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INTRODUCTION

This paper focuses on a detailed mathematical ntbdeis able to calculate casualty and fatalitgsaafter the impact
of an asteroid with Earth. The mathematical moded heen programmed in a software tool and the goraling
casualty and fatality curves have been computed.

The mathematical model takes into account the imp&an asteroid and the subsequent destructiolifeofand

properties. The model divides the destruction pgeda consecutive segments starting from the ihsththe impact
and allows to forecast the levels of casualtiesfatalities until reaching massive extinction. Thiathematical model
has been validated with previous recorded catast®@and represents a step ahead in the protedticimil@ans and

their habitats dividing the population into shetrand un-sheltered. The model uses the most @ecwmarld

population data base, the latest model of the Eatthosphere, and high accuracy re-entry trajectofie the

threatening asteroid.

PURPOSE, DEFINITIONS, AND PROCESSES

The purpose of the study was to conduct a pararretialysis to calculate fatality curves as a florctf the size of an
asteroid impact with Earth, its inner compositids,speed, its flight path angle at Earth entryd @s primary impact
location on our planet. This massive amount of dhtaws revealing conclusions that will be showthia paper.
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Figure 1. Deaths versus fatality curve and polybednodel of the asteroid “Eros”

The paper is complemented by a presentation harfdeatiable on demand) that contains the displag mdalistic set
of videos made from the simulations of one of thesimdamaging impacts of the asteroid simulation. SBte videos
show the propagation of the extinction wave forntest dramatic case.



It has to be pointed out that no registry of anybedler been killed by an asteroid impact has beeadentill date.
Therefore, this research acknowledges that theattokEthe case of the asteroid or comet hittingtiEds small in
comparison with other catastrophes. Figure 1 shthesdeath per singe event versus the corresporfdiadjty

expressed in deaths per year. For example, thé gitaqws that fatality rates in all recoded autoreobistory reaches
the sum of all accidents in all cars involved. Tane for the airplane accidents, floods, etc. bivan year, the
probability to be killed in a car accident is higltkeat the probability to die in an airplane accider in a flood. And
much higher than the probability to die due to atraad impact with Earth. However, it is recognizbdt a medium
size astroid impact with Earth is more lethal tlaenything Earth or humans are capable of producinghe scale of
massive destruction. The current study also previae@areness of the Earth’s fragility and estabfispmunds for
studying the risk management to population in thibowing terms: quantification of the magnitude tbge risk, the
identification of risk contributions, the study dfamage to life and properties, and open discusaioout the
uncertainties in the mathematical model.

The following definitions are used in this paper:

« Earth catastrophic evennore than 10.000 people killed at the same time.

Property damagelamage to fixed and non-fixed property owned Ipgeson or group of persons.

Casualty a person suffering small injury as the resula @atastrophic event.

Fatality. a person suffering death or serious injury agéiselt of an accident associated with a catasitogprent.

« Maximum Probable Loss (MPlYhe greatest Euro amount of loss for bodily ipjur property damage that is
reasonably expected to result from a catastroplgate

ASTEROID THREAT

The table 1 shows a catalogue of asteroid thresats fanction of the diameter of an astroid impagtine Earth. The
damages go from local destruction to the total gtany collapse. The minimum impact velocity on Bdst 11 km/s.
The typical impact velocities are more than 15 kfofsasteroids and more than 50 km/s for comet®g mlaximum
Earth impact velocity for objects orbiting the 98172 km/s.

2 =z Recurrence interval Crater Earthquake
Diameter | Kinetic energy 5 2 Crater depth 4 .
i i
0.01 0.06 6.38 0.3 0.4 3.8 Local ‘
destruction
01 75.16 1,583.60 1.9 0.6 5.9 Local ‘
catastrophe
1 7.52E+04 346,454.27 11.4 1.0 7.9 Regional ‘
catastrophe
5  9.39E+06 1.50E+07 39.9 1.5 9.3 Global ‘
catastrophe
10|  7.52E+07 7.58E+07 68.5 1.8 9.9) Massie ‘
extinction
100 7.52E+10 1.66E+10 412.9 3.0 11.9  Planetary \
collapse
Table 1. Asteroid threat catalogues as a functfadhediameter
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Figure 2. Asteroids versus diameter and versus age



To allow a comparison, the Hiroshima and Nagastking bombs were 20 KiloTones (KT) of energy. Theggest
ever recorded Earthquake magnitude has been 9e5KThboundary extinction (Cretaceous—Tertiary motion event)
energy was about 1E+7 MT. And the energy to béiEatth oceans is about 2E+9 MT. Figure 2 showsdvaphs of
the known asteroids versus their know diameterstheid age. Bigger asteroids are far away and kaker ehat smaller
nearer objects in average.

