PLANETARY DEFENSE COORDINATING OFFICE

PD TTX4
23-24 February 2022

After Action Report

Appendix C: Presentation Slides

This appendix contains static versions of the as-presented slides from the 4th Planetary Defense (PD)
Interagency Tabletop Exercise (TTX). The actual slides in some cases contained animations to better
inform or describe the scenario.
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PLANETARY DEFENSE [ |
Ag enda INTERAGENCY )
TABLETOP EXERCISE 4

* Welcome

* Few words from our sponsor
- Lindley Johnson, NASA Planetary Defense Coordination Officer

» Few words from our TTX Director
- L.A. Lewis, NASA PDCO FEMA Detailee

* Why we are here
» Objectives
* What to expect

PD TTX 4 — Module 0

Why We Are Here i s (5,

TABLETOP EXERCISE 4

* What would we
do if we knew a
sizable asteroid
was headed our
way?

Do we
understand
everyone's roles
in this scenario?

After we're done,
what can do well
ahead of time to
be better
prepared for this?

PD TTX 4 — Module 0

PD TTX4 — After Action Report, Appendix C C-4



PD TTX4 — After Action Report, Appendix C

Objectives . ()

TABLETOP EXERCISE 4

1. Increase the understanding by personnel and U.S. government
institutions of near-Earth object (NEO) threats and their roles in
mitigating that threat

= Opportunity to understand what the role of USSPACECOM is

2. Test methods of communicating information both to and among
decision-makers

3. Exercise post-impact protocols, including involvement of local
government

PD TTX 4 — Module 0

Structure of the TTX i s (5,

TABLETOP EXERCISE 4

» Set of “Planetary Defense 101" short briefs

« TTX broken into five “modules,” numbered 0—4
- Each module represents a different segment of time between discovery of the asteroid through
post-impact protocols

_Module | Description _______

Quick briefing of the read-ahead materials
6 months before impact

2 months before impact

6 days before impact

Post-impact response and recovery

* Module structure

- Series of injects (either new information presented or questions posed) resulting in Q&A or
discussion

- Hot wash with Participant Feedback Forms (PFFs)

PD TTX 4 — Module 0
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Agenda for Day 1 NG
TABLETOP EXERCISE 4

Start (EST) Stop (EST)| Duration Activity

0:30 Arrival and Check-in for any in-person people

0:20 Welcome, Objectives, What to Expect

0:15 Technical logistics

0:20 Introduction to Planetary Defense 101

0:15 Why Planetary Defense 101

0:20 Asteroid Detection and Tracking 101

0:15 Asteroid Damage Modeling 101
0:15 Space Mitigation Strategies 101
0:15 Module 0: Background, Initial Detection
0:10 Pre-exercise Participant Feedback
0:50 Module 1a: Early Detection & Mitigation
0:15 Debrief Day 1

PD TTX 4 — Module 0

Agenda for Day 2 PUNEAR DEFSE (7 )

TABLETOP EXERCISE 4

Start (EST) | Stop (EST) | Duration Activity

7:00 8:00 1:00 Arrival and Check-in (continental breakfast served)
8:00 8:30 0:30 Welcome, Objectives, What to Expect

8:30 9:30 1:00 Module 1b: Continue Early Detection Discussion

Module 2: Early Preparedness

Module 3: Final Preparedness and Readiness

Module 4: Response and Transition to Recovery

Debrief, capture comments

PD TTX 4 — Module 0
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Online Protocols e (5))
TABLETOP EXERCISE 4
* For Zoom participants

- Keep mics muted when not in active conversation

- Please rename your Zoom to include your Name and Organization, e.g., Dipak Srinivasan/APL

- Smile! When speaking, or otherwise, we encourage you to keep your cameras on as much as possible

- For chats:
= Use Zoom Chat for only discussing administrative/logistic concerns
= Use MeetingSphere Chat for any exercise-specific discussions

- Feel free to use the TTX4 Zoom background provided to you

* For all participants — MeetingSphere Chat
- MeetingSphere will be running a parallel set of static slides as the main Zoom PowerPoint
Each MeetingSphere slide will have its own chat thread, enabling focused topic-based conversation even if
time constraints force the exercise to move on
Participants can either continue chats in the “main” chat room or scroll back to the prior slide(s)

There is also a “Parking Lot" discussion board to capture ideas or conversation threads that we had to
abandon for time purposes, both for potential follow-up and to ensure inclusion in the final after-action report

Your discussions are the data we seek to help make our TTX a success!
Please keep those good thoughts flowing!

PD TTX 4 — Module 0

PLANETARY DEFENSE [
INTERAGENCY |
TABLETOP EXERCISE 4

JOHNS HOPKINS

APPLIED PHYSICS L ABORATORY
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C.2 Planetary Defense 101 and Module 0

Slide 1

PLANETARY DEFENSE \\\Q ’
INTERAGENCY

TABLETOP EXERCISE 4

]OHNSPKINS C@G Z—

APPLIED PHYSICS LABORATORY

Slide 2

@

Bl NASA's Planetary Defense Program “%‘ﬂ

DINATION OFFICE

Lindley Johnson
NASA's Planetary Defense Officer Q\».“ETARY DEFEy

onDINAT'ON or;,si

Kelly Fast
Near-Earth Object Observations Program Manager a

Planetary Defense Coordination Office
Planetary Science Division

NASA Headquarters
Washington, DC 4, \\
iy Vg

23 February 2022

nasa.goviplanetarydefense
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Slide 3

& Near-Earth Objects (NEOs)

QEIAHY DEFENSE Asteroids and comets with orbits that bring them
RDINATION OFFICE within one-and-a-third times the distance from the
Sun to Earth, or about 120 million miles (blue zone)

Potentially Hazardous Objects

» NEOs with orbits that bring them
within about 5 million miles of
Earth’s orbit (red zone)

and

Venus Orbit Size that could do regional damage
should they impact Earth (~500 feet
or ~140 meters in size and larger)

Mercury Orbit
Orbit of Bennu
Potentially hazardous
asteroid
Object of NASA's
OSIRIS-REXx mission

nasa.gpviplaneta

Slide 4

Y vaumss Planetary Defense Coordination Office

DINATION OFFICE

The Planetary Defense Coordination Office (PDCO) was
established in January 2016 at NASA HQ to manage planetary
defense—related activities across NASA as well as coordinate
with both U.S. interagency and international efforts to study
and plan a response to the asteroid impact hazard.

