% di!erence close to the528

meteoroid. This makes sense given that the DO model e!ectively assumes a low Biot num-529

ber via isotropic ablation. In both cases, the percent di!erence increases with distance530

from the meteoroid. The percent di!erence blows up in the upstream direction beyond531

the region occupied by the meteor plasma. This is because the DO model neglects the532
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High Biot

Difference from DO 
model, high Biot

Difference from DO 
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DO Model Low Biot
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high and low Biot
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Figure 6. Electron density for a) the DO model, electron density for b) the low-Biot and c)

high-Biot PIC cases averaged about the axis of the meteor trajectory, d) di!erence between the

two PIC cases, and e) and f) di!erence between each PIC case and the DO model.

background ionosphere included within the PIC simulations and the density drops to zero533

in this region.534

To more clearly elucidate how the electron density varies between the low- and high-535

Biot cases, we consider the axially averaged electron densities along lines perpendicu-536

lar to the meteor trajectory, depicted in Figure 7. Slightly upstream of the meteoroid537

position, the plasma density is larger overall for the high-Biot case, due to greater ejec-538

tion of neutral particles from the side of the surface facing upstream. Progressing down-539

stream, the high-Biot plasma density is lower in the near-meteoroid region but then be-540

comes larger at greater perpendicular distance.541

In general, the plasma density shapes agree within an order of magnitude between542

the extreme low-Biot and high-Biot cases. In reality, for many meteors, it is likely that543

the plasma density will fall somewhere in the middle of the two extremes, given the vari-544

ation in rotation, size, material, and atmospheric properties. The shape variation may545

contribute somewhat to di!erences in the observed radar signal strength, although the546

e!ect is not likely to be drastic. Furthermore, the simulation results lend additional cre-547

dence to the analytical DO model, given that variation within the near-meteoroid plasma548

region is minor, and this region is responsible for generating head echoes in radar data.549

For non-fragmenting and near-spherical meteoroids, where the ablation rate is not large550

enough for a vapor cap to form, the DO model is a su”cient physical picture of the plasma551

responsible for head echo scattering.552

4 Conclusions and Future Work553

In this paper, a numerical model for ablation and surface recession of meteoroids554

with varying properties including rotation rate is developed. Although prior work de-555

fines a meteoroid Biot number based on radiative heat transfer, we suggest a Biot num-556

ber based on atmospheric heating; we show that this modified Biot number better pre-557

dicts the thermal gradients present during meteoroid entry. Our meteoroid heat trans-558

fer and ablation model demonstrates that meteoroids with moderate to large Biot num-559

–17–



manuscript submitted to JGR: Space Physics

Figure 7. Axially averaged electron density profiles from each PIC case along a line perpen-

dicular to the trajectory axis at varying downstream distances.

ber, even at high rotation rates, do not experience isotropic ablation. This result is con-560

trary to what has extensively been assumed for prior meteoroid ablation research. In-561

stead, ablation becomes proportional to the projected surface area facing upstream. The562

results motivate the extension of our existing PIC plasma simulation of an ablating me-563

teor to account for anisotropic ejection of ablating neutrals. Using our PIC code, we sim-564

ulate the extremes of low-Biot and high-Biot number ablation. Although the electron565

density shape varies somewhat between the cases of isotropic and non-isotropic ablation,566

the di!erence overall does not exceed 70%, and the shapes are very similar within order-567

of-magnitude scale.568

It must be noted that this work purely investigates the potential e!ect of anisotropic569

ablation that may be dependent on rotation, among other parameters, for the case of570

a spherical non-fragmenting meteoroid. Our simulations are an important step towards571

advanced models of radio wave scattering that may explain more unique head echo ob-572

servations in HPLA radar data. Future work will investigate surface recession in the very573

likely case that an incoming meteoroid is more irregularly shaped and composed of vary-574

ing material, and move towards self-consistent three-dimensional simulation of surface575

recession and tumbling. This will more accurately quantify the range of rotation rates576

expected for incoming meteoroids, and further investigate how the plasma density pro-577

file that generates a head echo may vary based on meteoroid properties. Additionally,578

computational simulation of radio wave scattering using the FDTD method will be car-579

ried out using PIC results for the electron density shape. This will specify how much the580

radar cross-section of a measured head echo might vary due to variation in the ablation581

parameters of a meteoroid.582
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