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Asteroid Threat

Estimated to be over 1 million Near Earth Asteroids larger than 30m
Expect asteroid 30m or larger to strike Earth every 100 years
Spaceguard Survey has only found ~16 000 as of 2017

Of those found so far, ~1800 classified as hazardous

Megatons TNT impact (assuming 20 km/s)

PHA map 2013 10° 10°

Brown et al. 2002
— — = Constant power law
Bolide flux 1994-2013
A Infrasound bolide flux
- Population estimate, 2014
Discovered to Jan 2016
Population estimate, 2016
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A58 Chelyabinsk, Russia, 2013




Planetary Defense

NASA Planetary Defense Coordination Office (www.nasa.gov/planetarydefense)

Find
Track and characterize

Spacewatch

Predict damage

Evacuate or mitigate Sl

Cesa ® aim

Blast wave simulation (Aftosmis) Los Alamos disruption simulation

NEOWISE




Asteroid Threat Assessment Project

D. Mathias. “Asteroid Threat Assessment”, International Space Development Conference 2016, San Juan, Puerto Rico, May 21, 2016

Characterization
* Physical Properties
* Orbital Trajectories

Atmospheric Entry & Airburst
Modeling
* Entry Trajectories/Ablation
* Energy Deposition

Surface Impact Effects
Modeling
* Ground Damage
* Tsunami Propagation
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Physics-Based Impact
Risk Modeling

Quantitative Risk Metrics

Sensitivity to Uncertainty

Impact Risk Assessment
Tools
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Ready to Launch Build and Launch
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Credit: Tim Warchocki
Risk-Informed Decision Support

Mitigation Planning

Defense Strategies

Response Decisions

Policy Development
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100MT Airburst
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 100MT vertical entry and airburst.

Energy deposition from Wheeler Fragment-Cloud model.

Blast wave very similar to 100MT point source or nuclear explosion




Large (>100MT) Airbursts

M. Aftosmis, D. Mathias, A. Tarano. “Simulation-Based Height of Burst Map for Asteroid Airburst Damage Prediction”,
IAA Planetary Defense Conference 2017, Tokyo, Japan.

Below 100 MT blast waves can be scaled using nuclear test data gL e
Above 100 MT atmospheric buoyancy breaks the self-similarity of point source blasts because
distances of interest are no longer small compared to the scale height of the atmosphere (8 km).

Similarity parameter 4°Po establishes time scale equivalence between two blasts (2)2 _ P2k (@)5
t’E ty poiEr \d4

Increase in time scale implies pressure gradient is steeper and acts over a longer period

Approximate equivalency relations of
ground footprint of 5 and 100 MT blasts

5 MT Blast 100 MT Blast Buoyancy increases bulge associated with optimum height of burst.

Overpressure for 1KT Blast vs. Burst Height

Ground Overpressure

—G & D (1KT): 1 psi
G & D (1KT): 2 psi
—G & D (1KT): 4 psi
G &D (1KT): 10 psi
- - Simulation (250MT): 1 psi
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Simulation (250MT): 10 psi
Note: 250 MT data yield-
scaled to 1KT for comparison

—_
o

LI/8 B B B s e B e S B s e e
] I
1 1

1

]

1

+3.54 sec +4.98 sec

-
~

_.
o

—_

+5.46 sec

/
/l

y/

[

o
o)

T

Height of Burst (km)

o
~

15 2
Distance from Ground Zero (km)




Altitude (km)

N
o

H
o

W
o

—_
o

1GT sto ny asteroid 1GT Spherical Airburst

1.8
90° 10p$| - ® Glasstone-Dolan Surface Blast
LR S U ¢ Glasstone-Dolan 10km altitude
i ——Point Source (Jones)
1.6+ Aftosmis 10km altitude

-
[6)]
T

4psi 50% Fatalities

1
Pressure (bar)
w N

- @250m, 3.54 g/cc, 17 km s7%, 1 = P TTTTTTTThT
1MPa (75% cloud) 121 opg
- Wheeler Fragment-Cloud Model N> [ P ST T T TSI
1.1p_1psi 90% Windows Broken oIl [LI-LI TR ==l
1 1 1 1 =% . .| 1 | | | | | | | RN
1 10 100 1000 led 1e5 20 30 40 50 60 70 80 100 150 200 300
Edep (kT/km) Distance (km)

1GT entry and airburst.
Shallow entry deposits most energy at 10km altitude
Vertical entry brings 300MT to ground. 700MT deposited in air with peak at

ground level.

Jones, D. “Intermediate Strength Blast Wave”, Physics of Fluids, Vol. 11, pp. 1664, (1968)
Glasstone & Dolan, “The Effects of Nuclear Weapons”, US Department of Defense (1977)




DB: 1GT_GobiDesert_240.019519510
Cycle: 19519510 Time: 1e+08
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1GT iron so almost all energy delivered to ground




Blast Wave
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Significantly less energy goes into blast wave in this simulation than in semi-empirical models or
airburst case

Results may be significantly different for stony asteroids that may deposit more energy into
atmosphere than the iron modelled here that maximized energy delivered to ground.