Mission Statement

Lead national and international efforts to:

+ Detect any potential for significant impact of Earth by natural objects
« Appraise the range of potential effects by any possible impact

« Develop strategies to mitigate impact effects on human welfare

nasa.gov/iplanetarydefense
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Slide 5

L

%TAHY DEFENSE
D NATION OFFICE

White House
Guidance released
on 20 June 201 8 NATIONAL NEAR-EARTH OBJECT

PREPAREDNESS STRATEGY AND
AcTION PLAN

AReport by the

INTERAGENCY WORKING GROUP FOR DETECTING AND MITIGATING
‘THE IMPACT OF EARTH-BOUND NEAR-EARTH OBJECTS

of the
NATIONAL SCIENCE & TECHNOLOGY COUNCIL

JUNE 2018

nasa.gov/planetarydefense

Slide 6

y National Near-Earth Object

P Preparedness Strategy and Action Plan

Goals in the 10-year Action Plan:
* Enhance NEO detection, characterization, and tracking capabilities
* Improve modeling, predictions, and information integration

* Develop technologies for NEO deflection and disruption
* Increase international cooperation on NEO preparation
» Establish NEO impact emergency procedures and action protocols

nasa.gov/iplanetarydefense

PD TTX4 — After Action Report, Appendix C C-10



PD TTX4 — After Action Report, Appendix C

Slide 7

ASSESS 3 . SEARCH, DETECT & TRACK

[CENTER FOR NEAR EARTH AN g [SPACE-BASED &
OBJECT STUDIES] : i\, \ 0B

-

PLANETARY

. DEFENSE

MITIGATE CHARACTERIZE

[DART, FEMA EXERCISES] S [NEOWISE, GOLDSTONE, IRTF]

PLAN &
COORDINATE

[SMPAG, PIERWG, NITEP IWG]

Fireballs Reported by US Government Sensors
(1988-Apr-15 to 2022-Jan-11; limited to events >= 1kt)

Chelyabinsk Bering Sea Impact Energy
1 log(kt)
~18.meters size \
K

https://cneos. jpl.nasa.gov/fireballs/ * Estimated >1 meterin size Alan B. Chamberlin (JPL/Caltech)
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@

QETAHY DEFENSE
RD

INATION OFFICE

Diameter of Impacting
Asteroid

Sm (16 ft)
10 m (33 ft)

Asteroid Impact Relative Energy

Type of Event

Bolide
Superbolide

Approximate Impact
Energy (MT)

0.01

Average Time Between
Impacts (Years)

25 m (80 ft)

0.1

1

50 m (160 ft)

Major Airburst

1

10

140 m (460 ft)

Local Scale Devastation

100

300 m (1000 ft)

Regional Scale Devastation

10
300

1000

600 m (2000 ft)

Continent Scale Devastation

20,000

Below Global Catastrophe Threshold

70,000

1km (3300 ft)

Possible Global Catastrophe

200,000

Working
on it!

Slide 10

@

‘QE[AHY DEFENSE

BPINATION OFFICE

) " Uof HI
|0.5m _Haleakala, Maui
10.5m Maunaloa, Hi

ATLAS sites in Chile
and South Africa were
installed in 2021

(Current Survey Systems)

nasa.gov
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“"NEOWISE

JPL

\—

Pan-STARRS

REIEELEIEN T ETT

planetarydefense

700,000

NASA’s NEO Search Program

LINEAR/SST

Testingin
Australia

Also processing of data for NEO detections from Caltech’s Zwicky Transient Facility
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Slide 11

NASA-Funded Near-Earth Object Survey(Discovery) Telescopes

Canada

ZTF
(analysis)~a

United States

Catalina Sky Surygyico

iy
ATLAS HKO & MLO
Pan-STARRS 1 &2

Colombia

Peru

Bolivia

Chile

Argenting

ATLAS CHL

Slide 12

L
.‘smnv DEFENSE
DINATION OFFICE

NEOQ position

Finland
Sweden

Norway

United
Kingdom

Poland

Germany . Ukraine
France
ial
Spain .
Turkey

a9 gy

Egypt
Saudi Arabia

Algeria | jpyy

Mali | Niger Sudan
Chad

Nigeria Ethiopia

Angola

Namibia

Maday
Botswana Rdngass

South Africa

ATLAS STH

gov/planetarydefense

Kazakhstan
Mongolia

J3
i South Korea

Afghanistan
Pakistan

india

Indonesia Papua New|

Guinea

ar
Australia

LINEAR/SST
(analysis)

Planetary Data System’'s Small Bodies Node

Identification

measurements
from observatories

Jet Propulsion Laboratory
California Institute of Technology

NasA

The International Astronomical Union

IAU Minor Planet Center

http://minorplanetcenter.net/

Designation
Initial orbit
computation

-

Center for
Near Earth Object
Studies

CNEOS |

https://cneos.jpl.nasa.go!

nasa.goviplanetarydefense

High-precision NEO orbits

« Short term: new discoveries

* Long term: future orbits of
hazardous asteroids

+ Time, location, and geometry in
the event of a predicted impact

PD TTX4 — After Action Report, Appendix C
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Slide 13

® United Nations Office for Outer Space Affairs (OOSA)
anvnsrsuss Committee on the Peaceful Uses of Outer Space (COPUOS)

RDINATION OFFICE

Overview for NEO Threat

Response United Nations

Inform in case of COPUOS/O0SA

credible thV

Parent Government
Delegates

Determine impact time, Potential deflection
location, and severity mission plans

. . . Space Missions Planning .
Coordinated International Asteroid Advisory Group Chaired

by NASA Warning Nei;V\\r’;rig?WN) —y (SMPAG) by ESA
: : www.smpag.net

Observers, analysts, Space agencies and offices
modelers...

nasa.gov/planetarydefense

Slide 14

L

ARY DEFENSE

Q" Near-Earth Asteroids Discovered
RO/ OFFICE Most recent discovery: 2022-Feb-10

NEAs:

28245 all

10003 >140m
888 >1km

PHAs:
2263 all
163 >1km

NECs: 117

NASA’s search

started
in 1998 George E Brown
0 NEO Survey Goal
[
1990 2000 2010
Discovery Date

Cumulative Number Discovered

https://cneos.jpl.nasa.gov/stats/ Alan Chamberlin (JPL/Caltech)

*Potentially Hazardous Asteroids come within 7.5 million kilometers of Earth orbit

nasa.goviplanetarydefense
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Slide 15

@

." Progress: 140 Meters and Larger u('\sﬁ
ARY DEFENSE . . ASA
J9inarion ofFice Total population estimated to be ~25,000 o

NEO Survey Status as of 31 Dec 2021

George E. Brown NEO
Survey Goal: (tasked in 2005)

Find at least 90% of NEOs
140 meters and larger
within 15 years

At the current assets’ discovery rate, it will take more than 30 years to complete the
survey. New capabilities in development will cut that time in half.

nasa.gov/planetarydefense

Slide 16

L

[ —— NEO Surveillance Mission

RDINATION OFFICE

Objectives:

* Find 65% of undiscovered potentially hazardous asteroids
(PHAs) >140 meters in 5 years (goal: >90% in 10 years)

Estimate sizes directly from infrared signatures

Compute cumulative chance of impact over next century
for PHAs >50 meters and for comets

Deliver new tracklet data daily to the Minor Planet Center
On track for PDR and KDP-C “Confirmation” in fall 2022

+ President’s Budget Request for FY22, if enacted, would
fully fund the Phase B project development

* Planned launch readiness date in early 2026

NEO Surveyor Space-Based
IR Observatory

nasa.goviplanetarydefense

PD TTX4 — After Action Report, Appendix C C-15



PD TTX4 — After Action Report, Appendix C
Slide 17
ETARY DEF N%ﬂﬁ
BRDINATION C

NEO Surveyor
field of regard 7~ NEOWISE
field of regard

Area at opposition seen
by ground-based assets

I A i OHNS HOPKINS
DA R ,. o N(A}A .\1!1’] 1ED PHYSICS LABORATORY

Double Asteroid
Redirection Test

-EB DART -~ Double Asteroid Redirection Test

PD TTX4 — After Action Report, Appendix C
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Slide 19

Launched on 24 Nov 2021 at 1:21 a.m. EST

SpaceX Falcon 9
V;’ndenberg Space Force Base, CA * Target the binary asteroid Didymos system
7 * Impact Dimorphos and change its orbital period

» Measure the period change from Earth

‘ Impact: 26 Sep 2022 ‘

(Light Italian Cubesat
for Imaging of Asteroids) Ay
ltalian Space Agency i /
contribution \4’ 14,000 miles per hour

160 meters
11.92-hour orbital period
780 meters
1,180-meter separation

6.8 million miles (0.07 AU) from
between centers

Earth at DART impact

ETARY DEFENSE

RDINATION OFFICE

ANETARY DEFEy

Q} D\NATION OFF; [

ﬂf’

nasa.goviplanetarydefense
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Slide 21

- PLANETARY DEFENSE
- INTERAGENCY

TABLETUP EXERCISE 4

Asteroid Impacts

Slide 22

The Hazard by the Numbers

How Big?
How Often?

How Bad?

How Many?

% Discovered

Located

@ Not located

10 meters

~1 per decade

Very bright fireball,
strong sonic boom
could break windows if
close to habitation

0.1

~45 million

0.03%

&
50 meters
~1 per 1000 years

Local devastation,
regional effects, may
or may not leave an
impact crater

10

~120,000

7%

€

140 meters

~1 per 20,000 years

Crater of 1-2 kilometers
in diameter, deadly over
metro areas/states,
mass casualties

300

~25,000

40%

4

1000 meters

~1 per 700,000 years

10-kilometer crater,
global devastation,
possible collapse of
civilization

100,000

~900

95%

\

10,000 meters

~1 per 100 million years

100-kilometer crater,
global devastation,
mass extinctions of
terrestrial life

100,000,000

4

PD TTX4 — After Action Report, Appendix C
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Slide 23

Small Celestial Debris Hits Earth Frequently, Mostly Burns Up IPNL;‘E':']EATQEHJEEEFENSE Sy,

TABLETOP EXERCISE 4

+ 100 tons of material impacts the Earth every day (mostly dust)

PD TTX 4 —Module 0

1 Slide 24

Peekskill Impact, October 1992 et ()

TABLETOP EXERCISE 4

Asteroid of roughly 1-2 m in diameterimpacted

Earth on 9 October 1992
Airburst over eastern United States

~—

Largest recovered piece was 30 cm in diameter,
struck car in New York City suburb of Peekskill

PD TTX 4 — Module 0

PD TTX4 — After Action Report, Appendix C C-19



PD TTX4 — After Action Report, Appendix C

Slide 25

PLANETARY DEFENSE TJ ’
INTERAGENCY -

TABLETOP EXERCISE 4

PD TTX 4 —Module 0

Slide 26

Chelyabinsk Impactor’s Orbit PLAMERR EFESE (7 )

INTERAGENCY
TABLETOP EXERCISE 4

* Originated in main R Objects move

. : counterclockwise
aSterO|d belt ) h . N L N around the Sun

* Approached Earth o in this view
from sunward “

direction

«Roughly 20-25 m "
in diameter F —

Cherbakul meteoroid

PD TTX 4 — Module 0
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Slide 27

A Sense of Scale PLANETARY DEFENSE ﬁ

INTERAGENCY
TABLETOP EXERCISE 4

Chelyabinsk impactor
estimated to be about
half the size of an
Olympic-size pool

(in two dimensions)

2016 U.S. Olympic trials
in Omaha, Nebraska

PD TTX 4 —Module 0

Slide 28

PLANETARY DEFENSE | < ]
INTERAGENCY = J/

TABLETOP EXERCISE 4

PD TTX 4 — Module 0
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Slide 29

. . . . . PLANETARY DEFENSE
Main Chelyabinsk Meteorite Landed in a Frozen Russian Lake  mrasency

TABLETOP EXERCISE 4

PD TTX 4 —Module 0

Slide 30

Meteor Crater (50,000 Years Ago) ol

. . TABLETOP EXERCISE 4
40- to 50-m metallic asteroid, 1-km crater,

every 10 thousand years or so

Many of : A , ...but the
the early ; : R, ; {  nature of
geological ‘ : e | these
studies : E i : S T supersonic

focused on : AR .. e o impacts
finding the  § i N e destroys
big iron : g A R A : and

body they ‘ i e 7 il : disperses
thought € et : % . the
would be i e " impactor.
there... : :

PD TTX 4 — Module 0
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Slide 31

Barringer
(“Meteor”) Crater

Kiifig, (2017). Guidebook to the G;Bo}'ogy of Barringer

Meteorite Crater, Arizona (a.k.a. Meteor Crater), 2nd

edition‘. Lunar and Planetary Institute, Houston, TX, LPI
USGS/D. Roddy Contribution No. 2040.

