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This presentation summarizes impact risk assessment results for Epoch 4 of the 2023 PDC hypothetical

asteroid impact scenario. Epoch 4 represents the assessment phase after ~7 months of data are obtained
from an extended rendezvous reconnaissance mission, which obtains direct measurements of the asteroid

size and mass. Orbital trajectory is also now known accurately enough to predict the Earth impact location to

within several kilometers.

Introductory information on the asteroid threat assessment processes and details on the risk modeling, impact

hazards, affected population estimates, and damage risk maps used in this assessment can be found in the
Introduction to Impact Risk Assessment presentation on the CNEOS impact scenario website.

Contents:
* Main impact risk results:

 Impact risk summary dashboard

* Asteroid size and properties

* Damage risk swath map

« Affected population risks

* Result summary and recommendations
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* Hazard damage and risk details:

* Local blast & thermal ground damage effects, size
ranges, and sample damage footprint maps

* Asteroid property distribution details
» References
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Impact Risk Summary

Assessment 4: Rendezvous Recon Mission Data, 1 June 2027

Asteroid Characterization Summary

Impact date: 22 Oct. 2036
Earth impact probability: 100%

Asteroid size, mass, bulk density, energy, and impact trajectory
accurately determined by data from extended rendezvous mission

Diameter: ~800 m (2625 ft)
Mass: ~5.36e11 kg, Bulk Density ~2000 kg/m3
Asteroid Impact Energy: ~10.3 gigatons (Gt) (10,300 Mt)

Hazard Summary

Primary hazard is a large impact causing devastating blast & thermal

damage reaching unsurvivable levels, with very large areas of
serious damage

Unsurvivable regions likely to extend ~40-55 km (~25-35 mi)

outward, and possibly out nearly ~110 km (70 mi)

» Serious damage levels (blown in windows, minor structure damage)

2023 PDC Epoch 4 Impact Risk, NASA ATAP

likely to extend ~230 km (~140 mi) outward (possibly further given

current blast modeling uncertainties at these scales)

Potential for other large regional or cascading environmental effects

from such large impacts is unknown but could be significant
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» Asteroid size, mass, bulk density, and impact entry
parameters are now accurately determined by extended
rendezvous mission:

* Size (effective spherical diameter) and mass directly
measured by spacecraft

 Bulk density determined from mass and size
* Taxonomic type: C (carbonaceous chondrite)

e Other material properties relevant to mitigation and
damage modeling are somewhat constrained by known
density and type, but remain uncertain:

* Porosity (bulk macroporosity)
« Strength (represents bulk aerodynamic breakup strength)
* Thermal damage modeling parameter (luminous efficiency)

* Entry trajectory is also now accurately known

 Entry location is determined to within several kilometers

 Current risk results are based on a single nominal entry point
since location uncertainty is small compared to damage areas

[Property inference model: J. Dotson PDC 2023]
2023 PDC Epoch 4 Impact Risk, NASA ATAP

Asteroid Properties, Entry and Impact Parameters

Measured Size & Properties

Measured Value Modeled Range
Diameter (m) 800 £ 0.25 799-801
Mass (kg) 5.36 = 0.007 x 10" |5.34-5.38 x 10
Bulk Density (kg/m3) [2000 1990-2010
Energy (Gt) 10.3 10.25-10.33
Uncertain Material Properties
Mean Median |Most Modeled
Likely Range
Porosity 30% 31% 22-42% 0-60%
Strength (MPa) (2.1 1.2 0.1-2.2 0.1-10

Nominal Entry Trajectory (from 100 km altitude)

Entry velocity

12.672 km/s

Entry angle

53.5° (from horizontal)

Entry direction

145.3° (heading CW from N)

Entry location

9.672°N, 4.489°E

Impact location

9.249°N, 4.785°E — 9.133°N, 4.866°E
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Damage Risk Swath
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Damage risk swath: Shows extent of regions potentially at risk to local
ground damage®, given ranges of potential damage sizes and locations
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* Damage risk swath:

* Black line shows range of impact damage-center locations
modeled (very small, with orbital trajectory and ground
impact predicted to within several kilometers)

» Shaded areas show potential extent of local ground
damage*, given range of impact sizes and locations, colored
by damage severity level

* Rings show median-sized damage footprints

Extent of current risk region:

» Spans large portion of western Nigeria and into eastern edge
of Benin

 Centered around ground impact region near Jebba, Nigeria,
along the Niger River

* Potential entry and impact location is well known from
trajectory

* Damage risk swath region shown is around ~500 km across

* Swath extent shown covers local blast or thermal ground damage
sizes out to the 95" percentile
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[PAIR affected population details: Stokes et al., 2017]
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Summary