SETTING UP THE SIMULATION SCENARIO

The simulation work reported in this paper has tmsmented into phases as follows:

- Phase 1represents the travel in spaskthe astroid. The asteroid travels in space whth simulation starting at
around GEO altitude (i.e. 42000 Km approximately).

- Phase 2is the phase when the asteroid is entering thth EEdmospherethe asteroid enters Earth atmosphere at 120
Km.

- Phase 3is the_ impact with Eartht the impact point and flight of ejecta around

» Phase 4represents the shock wave and how it propagatdsarth from the impact point and in the directad the
azimuth foreseen.

Figure 3. Simulation scenario segmented in phasésaageted impact points with astroid diameters

The figure 3 shows an schematic view of the sinmutasegmented into 4 phases. To these phaseaitheaso adds a
phase called phase 4+1 that shows the aftermatiitéom effects after the shock wave has propagdted.figure 4
also shows the targeted impacts with their cornedjpgy astroid diameter sizes. The impact pointeHaen chosen as
to reflects dispersed areas of the Earth. The sikzése asteroid range from 10 meters to 100 Kilerse The impacts
points are Amanu, Houston, Verona, Granada, angd.ok

ATV RE-ENTRY AS A RISK CALCULATION EXAMPLE

The controlled re-entry of ATV created a concerroagnESA and CNES officials in what respect to clguand
fatality figures. In September 2008 ESA initiatedegies of detailed studies to accurately comphéed figures and the
corresponding ground risk foot prints. The resaolt¢ained by the Technical Directorate of ESA usidesof the art
mathematical models that have been independentlifieceand validated. ATV broke into approximated®0 main
fragments and many other much smaller.

The Automated Transfer Vehicle was designed toiesnochission by a destructive re-entry using thaheatmosphere.
The de-orbitation scenario started with the departd the vehicle from the ISS followed by a dpériod to phase with
the targeted impact area. Once this phasing wéshéd ATV performed two de-orbitation boosts whaaused it to
enter the atmosphere and started fragmentatiorelmdgnamic and thermal loads. ATV Jules Verne ttered Earth
on September 29th 2008 ending a very success#ilrfiission for ESA and its partners. The first deitation burn



(see figure 4) changed the ATV orbit from circutarhighly elliptical while the second one targetéero-altitude
periapsis and subsequent collision with Earth.

ATV was composed of two main parts: the spacemalfiassembly, and the integrated cargo carrier. A& four
solar arrays skewed about 45 deg for power and aorimated via a S-band antenna mast mounted (see fiy. The
materials list of which the subsystems of Julesnéeare made represent about 100 different colledipes: from
Titanium to Aluminum, from Beryllium, to carbon &b, etc. Figure 4 shows the sizes of ATV and itmgarison with
the size of the average human being. The totatteisgabout 10 meters while the total diametebisuh 4.5 meters.

To study ATV re-entry safety in depth, ESA and CNE&Shstituted a task force in Spring 2007 with eipend
engineers from both Agencies.
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Figure 4. ATV re-entry strategy and model

The task force recommended to perform a detailddamalysis for the re-entry phase of Jules Venukthe evaluation
of the casualty and fatality probabilities versiis icceptable standards. The task force startpdrform the analysis
end of April 2007.
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Figure 5. ATV re-entry risk analysis calculation

At this point in time, commanded by the ATV Re-gn8afety Panel and via ATV operations team, thehmzal
Directorate of ESA started to work in the risk aiséd while the Operations Directorate team supplotitte Panel in an
independent verification of the work of ESTEC. E€TERssessed the final ATV disposal cargo list wtheir
contribution to the surviving fragments list in tbase of an uncontrolled re-entry. And it computederal trajectory
types with their corresponding casualty and fatalgks. All in total, ESTEC ran about 20 milliof toajectories in two
analysis phases. The trajectories varied six passighe duration of the last impulse burn, thelef the thrust, its
angle, the density of the atmosphere, the altiafdbe explosion, and the direction of the ejectidthe fragments.