PD TTX 4 - Module 0

Slide 32

PLANETARY DEFENSE | <
INTERAGENCY j

IETSDUN — 5 ]
i g T S “Lavtl A Barrlnger TABLETOP EXERCISE 4
S & 8 (“Meteor”)
8§ Crater

ok - WE R

* Legendaryhome @
- /the Usllegislature®

r w
mlexandna Joint Base
i Andrews

Epringfield

Clinton
{2100

Fort
Washington

Huntingtown

Ivall

Photograph by Mario Roberto Duran Ortiz, 20714 (Ci e Commons CC-BY-SA 4.0)

PD TTX 4 — Module 0 2/22/2022
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Slide 33

PLANETARY DEFENSE | < ]
INTERAGENCY s/ /

TABLETOP EXERCISE 4

Tonga volcanic eruption

on 15 January 2022:

« Estimated energy of
4-20 MT of TNT
Equivalent to impact of
typical 50- to 75-m
asteroid at typical speeds

Slide 34

What do we need to know, and how do we learn it? PLANETARY DEFENSE < ]
INTERAGENCY

TABLETOP EXERCISE 4

Impact energy!
- Speed
- Mass

Mass hard to remotely measure
- Size
- Density

Size can be measured/estimated remotely
- Measure reflected brightness, estimate reflectivity
- Measure emitted heat, directly get size

Can sometimes remotely measure composition
- When available, allows density estimate, reflectivity estimate

PD TTX 4 — Module 0
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Slide 35

Seizing Sizes o (36

TABLETOP EXERCISE 4

Usually, we observe brightness, not size.

Big dark things can be as bright as small high-
albedo (“shiny”) things.

One of the snowballs on the right would be as
bright as one of the bricks of charcoal if all we
could measure was the amount of light from each.

Until/lunless a more diagnostic measurement can
be made for a particular object, we must estimate
its size from its brightness.

VISibIe nght Brightness alone does

not correspond to size

PD TTX 4 —Module 0

Slide 36

Bottom-Line Takeaways ol
TABLETOP EXERCISE 4
Impacts happen all the time.

Larger impacts happen less frequently,
but with increased consequences.

Impacts of 50-m objects can devastate
a region.

Properties that we want to know must

often be estimated rather than directly
measured.

PD TTX 4 — Module 0
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Slide 37

g 4 ”
- PLANETARY DEFENSE (< |
i JNTERAGENCY * "
" TABLETOP EXERCISE 4

Introduction to CNEOS, Predicting
Impacts, and 2022 TTX

JOHNS HOPKINS

Orbits of Potentially Hazardous Asteroiqs (PHAS)

PD TTX 4 — Module 0
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Slide 39

- Center for PLANETARY DEFENSE [ <
; INTERAGENCY -
C@e gﬁ%ﬁ eESa rth Object TABLETOP EXERCISE 4
NASA's center for computing NEO orbits and assessing their chances of Earth impact

Compute Orbits Fireball Reports

Predict Close Approaches Searchable Small-Body Database

Predict Sky Positions (Future & Past) Predict Accurate Impact Times and Locations
(e.g. Shoemaker-Levy 9 in 1993 and

2008 TC3 in 2008)
Assess Chances of Impact (Sentry)

) . Design Hypothetical Impact Scenarios
Extensive Website

(https://cneos.jpl.nasa.gov)

PD TTX 4 —Module 0

Slide 40

L O PLANETARY DEFENSE [~
ol ; INTERAGENCY )

https://cneos.jpl.nas . TABLETOP EXERCISE 4

Close - . Planetary _ Discovery _
Approaches Defense Statistics

CNEOS is NASA's center for computing asteroid and comet orbits and their odds of Earth impact.

Quick Links : @
Fireballs Sentry |

NEO Basics

NEO DB Query Top News Stories

NASA's Next-Generation Asteroid Impact Monitoring System Goes Online =
2021-12-06

To date, nearly 28,000 near-Earth asteroids (NEAs) have been found by survey
telescopes that continually scan the night sky, adding new discoveries at a rate of about
3,000 per year. But as larger and more advanced survey the

search over the next few years, a rapid uptick in discoveries is expected. In anticipation
[full story] = of this increase, NASA astronomers have developed a next-generation impact
monitoring algorithm called Sentry-Il to better evaluate NEA impact probabilities.

Next NEO Close Approach
within 10 Lunar Distances (LD)

Object: 2022BF i International Observation Campaign Will Assess Asteroid Timing Accuracies

Dist: 1.27 LD (min: 1.27 LD)
H: 27.1

See our Close Approach Tables for more

campaign in November with the goal of assessing the accuracy of the observation times

2021-10-07
Date: 2022-Jan-26 01:50
= 00:08 (hhzmm) . The International Asteroid Warning Network (IAWN) will conduct an observational
. slaphe .

reported by asteroid observers.