4
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» Asteroid size and impact location are now well known: ~800m asteroid will impact in Nigeria with
~10.3 gigatons of impact energy

 Hazards & Damage Estimates

* An impact of this size is expected to cause devastating blast & thermal damage reaching unsurvivable levels, with very
large areas of serious damage

» Serious damage levels (blown in windows, minor structure damage) likely to extend ~230 km (~140 mi) outward or more
» Unsurvivable regions likely to extend ~40-55 km (~25—35 mi) outward, and possibly out nearly ~110 km (70 mi)
* Estimated population living within the expected damage region is ~30M people
* Given estimated range of damage severities across the region, damage is likely to affect at least 4-5M people, possibly
up to 10M or more, if region is not evacuated
* Additional Uncertainties & Recommendations

* High-fidelity simulations of large-scale asteroid blast and thermal damage are recommended to more accurately predict
damage areas and severities, given current risk model uncertainties for impacts of this size

* Potential for other large regional or cascading environmental effects from such large impacts sizes is unknown but could
be significant

2023 PDC Epoch 4 Impact Risk, NASA ATAP HYPOTHETICAL EXERCISE Page 7
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HAZARD DAMAGE & RISK DETAILS:

Local Damage Region Sizes
Local Affected Populations in Damage Regions

Asteroid Property Details
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40 km (25 mi)

98 km (61 mi)

Damage Level Mean 50t % 95th % Damage Level Description

Serious 228 km (142 mi) 227 km (141 mi) 241 km (149 mi) Windows shatter, minor structure damage

Severe 131 km (81 mi) 126 km (78 mi) 166 km (103 mi) Widespread structure damage, or 3 degree burns
Critical 79 km (49 mi) 72 km (45 mi) 117 km (73 mi) Residential structures collapse, or clothing ignites

Devastation, structures flattened or burned
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Population in Median Damage Regions
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* Total population enclosed in given damage region
(including higher damage severity regions)

 Population in damage level ring (not including
people in higher damage severity regions)

 Affected population estimates:

* Fraction of population considered affected within
each damage region ring, depending on relative
damage severity (serious 10%, severe 30%,
critical 60%, unsurvivable 100%)
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Damage Level Dam_age Po;-)rzlt:tlion ;OB::;E;: Affectt?d
(% Affected Pop.) | Radius . Population

Enclosed Ring
I8 [Serious (10%) 227 km 28M 22 4M 2 2M
, SR [Severe (30%) 126 km 5.6M 4.3M 1.3M
F_J$I S |Critical (60%) 72 km 1.3M 940K 560K
& R S S L =0 . G0 [Unsurvivable (100%) | 40 km 360K 360K 360K

[PAIR affected population details: Stokes et al., 2017]
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Population in Large (95"‘%) Damage Regions
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» Estimated populations within each damage
severity region:

* Total population enclosed in given damage region
(including higher damage severity regions)

 Population in damage level ring (not including
people in higher damage severity regions)

 Affected population estimates:

* Fraction of population considered affected within
each damage region ring, depending on relative

damage severity (serious 10%, severe 30%,
critical 60%, unsurvivable 100%)

Total

Population

Damage Level Damage Pobulation | in Damaae Affected
(% Affected Pop.) | Radius P imag Population
Enclosed Ring
Serious (10%) 241 km 32M 20M 2M
Severe (30%) 166 km 12M 7.5M 2.25M
Critical (60%) 117 km 4.5M 1.3M 780K
|Unsurvivable (100%) | 98 km 3.2M 3.2M 3.2M

HYPOTHETICAL EXERCISE




HYPOTHETICAL EXERCISE

-~ Asteroid Property Details

Statistical percentiles and highest-probability interval ranges for asteroid property distribution samples modeled*