The present asteroid scenario study takes intoumtctihe ATV re-entry experience by re-using techsi and
technologies from the former work in the ESA projec

ASTOS, THE AEROSPACE TRAJECTORY OPTIMIZATION SOFT\RE
The software tool used in the analysis and sinutatreported in this paper is ASTOS.

Trajectory risk analysis tools are starting to beecimportant assets to address the human casisityfrom any
portions of the spacecraft or orbital stages thay survive atmospheric re-entry. These tools st@llonly include the
calculation of casualty area but also the casualty/fatality probabilities.

ASTOS software (see figure 6) is a simulation aptingization environment to compute optimal trajects for a
variety of complex multi-phase optimal control pierbs. It consists of fast and powerful optimizatiprograms,
PROMIS, CAMTOS, SOCS and TROPIC, that handle laagd highly discretized problems, a user interfadd w
multiple plot capability, and GISMO, an integratgidphical iteration monitor to review the optiminat process and
plot the state and control histories at intermedsiéps during the optimization. Since 1995, ASTO®ing developed
in collaboration with the Technical Directoratethé European Space Agency at ESTEC. Since 200&e thodules
were added inside ASTOS: DARS (Debris Analysis Ra-entering Spacecraft) that calculates the vehlentry
considering break-up and demise [7], and DIA (Debmpact Analysis) [8] that calculates the impaa$dd on ballistic
coefficients. On top the risk probabilities of cakliies and fatalities can be calculated with RAMsiRANalysis
Module).
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Figure 6. ASTOS screenshots, including GPWv3 pdjmuiiaverlays

DARS, as a deterministic tool, considers not onlyehicle break-up, but also melting of the fragrsetaking diverse
materials and shapes into account. DIA is baseladiistic coefficients and allows safety analysiscombination with
additional impulses during the break-up alreadganly project phases. Both, DIA and DARS can belioad with

stochastic methods for extensive calculations ofitians. RAM calculates the casualty cross-sediix) of a re-entry
object. ASTOS can generate plots in 2D and 3D. ifpats to this process are the scenario, vehickatad dynamics,
and the outputs are trajectories, foot-prints, isjpn ellipsoids, reports, etc. ASTOS uses thaifadipn data from the
Gridded Population of the World Version 3 (GPWVGPWv3 depicts the distribution of human populatanoss the
globe. It is the most detailed version of GPW ttedaith more than three times the amount of dateeasion 2, and
includes population estimates to 2015.

PHASE 1: ASTEROID INTERPLANETARY TRIP
The phase 1 of the simulation study representsréwel in space of the astroid. The simulationtstat around GEO

altitude (i.e. 42000 Km approximately). The astdrélight speed at that altitude is between 20 toK3f@/s. The
simulation date chosen is December 21st, 2012.

Time to Impact: 33.08 s
Abtitude: 525.671 kin

Figure 7. Video of the asteroid flight for phase 1

The figure 7 shows a screenshot of the video mamia the asteroid trajectory for phase 1. The avedmnsity of the
simulated asteroid ranges from 3000 to 4000 Kg/hs3composition is a mixture of olivine and pyrorewith the
following ingredients and their corresponding peteges: Mg (10.98%), Fe (12.33%), Si (35.67%), @(43%), Ca
(19.54%), Al (4.71%), Na (0.81%), K (0.14%), Ti%8%), Mn (0.23 %), H (0.96%).