PD TTX 4 — Module 0
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Slide 41

PLANETARY DEFENSE

Asteroid Impacts Can Be Predicted Extremely Accurately  INTERAGENCY
TABLETOP EXERCISE 4

Tiny asteroid 2008 TC3
discovered 19 hours
before impact in Oct. 2008

As tracking data came in,
impact probability went to
100% within 1 hour

11 hours before impact we
predicted the asteroid

would hit in N. Sudan Meteorite on the

desert floor  »
A month or so later a * «

search party found
meteorites within
1 km of our predicted path

PD TTX 4 - Module 0

Slide 42

How Asteroids Are Discovered et j

TABLETOP EXERCISE 4

Ground-based optical telescopes with wide-field
cameras take hundreds of images of the sky
every night

Typically, 4 images of each patch of sky are
taken over the course of about 1 hour

An asteroid looks like a star, but it moves against
the star background from one image to the next

The celestial latitude / longitude coordinates of
the asteroid in each image are measured and
reported along with the exact time of the image

Discovery images for 2008 TC3 from Catalina Sky Survey

PD TTX 4 — Module 0
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Slide 43

NEO Observations to Impact Predictions PLANETARY EFBSE (S5 )
TABLETOP EXERCISE 4

Raw Obs_ervations

Orbits

Sky Position
Predictions

Close
Approaches

Potential Impacts

‘ Impact Time &
OBSERVERS N Location

Curated Observations

PD TTX 4 —Module 0

Slide 44

= H PLANETARY DEFENSE | <
How an Asteroid’s Orbit Is Computed iy ) )
TABLETOP EXERCISE 4 '
Tracking data are celestial sky coordinates: they don't tell us
how far away an asteroid is, or how fast it's moving

To determine an asteroid's orbit we try various possible orbits
until we find the one that most closely predicts all the
observations

For a given orbit, we can compute the asteroid’s future
positions accurately

No orbit fits all the observations exactly; the differences are
due to small measurement errors in the observations

We calculate the orbit uncertainty based on the uncertainties
in the observations

When we predict an asteroid's future position, we also
compute the uncertainty in that position, which we call the
“uncertainty region”

The longer we track an asteroid the better we know its orbit,
and the more accurately we can predict its future position

PD TTX 4 — Module 0
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Computing Impact Probability FLAETARY DEFEE

TABLETOP EXERCISE 4

Initial error ellips ) ) .
An asteroid’s uncertainty region is
3D, butwe projectit into a “target
Later, more accurate plane” to get an uncertainty ellipse

prediction

If the ellipse intersects the Earth, an
impact is possible; the fraction of

overlap indicates the probability

Still more accurate

prediction As the asteroid is tracked, its orbit

gets more accurate and the ellipses
will shrink

If the ellipses shrink away from
Earth the probability will go down;
otherwise the probability will go up

PD TTX 4 —Module 0
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Similarity with Predicting a Hurricane Trajectory o ’U
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I
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A hurricane prediction also has a cone of uncertainty

As time passes, the hurricane moves and the cone narrows

Whereas a specific location like Oahu might be at risk one day, it may not
be the next day, if the narrower cone misses: impactruled out

Or, if the narrower cone still includes Oahu, the impact probability goes up
Predicting an asteroid impactis somewhatsimilar, only it's in 3D

PD TTX 4 — Module 0
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Introduction to the 2022 TTX Scenario e ()
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New asteroid is discovered on 11 February 2022 I st 203 rebrnry 3, 1509

MPC assigns the designation: 2022 TTX
CNEOS computes the orbit and detects a small s Syl s

2022 TTx

chance of impact for 16 August 2022, six months away I o e poe 550 153 2 0 15

Continued tracking over the next five nights leads to
increasingly accurate orbits

The Impact probab|[|ty keeps ris[ng each day, and Simulated discovery announcement from MPC
has now reached 5%

Asteroid size is highly uncertain: brightness measurementindicate the size range is
40-440 m (130-1440 ft)

- Orbital calculations do not depend on the size of the object, whereas impact effects predictions do

Image archives are being searched for more prediscovery tracking data

PD TTX 4 —Module 0
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The Orbit of 2022 TTX e )

2022TTX.

// Discovery, h . The aStEI'OId Orb't |S mOSt|y
Ve Feb. 11,2022 . . .
outside of Earth’s orbit

// ~ Earth ‘ \
// / The relative positions at
discovery are noted

The point where the two
| Asterold's orbits intersect is indicated

/ orbit

by the tiny red box

The orbits don’t intersect at
the other crossing point
because the asteroid orbit

a PSte‘nhaI Impact, 1S t”ted
Aug. 16, 2022

PD TTX 4 — Module 0
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Uncertainty in Predicted Position on Aug. 16 [aeasas ()

TABLETOP EXERCISE 4

The envelope aregion
of space where the asteroid will
be whenitencounters Earth on
16 August 2022

The orbitis not yet accurate
enough to indicate where the
asteroid will be within this
region

5% of the region intersects Earth
™\ Uncertainty Region on As more ob;ervatlc_)ns are mad_e,
August 18, 2022, based the uncertaintyregion will shrink

on observations through
February 16, 2022

PD TTX 4 —Module 0
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] = PLANETARY DEFENSE [ < 4
Module 0: Predicted Impact Region INTERAGENCY %)
TABLETOP EXERCISE 4
The region covers 2/3 of the Earth surface, here shaded here in red/purple:

i e

ﬂpKﬂf‘Eﬂn(!l—.‘i
|
l

E150° N800 An(lm;ndhn wize*

e e St

T Tropcot-eaprica—
s30°

The region covers more than a hemisphere because Earth’s gravity causes near-miss trajectories to bend
inwards and impact

PD TTX 4 — Module 0

PD TTX4 — After Action Report, Appendix C C-32



PD TTX4 — After Action Report, Appendix C

Slide 51

Plans for More Observations of 2022 TTX e ()

TABLETOP EXERCISE 4

The asteroid is distant (37 million miles away), and it won’t get much closer for several
more months

It is too distant to be detected by radar; it won’t be within radar range until August

The asteroid is faint but can be tracked optically, using large telescopes, for most of the
six months up to impact; it will be observable on most nights through August

Continued tracking of this asteroid is essential for obtaining the most accurate possible
orbit and impact assessment

Sky-image archives are being searched for possible prediscovery observations within the
region of sky the asteroid may have traversed seven years ago, when it made a distant
flyby of Earth

PD TTX 4 —Module 0
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Backups INTERAGENCY &
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» Sentry
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Sentry: Long-Term Impact Predictions PLANETARY EFBSE (S5 )
TABLETOP EXERCISE 4

Sentry is an impact monitoring system that checks
all possible trajectories for an asteroid, looking for Uncertainty  Solution found by
extended OD filter Gl

those trajectories that mightimpact Earth over the chservational data
next 100 years

For each potential impacting trajectory, Sentry
reports the impact probability and assesses the risk

The Sentry Risk Table is continually updated on the
CNEOS website

Currently there are 1378 asteroids on the table

Almostall of the potential impacts have either
extremely low probabilities (less than 1 in a million),
or are tiny asteroids that would likely disintegrate in
the atmosphere if they should be headed for Earth

PD TTX 4 —Module 0
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JOHNS HOPKINS E <~
APPLIED PHYSICS LABORATORY

C.3 Module 0b: Planetary Defense Briefing — Part 2

Slide 1
- PLANETARY DEFENSE (< )
. INTERAGENCY ~ \ — ),

| TABLETOP EXERCISE4™ ./

Asteroid Threat Assessment

ipact Damage and Risks

JOHNS HOPKINS
APPLIED PHYSICS LABORATORY
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OUtI Ine INTERAGENCY \
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» What is asteroid impact risk assessment?