Mean 5th% 25th% Median (50th%) 75th% 95th% Most Likely Range (68%) | Potential Range (99%)
Diameter (m) 800 800 800 800 800 800 800 799-801
Mass (kg) 5.36E+11 5.35E+11 5.36E+11 5.36E+11 5.36E+11 5.37E+11 5.35-5.37E+11 5.34-5.38E+11
Energy (Mt) 1.03E+04 1.03E+04 1.03E+04 1.03E+04 1.03E+04 1.03E+04 1.03E+04 1.03E+04
Density (g/cm?3) 1999 1994 1997 1999 2002 2005 1996-2002 1991-2007
Porosity (%) 30% 12% 24% 31% 38% 46% 22—-42% 1-51%
Strength (MPa) 2.1 0.2 0.5 1.2 2.8 7.6 0.1-2.2 0.1-9.5
15% 30% 30% —
[ Distribution
25% 1 25% | ——mean
% | 20% | % _'_'median
2" z 2 N 5th/95th%
g g 15% g 15%
E 04 L E % E %
o o 10 * Property stats are each
%1 5% computed independently.
0% 0% 0% Multiple values from a given
799.5 800 800.5 5.34 5.35 5.36 5.37 5.38 10.24 10.26 10.28 10.3 10.32 . .
Diameter (m) Mass (kg) 10" Energy (Gt) percentile cannot necessarily be
combined to represent a single
12% — 20% — 25% . . .
physically-plausible asteroid.
10% ¢ 20% |
15% 1
z % z 2150 |
2 6% 8 10% | 8
& m 2 210%
5%t
2% | 5% |
% 199 1.995 2 2.005 0%"0% 10% 20% 30% 40% 50% 60% % 2 4 6 8 10
Density (g/cm®) Porosity Strength (MPa) [Property model: J. Dotson PDC 2023]

2023 PDC Epoch 4 Impact Risk, NASA ATAP HYPOTHETICAL EXERCISE _



Ames Reseorch Center

REFERENCES

2023 PDC Epoch 4 Impact Risk, NASA ATAP HYPOTHETICAL EXERCISE




Ames Reseorch Center

Probabilistic Asteroid Impact Risk (PAIR) Model

Mathias et al., 2017. A probabilistic asteroid impact risk model: assessment of sub-300m
impacts. Icarus 289, 106—119. hiips://doi.org/10.1016/j.icarus.2017.02.009

Stokes et al., 2017. Update to determine the feasibility of enhancing the search and
characterization of NEOs. National Aeronautics and Space Administration.
https://www.nasa.gov/sites/default/files/atoms/files/2017 neo sdt final e-version.pdf

Wheeler & Mathias, 2018. Probabilistic assessment of Tunguska-scale asteroid impacts.
Icarus, 327, 83-9. https://doi.org/10.1016/j.icarus.2018.12.017

Rumpf et al., 2020. Deflection driven evolution of asteroid impact risk under large
uncertainties. Acta Astronautica 176, 276—286.
https://doi.org/10.1016/j.actaastro.2020.05.026

Reddy et al., 2022. Apophis planetary defense campaign. Planetary Science Journal, 3:123
(16pp). https://doi.org/10.3847/PSJ/ac66eb

Reddy et al., 2022. Near-Earth Asteroid (66391) Moshup (1999 KW4) Observing Campaign:

Results from a Global Planetary Defense Characterization Exercise. Icarus 374, 114790.
https://doi.org/10.1016/j.icarus.2021.114790

Reddy et al., 2019. Near-Earth Asteroid 2012 TC4 Campaign: results from a
global planetary defense exercise. Icarus 326, 133—150.
https://doi.org/10.1016/j.icarus.2019.02.018

Population data: SEDAC GPW v4.11 gridded population counts, year 2020 (UN-adjusted
values). CIESIN, Columbia University, 2016. http://dx.doi.org/10.7927/H4SF2T42

Entry & Breakup Energy Deposition Modeling

2023 PDC Epoch 4 Impact Risk, NASA ATAP

Wheeler et al., 2018. Atmospheric energy deposition modeling and inference for varied
meteoroid structures. Icarus 315, 79-91. hiips://doi.org/10.1016/j.icarus.2018.06.014

Wheeler et al., 2017. A fragment-cloud model for asteroid breakup and atmospheric energy
deposition. Icarus 295, 149-169. https://doi.org/10.1016/j.icarus.2017.02.011

Register et al., 2020. Interactions between asteroid fragments during atmospheric entry.
Icarus 337, 113468. hitps://doi.org/10.1016/.icarus.2019.113468

ATAP Impact Risk & Hazard Modeling Papers

HYPOTHETICAL EXERCISE

Blast Modeling and Simulation

« Aftosmis, et al., 2019. Simulation-based height of burst map for asteroid
airburst damage prediction. Acta Astronautica 156, 278-283.
https://doi.org/10.1016/j.actaastro.2017.12.021

* Robertson & Mathias, 2019. Hydrocode simulations of asteroid airbursts
and constraints for Tunguska. Icarus 327, 36—47.
https://doi.org/10.1016/j.icarus.2018.10.017

« Aftosmis, et al., 2016. Numerical simulation of bolide entry with ground
footprint prediction. 54th AIAA Aerospace Sciences Meeting.
https://doi.org/10.2514/6.2016-0998

Thermal Radiation Modeling and Simulation

» Johnston et al., 2021. Simulating the BeneSov bolide flowfield and spectrum
at altitudes of 47 and 57 km. Icarus 354, 114037.
https://doi.org/10.1016/.icarus.2020.114037