Asteroid features Impact consequences
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3000 0.01| ‘#8E+D1| 5.2E+02| 165408 10 45 0.3 3.4 7,849.1 0.1 0.00 Mo
3000 0 FBE+0| 5.2E+0: ™ (6] 45 0.6 54| 8509.0 0.8 0.00 No
3000 10| 7BE+07| 2.1E+12) A2 10 45 1.6 95| 42545 86.8 36.94 YES
3000 100| F.SE+09| 21E:15 10 45 2.8 11.5| 42545 868.3| 3,694.07 YES
3000 0.01| TAE+01 | 21E+03) GEE400 20 45 3E+14 0.06 B.38 0.3 04 3.8 7,8481 0.2 0.00 Na
3000 0.1 7.BE+03 2.1E:+08 G3=408 20 45| 3E+17 75.16 1.,583.60 1.8 06 58| 8,508.0 ¥ 0.01 Nao
3000 10| 78E4G7| 2.4E+12| BIEGS 20 45 3E+23| 7526407 7579593481  BB5| 1.8 9.9 85090 1737 14776 YES
3000 100| 7.SE+08| 2.1E+15) G2EH 20 45 3E+26| 7.52E410 16:582.343,60057| 412.9| 3.0 11.9| B8509.0 1,736.5|14,776.26 YES
3000 0.01| F:BE+D1| 2.1E#03| 635400 30 45| BE+14 0.14 12.01 0.4 04 40| 11,773.7 0.3 0.00 No
3000 0.1| 7-9E+03| 2.1E:0 30 45| TE+17 168.10 2,980.9 23| 086 6.1| 12,763.6 2.6 0.03 Nao
3000 10| 7-BE+07| 2.1E+12| 6.5 a0 45| TE+23| 1.69E+08 14257 81.9 1.9 0. 12,763.6 260.5 332.47 YES
3000 100| 78E+M| 21E+15 30 45| TE+26| 1.69E+11(31213,917.385.17) 493.5| 3.2 12.1| 12,763.6| 2,604.B|33,246.59 YES

Table 2. Round of performed simulations and themmparameters
PHASE 2: ENTERING THE EARTH ATMOSPHERE

This phase simulates when the asteroid is entéhiedg=arth atmosphere at 120 Km altitude. the spatyormed an
entry parametric analysis of several diameter sisésroids, several flight path angles and fligithmzimuths.

Based on the parametric analysis done, the matiehatodel used is able to calculate the kinetiergp at impact (in
Megatons and Jules), the recurrence interval tiree the time between two consecutive impacts efdhme energy),
and the dimensions of the crater. The model previe well the Earthquake magnitude produced, thedspf the
eject, the time to reach ground, and its maxintitude. For this phase, one of the main paramétassbeen the flight
path velocity that has been varied between 10 lkemés 30 km/s. This parameter has a great influencthe energy
dissipated at impact and the corresponding consegge The flight path angle has been kept at 45edsg
representing an average impact angle. Even iftitghly improbable that an asteroid of this dimensje.g. 10km) will

fragment in the atmosphere a fragmentation scemasobeen simulated to show the power and fleiibilf the tools

and mathematical models involved.

PHASE 3: IMPACTING EARTH

This phase shows the impact with Earth at the impaint and the corresponding flight of ejecta auabit (figure 8). In
this phase, the study conducted a parametric dsdbhgsed on previous cases plus changing the inyadatity on
Earth.



Time since impact: 887 s

Figure 8. Screenshots of the videos made for tipaétwith Earth with and without fragmentation
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Figure 9. Craters diameters and depths as a funcfionpact speed and size

For this phase, the RAM module of ASTOS is usedaigulate the casualty cross-section (Ac) of theragl. Ac is
computed using the the cross-section of all agldragments and an average projected cross segti@muman body.
The probability of casualty is determined usingstbasualty cross-section, the impact probabilibg a population
density distribution map. The risk to the populatan-ground is determined by integrating the prdlglover a terrain
area with underlying population density. To caltelléhe fatality index by a given piece of fragmenith a given
kinetic energy, it is necessary to multiply thelmbility of impact by the fatality index.

The function found is an halved gaussian shapeeedinat ends in an exponential (see figure 10).Higker the value
of the damage, the lower the probability that thendge actually occurs. The MPL figures are givefigure 11.

One of the cases computed is the un-fragmentedcinipasranada. In this case, the energy releasédpsct is 7.5 x
10" MT (MegaTons of TNT). The Earthquake produced &as magnitude of 9.9. The crater diameter is 69akmd
has a depth of 1.8 km. The average ejecta thickeels8 m. The mean fragment diameter is 5.43Amd. the area of
devastation at impact points is 107 Krfor this Granada impact case, the wood framenamitistory wall-bearing
buildings will collapse. The interior partitions @food frame buildings will be blown down. Roofs Mhle severely
damaged. Multistory steel-framed office-type builgh will suffer extreme frame distortion, mostlythwiincipient
collapse. Highway truss and girder bridges willlgpse. Cars and trucks will be overturned and degd. Glass
windows will shatter. And up to 90 % will be blovdown, and those left standing will be stripped cdriches and
leaves.