Asteroid properties and uncertainties

Impact hazards and damage effects

Risk assessment modeling for specific impact scenarios

Impact risk assessment result examples

PDTTX4 —Module 0
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. . PLANETARY DEFENSE |
What Is Asteroid Impact Risk Assessment? o
TABLETOP EXERCISE 4

.

"+ 27 What kind of + Risk assessmentevaluates both the range and
object may strike = likelihood of potential outcomes, given the level of

uncertainty or knowledge of the factors
Evaluating asteroidimpact risks involves large
interact with the uncertainties across all aspects of the problem:

atmosphere P> }gx - Impact probability, potential impact locations, entry trajectories
9 Soss (speed, entry angle)
H Initial asteroid sizes and properties (density, strength, structure,
composition, shape, etc.)

Atmospheric entry, breakup, airburst or impact behavior

How wiill it

How much damage
could it cause Severity and range of resulting hazards

Population and infrastructure within damage regions

Some uncertainties shrink as we gain knowledge over
time (impact locations, asteroid size), while some
remain unknown (specific asteroid properties,
entry/breakup behavior, damage uncertainties)

How likely are the potential consequences

PDTTX4 —Module 0
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Asteroid Size and Property Uncertainty i

TABLETOP EXERCISE 4

What we would like to know about the object... What we actuallyknow...

(Credit: Nic s, South African

ope, IAWN Af 21 Obsening
d Bennu from OSIRIS-REx missian (Image credit: NASA)

PDTTX4 —Module 0
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Asteroid Size and Properties PLNER DSt (S

INTERAGENCY 3//
TABLETOP EXERCISE 4 4

Asteroid sizes and physical properties Asteroid Diameter Distribution
are highly uncertain.

« Upper size range is large but relatively
unlikely .
. . L |Smaller sizes
« Smaller size ranges are more likely more likely |
« Asteroid properties (density, composition
structure, strength) are usually unknown,
ranging from more common stony types

and rubble piles to rarer high-density iron

i Upper size range is
types large but unlikely

Probability

Size and density uncertainties together

) - 100 2dD 300 400 500
resultin very large ranges of potential Diameter (m)

mass and impact energy

PDTTX4 —Module 0
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Asteroid Property and Damage Uncertainties

Cascade of uncertainty ranges fromasteroid observation

to damage potential

W& Observed Brightness

/ : shininess

—_— Size

density

entry angl e
ey ENTY & Breakup
hazard generation (airburstaltitude,
& propagation ground impact)
[ — D -1 o0}
jon, population, ~ (Size, severity)
[nfrastructure

PLANETARY DEFENSE | <
INTERAGENCY
TABLETOP EXERCISE 4

Size and density uncertainties together
result in very large ranges of potential
mass and impact energy

Unknown composition/structural
properties affectrange of mass, strength,
and atmospheric entry/breakup

These properties determine how much
energy the asteroid can deliver to the
various hazards and how much damage
they could do

Asteroid impact energy:
- Initial kinetic energy of the asteroid
(asteroid mass, entry velocity)
Usually given in units of megatons (Mt) of
TNT equivalent

- -*
mitigation & civil defense
PDTTX 4 - Module 0
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Asteroid Hazards

Airburst

o8

L

Boo:
Surface Hazards

Thermal

Tsunami

PDTTX4 —Module 0

Affected Population

PLANETARY DEFENSE [
INTERAGENCY \
TABLETOP EXERCISE 4 /

Asteroids can cause damage either by breaking up and
bursting in the atmosphere or by impacting the surface

- “Asteroid impact” generally refers to an asteroid hitting Earth,
including airbursts (not just ground-cratering events)

Blastdamage:
- Airbursts and surface impacts can produce explosive blast
waves, which can cause damage ranging from shattered
windows to flattened structures.

Thermal damage:

- Thermal heating from airburst/impact fireballs can cause damage
ranging from mild skin burns to lethal infernos and structure fires

Tsunami damage:
- Ocean impacts could cause significant inundation if impact is
very large and or near a populated coast
For the asteroid sizes in this exercise scenario, blast
damage from an airburst is the predominant hazard

PD TTX4 — After Action Report, Appendix C
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Airburst Blast Simulation (movie) P et (5

TABLETOP EXERCISE 4

Simulation of blast from a
120-m, 50-Mt asteroid
airburst

« Entry: Shockwaves
emanate from the entry
path as the asteroid enters
at high speeds

Airburst: Asteroid disrupts
catastrophically under high
aerodynamic pressures,
producing an explosion-
like blast

Ground damage: Shock
front reflects off the ground
and sends a powerful blast
wave outward across the
ground

(>]

Cart3D Computational Fluid Dynamics Simulation (Credit: Michael Aftosmis, Asteroid Threat Assessment Project, NASA Ames)

PDTTX4 —Module 0
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Risk Assessment for Impact Scenarios

Risk Modeling i ItE
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PD TTX4 — After Action Report, Appendix C




PD TTX4 -

After Action Report, Appendix C

Slide 10

Asteroid Impact Threat Assessment

Probabilistic Asteroid Impact Risk
(PAIR) Model

" Asteroid Properties
& Entry Parameters

Entry & Breakup

Modeling

PDTTX4 —Module 0
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Local Ground Damage Severity Levels