* Johnston & Stern, 2018. A model for thermal radiation from the Tunguska airburst.
Icarus, 327, 48-59. hitps://doi.org/10.1016/.icarus.2019.01.028

* Johnston et al., 2018. Radiative heating of large meteoroids during atmospheric entry.
Icarus 309, 25—-44. hitps://doi.org/10.1016/j.icarus.2018.02.026

Tsunami Simulations

* Robertson & Gisler, 2019. Near and far-field hazards of asteroid impacts in oceans.
Acta Astronautica 156, 262—277. https://doi.org/10.1016/|.actaastro.2018.09.018

* Berger & Goodman, 2018. Airburst-generated tsunamis. Pure Appl. Geophys. 175 (4),
1525-1543. https://doi.org/10.1007/s00024-017-1745-1

« Berger & LeVeque, 2018. Modeling issues in asteroid-generated tsunamis.
NASA Contractor Report NASA/CR-2018-219786.
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.qov/2018000661 7.pdf

* Berger & LeVeque, 2022. Towards Adaptive Simulations of Dispersive Tsunami

Propagation from an Asteroid Impact. Proc. ICM, St. Petersburg, Russia, 2022
(submitted). https://doi.org/10.48550/arXiv.2110.01420

Page 14



https://doi.org/10.1016/j.icarus.2017.02.009
https://www.nasa.gov/sites/default/files/atoms/files/2017_neo_sdt_final_e-version.pdf
https://doi.org/10.1016/j.icarus.2018.12.017
https://doi.org/10.1016/j.actaastro.2020.05.026
https://doi.org/10.3847/PSJ/ac66eb
https://doi.org/10.1016/j.icarus.2021.114790
https://doi.org/10.1016/j.icarus.2019.02.018
http://dx.doi.org/10.7927/H4SF2T42
https://doi.org/10.1016/j.icarus.2018.06.014
https://doi.org/10.1016/j.icarus.2017.02.011
https://doi.org/10.1016/j.icarus.2019.113468
https://doi.org/10.1016/j.actaastro.2017.12.021
https://doi.org/10.1016/j.icarus.2018.10.017
https://doi.org/10.2514/6.2016-0998
https://doi.org/10.1016/j.icarus.2020.114037
https://doi.org/10.1016/j.icarus.2019.01.028
https://doi.org/10.1016/j.icarus.2018.02.026
https://doi.org/10.1016/j.actaastro.2018.09.018
https://doi.org/10.1007/s00024-017-1745-1
https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/20180006617.pdf
https://doi.org/10.48550/arXiv.2110.01420

HYPOTHETICAL EXERCISE™

Related PDC 2023 Presentations

PDC 2023 presentation materials, webcast recordings, and impact exercise details available at:

» https://www.unoosa.org/oosa/en/ourwork/topics/neos/2023/IAAPDC/index.html
 https://atpi.eventsair.com/QuickEventWebsitePortal/23a01---8th-planetary-defense-conference/programme-website/Agenda
 https://cneos.jpl.nasa.gov/pd/cs/pdc23/

PDC 2023 Hypothetical Asteroid Impact Exercise Session (3 April 2023)

* Wheeler et al., “Impact Risk Assessment Briefing: 2023 PDC Hypothetical Asteroid Impact Exercise Epoch 1”

* Chodas et al., “The 2023 PDC Hypothetical Impact Scenario: Epoch 1 Summary”

» Barbee et al., “PDC 2023 Simulated Impact Threat Scenario SMPAG Mission Option Analysis”

Impact Effects (Session 7, 6 April 2023)

* Wheeler et al., “Asteroid Impact Risk Across Transitional Hazard Regimes”

* Dotson et al., “Consequences of Asteroid Characterization on the State of Knowledge about Inferred Physical Properties and Impact Risk”
» Coates et al., “Sensitivity Study of Impact Risk Model Results to Thermal Radiation Damage Model for Large Objects”

« Chomette et al., “Machine learning for the prediction of local asteroid damages”

« Stern et al., “Advances in Entry Modeling for Impact Risk Assessment”

« Aftosmis et al., “High-fidelity Blast Propagation Modeling for Hypothetical Asteroid 2023 PDC”

 Titus et al., “Asteroid Impacts and Cascading Hazards”

Disaster Management & Impact Response (Session 8, 6 April 2023)

* Robertson et al., “Evacuation and Shelter Plans for Asteroid Impacts”

Space Mission & Campaign Design Session (Session 6, 5 April 2023)

« Barbee et al., “Planetary Defense Mission Campaign Design for the 2023 PDC Hypothetical Asteroid Impact Scenario”
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