Kinetic Fatalities at impact vs
Diameter . - "
[Km] _energyal Casualties  Fatalities City 4.0E+07
impact [MT]
0.01 0.06 1.60 160 Tokyo Fatality Index = 1
01 75.16 260.00 260.00 Amanu 8.2E:07 | |
1 7.52E404 1,24500 124500 Verona
10 7.52E+07 2.38E+05 2.38E+05| Granada § 2AET
100 7.52E+10 2.21E+07| 2.21E+07 Houston g
Y 1.6E+07
y =|470.12e01132x
. LU B BN B.0E+06
w=d 001 2
0E+00 =
0 20 40 60 80 100

Astercid diameter [Km]

O Diameter — Trend

Figure 10. Casualties and fatalities per impachipaeith points and trend

Figure to s Comments /
Calculate Petiniticn Formulas Mies
N Number of Casualties - 2.38E+05
Ne Number of Fatalities - 2.38E+05
MPLs MPL for third-party fatalities MPLF =Nr* | €1,790,000,000
MPLc MPL for third-party casualties MPLE = N; * I, €1,790,000,000
MPLycp MPL for third-party loss of property MPLLp = 0.5 No* 1. €895,000,000
MPL for third-party loss of use of L
MPL, e broperty MPL_.r = N * GDP £168,260,000
MPL for third-party environmental e
MPLeo ldamage MPLLp =8 * lep €£13,400,000
Total MPL £4,656,660,000

Figure 11. MPL figures for the Granada impact case.
The fatality number computed takes into accouny timt people killed by a direct asteroid hit.
PHASE 4: PROPAGATION OF THE SHOCK WAVE
The phase four represents the shock wave and hpnpaigates on Earth from the impact point andhéndirection of

the azimuth foreseen. The simulation shows thatetiergy due to the impact will cause a distortiorihie air. This
distortion travels in the form of a shock waveaatelocity greater than the speed of sound inhgipgrsonic).
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Figure 12 Shock wave propagation mathematical maagIscreenshot of the video simulating it



The wave eventually decays into a sound wave trayet sonic speed (300 m/s). The mathematical mosied

predicts that the air blast will be generated apipnately 1000 seconds after impact. The peak ovesgure will reach
8e+06 Pa (80 bar). The maximum wind velocity wadicbome 1310 m/s (hypersonic regime). During the agagion of

the shock wave, sound intensity will reach 129 dB.

PHASE 4+1: EFFECTS AFTER SHOCK WAVE

The last phase of the simulation has been naméuisrstudy as phase 4+1. In this phase, the eftdtds the shock
wave have been simulated. They are divided into vein sub-phases catalogued as post shock wavioagderm
effects.

101
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105 Long term effects
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Time [y]

Figure 13 Fatality curve vs time after shock wave

The figure 13 shows the fatality curve vs timehistphase. During the first sub-phase (post shagke)y dust, melt
droplets, and gas species generated during thectnepant are ejected out of the Earth’s atmospherdedispersed all
over the globe. Also during this sub-phase, tsunaesting will reach 100 m altitude above sea ldélegding 20 Km
of coastline. During the second sub-phase (longH-effects), nitrous oxide will destroy the ozongelacausing more
fatalities. At this stage, vision will not be pddsi and plants and forest will die.

CONCLUSIONS

The Technical Directorate of ESA has built a matageal model of an asteroid impacting with Earttsing this
model, the purpose of the study was to conductranpetric analysis to calculate fatality curves &srection of the size
of an astroid impact with Earth, its inner compiosif its speed, its flight path angle at Earth wnand its primary

impact location on our planet.

Asteroid impacts represent hazard of low probabliiit high consequences. Risk of impact is subisigntarger than
one-in-a-million lifetime risk of death use in E3&rms when conducting the launch or re-entry otepeehicles.

The study performed in this work shows that astemipacts of the sizes proposed in this paper kilillbillions of
people and produce a massive extinction of spéereangering the survival of civilization).

While the role of governments is impact deflectionpact mitigation, and catastrophe managementrdleeof space
agencies is limited to public awareness, threaaliemn, prediction, and risk analysis.
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