Impact Threat Scenario

PLANETARY DEFENSE |-
INTERAGENCY
TABLETOP EXERCISE 4

Asteroid Property Distributions

Probabilistic Damage and Risk

PLANETARY DEFENSE
INTERAGENCY
TABLETOP EXERCISE 4

» Blastand thermal damage are assessed independently at four severity levels
- For each damage level, the larger of the associated blast or thermal damage is used to determine the
area and affected population for that level
- Damage regions indicate either blast or thermal effects could exceed the given severity, not the
occurrence of both effects within the entire region

* Blast is the predominant hazard for mostasteroid sizes
- Blast tends to be larger and more severe than the potential thermal damage in most cases
- Blast areas usually define the larger risk regions for emergency response planning

Damage Level

Potential Blast Damage Effects

Potential ThermalDamage Effects

Serious

Shattered windows, some
structural damage

Second-degreeburns

Severe

Widespread structural damage,
doors and windows blown out

Third-degree burns

Critical

PDTTX 4 - Module 0

Most residential structures collapse

Clothing ignition

' Complete devastation

Structure ignition, incineration

PD TTX4 — After Action Report, Appendix C
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Risk Region Swath Maps

Regions potentially at risk,
givenrange of damage
sizes andlocations

I—A—\

%

Average-sized
damage footprint

Google Earth

Example from 2021 Planetary Defense Conference Exercise

PDTTX 4 —Module 0

Slide 13

Risk Region Swath Maps

Airburst/impactregion
borderbounds all potential
damage center points

Likeliestlocations
near middle

Google Earth

PDTTX 4 - Module 0

PLANETARY DEFENSE [ <

INTERAGENCY
TABLETOP EXERCISE 4

Risk swaths show range of regions potentially
at risk, including range of possible damage
sizes and locations

» Black outline shows range of potential impact
points (damage-center locations)

« Shaded areas show potential at-risk regions
given range of damage sizes and locations

« Rings show an average-sized damage
footprint at sample locations

Damage Level |Description

Serious Window breakage, some minor structural damage

Severe Widespread structure damage, doors/windows blown out

Critical Most residential structures collapse
Complete devastation

PLANETARY DEFENSE [~

INTERAGENCY
TABLETOP EXERCISE 4

Risk swaths show range of regions
potentially atrisk, including:

» Range of potential impactdamage
locations (from orbit and entry)
- Orbital uncertainty gives spread of entry
locations
- Damage location depends on airburst/impact
point along entry trajectory

- Airburst/impact border bounds all potential
damage center-points, with likelier regions
toward the middle

PD TTX4 — After Action Report, Appendix C
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Risk Region Swath Maps TERAGEUCY )
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Risk swaths show range of regions
potentially at risk, including:
» Range of potential impactdamage
locations (from orbit and entry)

+ Widerange of potential damage sizes and
severities (from asteroid and entry)

- Asteroid size and property ranges
+ unknown entry, airburst, or impact factors

Google Earth

Data 5/0, NOAA, US. Navy, NGA. GEBCO
fmoge Landsat | Coparicass

PDTTX 4 - Module 0

PLANETARY DEFENSE [ <

INTERAGENCY
TABLETOP EXERCISE 4

Risk swaths show range of regions
potentially atrisk, including:

« Range of potential impactdamage
locations (from orbit and entry)

« Widerange of potential damage sizes and
severities (from asteroid and entry)

- Asteroid size and property ranges
+ unknown entry, airburst, or impact factors

- Smaller regions with only lower severity levels

Google Earth

Data $10, NOAR, U S. Navy, NGA. GEBCD)
fmage Landsat | Coppricus

PDTTX 4 - Module 0
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Risk Region Swath Maps e s (%)

TABLETOP EXERCISE 4

Risk swaths show range of regions
potentially at risk, including:

» Range of potential impactdamage
locations (from orbit and entry)

+ Widerange of potential damage sizes and
severities (from asteroid and entry)

- Asteroid size and property ranges
+ unknown entry, airburst, or impact factors

Smaller regions with only lower severity levels

Mid-range, average areas (from the likelier
asteroid sizes/properties)

PDTTX 4 —Module 0
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PLANETARY DEFENSE [~

INTERAGENCY
TABLETOP EXERCISE 4

Risk swaths show range of regions
potentially atrisk, including:

» Range of potential impactdamage
locations (from orbit and entry)

« Widerange of potential damage sizes and
severities (from asteroid and entry)

- Asteroid size and property ranges
+ unknown entry, airburst, or impact factors

Smaller regions with only lower severity levels

Mid-range, average areas (from the likelier
asteroid sizes/properties)

- Very large but unlikely areas (from the largest,
least-likely possible impact sizes)

PDTTX 4 - Module 0
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Risk Region Swath Maps et s ()

TABLETOP EXERCISE 4

Risk swaths show range of regions
potentially at risk, including:

» Range of potential impactdamage
locations (from orbit and entry)

+ Widerange of potential damage sizes and
severities (from asteroid and entry)

- Asteroid size and property ranges
+ unknown entry, airburst, or impact factors

- Smaller regions with only lower severity levels

Mid-range, average areas (from the likelier
asteroid sizes/properties)

- Very large but unlikely areas (from the largest,
least-likely possible impact sizes)

- And everything in between...

PDTTX 4 - Module 0
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- - - - PLANETARY DEFENSE [
Risk Region Refinement Over Time TERAGENCY )
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» Risk swath regions start out very large but
will contract with additional observations
during the asteroid’'s approach.

Google Earth .