Thermal Radiation

Entry column ionizes air and impact vaporizes meteor creating hot gas at
>10 000K. Entry column and impact fireball will strongly radiate.
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Thermal Radiation
Collins 2005 — Semi-empirical Model

Fireball radius at time of peak radiation

Time at peak radiation where v=impact velocity

Luminous efficiency, n=3x10-3 (poorly constrained)

Thermal exposure, & nE where r=distance from explosion & |
oY 7al assuming hemispherical expansion.—. 2

Duration nE assuming T=3000K = transparency |
= SErs temperature of air (above which air
becomes opaque)
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Exposure required to JRONEEEISNE \where a=thermal diffusivity, Nevada 1953

ignite a material Jot pc, NS =density, c,=heat capacity

Combining above yields scaling law
ignition IMT

1t degree 2"d deg. burns | Paper and 31, deg burns | Plywood Clothing
burns Deciduous Grass ignite ignites ignites
Trees ignite

bpr(MIm2) [ 0.13 0.25 0.35 : 0.67 1.0




cosine rule

sine rule

h* +d’sin’ B,

d cosf,

.
cosp =

max

- jaT4(h)F(h)d/1

h=0

qz’ncia’ent

Heat Flux (W m2) Heat Flux 25s after entry

) Radiant flux from a hot
vs. elevation angle

surface q”=e0T* W m-2

2
H?at Flux (de ) assume £=1 so black
vs. from ground zero body_

5km from ground zero

Water vapor and CO2
in atmosphere can
absorb a significant
portion of the
radiation, but neglect
for now.
(Transmittance =1 at
0 5 10 15 20 25 30 35 40 45 50 Zero humldlty)
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Heat flux on vertical surfaces facing impact
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Temperature in Leaves and Wood, 50km from impact
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_ Moderate damage in ordinary buildings
_ Slight damage to buildings
_ Some dishes and windows broken

Negligible damage

—&— Acceleration (%Q)
—— Velocity (cm/s)
----3.66 Ig(a) + 1.97 (Wald 1999)

---- 3.47 Ig(v) + 2.35 (Wald 1999)
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https://earthquake.usgs.gov/earthquakes/search/




USGS ShakeMap : Tohoku-Oki, Japan
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Highly fractured ground in earthquake prone zones
(e.g. California, Japan) absorbs much more energy

than in more stable areas (e.g. Eastern USA).



________ Toon 1997 from Bath 1981
210 M = Earthquake magnitude
% o Earthquake €= Foupling efficiency
e . Magnitude E = impact energy (Mt)
. 8 ‘\ .
% " s A = area (km?)
~1 7r ‘\ | = intensity
= 6 R (modified Mercalli scale)
© N NI N .
w 5l . r = distance (km)
8 45 M =7.2+0.71g(¢E)
G) .
3+ N
= Yooy \ A=3%10° (EE)0.6310—0.63I
2L s (A
\\ \ \‘ \“
] IR | RN LSRR 1, =1.45M -3.181g(r)+3.77
10 102 10° 10

e Atkinson 2007 refitted
using simpler equations
only valid for 5<1< 10

I, =1.76M -4.181g(r)+0.52

I, =1.70M -2.271g(r)-0.0021r-0.29
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1GT Gobi Impact Earthquake

Mercalli Intensity 12: Total devastation

Time =17 s

Mercalli Intensity 9: Collapse of ordinary buildings
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1GT Gobi Desert impact equivalent to
1Gt Gobi Impact Simulation ~M8 earthquake in CA or *M7 in
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Hazard Space-Time Graph

1GT Ground Impact Hazard Arrival Times
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Height above sea level (m)
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Deep Water Impact
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Vertical x10

DB: 1GT_JapanTrench_240.017046154
Cycle: 17046154 Time:2.06e+08
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Vertical x250

Wave reflect and dissipate on continental slope
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Cycle: 23386199 Time:8.4e+08
Pseudocolor 200

Var: velocity_magnitude
—0.1000

—0.01778
—0.003162

0.0005623

100

0.0001000
Max: 0.07875
Min: 0.000

Pseudocolor
Var: velocity_magnitude

0.01000

0.001778

0.0003162
— 5.623e-05

— 1.000e-05
Max: 0.07006
Min: 0.000

Altitude (m)

Filled Boundary

Var: material -100

-2 oceanicgrn

8 100 140 160 180

5 k
Sace ) Tue Apr 413:22:42 2017




[ [
—— Deep water envelope
Envelope
—— Sea floor (scaled)
—— Sea floor
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Japan Sea x1

DB: 1GT_JapanSea2_280.004157996
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NA AJapan Sea (over limestone) x100
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Japan Sea x1000
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Time =950 s
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Conclusions

* Gobi Desert may be an acceptable location to allow a
1GT impact

 Deep water may also be acceptable if far enough
from shore and there is a low likelihood of triggering
an undersea landslide.

 Shallow water inadvisable

Future Work

Different ground properties

Intermediate depth water (2 — 4 km)
Entry of rubble pile asteroid

Non-vertical entry angle (will require 3-D)




Novaya Zemlya Nuclear Test

3.5 kT, detonated just below the surface
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https://www.youtube.com/watch?v=2fyrHW5djuA