PDTTX 4 - Module 0
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Risk Region Refinement Over Time INTERAGENCY
TABLETOP EXERCISE 4 '
* Risk swath regions start out very large but
will contract with additional observations
during the asteroid’'s approach

- Range of locations will shrink as the orhit is
refined from additional observations

- Potential damage range may remain large for
longer because of asteroid size/property
uncertainties through much of the approach

Google Earth

Data 5/0, NOAA, US. Navy, NGA. GEBCO
fmage Landsat | Coppricass

PDTTX 4 - Module 0

Risk Region Refinement Over Time e ()

TABLETOP EXERCISE 4

» Risk swath regions start out very large but
will contract with additional observations
during the asteroid’'s approach

- Range of locations will shrink as the orbit is
refined from additional observations

Potential damage range may remain large for
longer because of asteroid size/property
uncertainties through much of the approach

Largest damage estimates may also shrink if
observations can refine asteroid size range

Google Earth

Data $10, NOAR, US. Navy, NGA. GEBCO
fmage Landsat | Coppricus

PDTTX 4 - Module 0

PD TTX4 — After Action Report, Appendix C




PD TTX4 — After Action Report, Appendix C

Slide 22

- - - - PLANETARY DEFENSE [ <
Risk Region Refinement Over Time INTERAGENCY
TABLETOP EXERCISE 4 '
* Risk swath regions start out very large but
will contract with additional observations
during the asteroid’'s approach

- Range of locations will shrink as the orbit is
refined from additional observations

Potential damage range may remain large for
longer because of asteroid size/property
uncertainties through much of the approach

Largest damage estimates may also shrink if
observations can refine asteroid size range

Impact region will continue to shrink

Google Earth

Data 5/0, NOAA, US. Navy, NGA. GEBCO)
fmage Landsat | Coppricass

PDTTX 4 - Module 0

Risk Region Refinement Over Time e ()

TABLETOP EXERCISE 4

» Risk swath regions start out very large but
will contract with additional observations
during the asteroid’'s approach

- Range of locations will shrink as the orbit is
refined from additional observations

Potential damage range may remain large for
longer because of asteroid size/property
uncertainties through much of the approach

Largest damage estimates may also shrink if
observations can refine asteroid size range

Impact region will continue to shrink

In the final days before impact, the trajectory will
be well known, location range will be small, and
radar may be able to estimate asteroid size

Google Earth

Data $I0, NOAR, US. Navy, NGA. GEBCO
fmage Landsat | Coppricus
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Risk Region Refinement Over Time TERAGEUCY )
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* Risk swath regions start out very large but
will contract with additional observations
during the asteroid’'s approach

- Range of locations will shrink as the orbit is
refined from additional observations

Potential damage range may remain large for
longer because of asteroid size/property

uncertainties through much of the approach

Largest damage estimates may also shrink if
observations can refine asteroid size range

Impact region will continue to shrink

In the final days before impact, the trajectory will
be well known, location range will be small, and
radar may be able to estimate asteroid size

Only after impact will we know how much
damage actually occurs from the wide range of
initial possibilities

PDTTX 4 - Module 0
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Impact Risk Summary Dashboard predir i ﬁ

Regions potentally at sk, TABLETOP EXERCISE 4

given range of damage
sizes & locations.

Asteroid Characterization Summary Risk Swath
. Earth—i_mp_act data to date (impact probability, . Regions potentially at risk for
potential impact date) 0 ground damage, given
* Updates on any new observational data on “hmrage s ranges of potential impact
the asteroid _ e locations damage sizes
« Estimated asteroid sizes, energies, or other : o
properties ; Average-sized damage
: footprints are shown as rings
over sample cities

Impact Hazard Summary 100% [ I
I | Population
Summary of potential impact hazards .
youp . P N 10% | Risk
Ranges of damage sizes and severities

How many people could be affected by the
range of damage

Probabilities of
how many

0.1% : i people could
be affected by
0.01% the potential
damage

1%

Probability

0.001% - .
10 100 1k 10k 100k 1M 10M

Affected Population
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Deep Space NEO Mitigation 101

e Comments on slide 1

o test (#2 | Aaron Chrietzberg)
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Planetary Defense Mission Types PLAER 6SE ()
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* Reconnaissance
- Spacecraft collects data about the asteroid/comet (orbit, physical properties such as size, mass, etc.) and
ascertains whether the object is indeed on an Earth impact trajectory.
- Areconnaissance mission could include systems for asteroid/comet deflection or disruption, as an
alternative to launching additional deflection/disruption spacecraft later. For example, a reconnaissance
mission might carry a nuclear explosive device (NED) in case it is needed.

* Deflection

- Spacecraft changes the asteroid/comet's speed around the Sun in a way that prevents Earth impact.
- Deflection generally requires longer warning times than disruption.

» Disruption
- Spacecraft carries an NED to the asteroid/comet that is sufficient to robustly disrupt the object.
- Robust disruption means breaking the asteroid/comet into many small and widely scattered fragments,
such that the fragments do not pose a threat to Earth's surface or orbital assets.
Robust disruption is possible with a short warning time, provided adequate infrastructure for rapidly
launching a mission is in place.

PD TTX 4 —Module 0
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Reconnaissance Missions PR gt (S )
TABLETOP EXERCISE 4

+* Reconnaissance Y+ = Yes, Excellent Y = Yes, Good N=No

ideally .precc'ades . Capability Rendezvols
deflection/disruption, aissance | Reconnaissance
when circumstances Improve Asteroid Orbit Estimate Y Y+

permlt' Reduce Uncertainties in Asteroid Earth Impact Location Y+

A flyby missionis Reduce Uncertainties in Asteroid Earth Impact Probability Y+

usually easier to
execute than a

Estimate Asteroid Mass Y

.. Observe Asteroid Shape Y+
rendezvous mission,

but it provides less
i stimate Asteroi otation State Y+
benefit. Estimate Asteroid Rotation S

Estimate Asteroid Size Y+

Observe Asteroid Composition and Other Details
Carry Along Asteroid Deflection Mechanism

Continue Monitoring Asteroid After Deflection Attempt

PD TTX 4 — Module 0
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Deflection: Avoiding Earth Impact PLAEAR D (7 )

TABLETOP EXERCISE 4

Much like two vehicles approaching an intersection at the same time, collision will occur unless
one of the vehicles slows down or speeds up. Thus, to avoid Earth impact, we deflect an asteroid
or comet by changing its speed (slowing it down or speeding it up).

PD TTX 4 —Module 0
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Deflection Technique Regimes of Applicability  fuuemosms (< ]
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Ready to Launch Build and Launch

Nuclear

Kinetic

E
P
3
©
£
o
(]

Tractor

Civil Defense

5 10 20
Warning Time (Years)

National Rese: 010). Defending Planet Earth: N
Mitigation Stra gton, DC: The National Academi

PD TTX 4 — Module 0

PD TTX4 — After Action Report, Appendix C C-50



PD TTX4 — After Action Report, Appendix C

Slide 6

Deflection Technique: Kinetic Impactor PLAER 6SE ()
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A spacecraft intercepts and
rams into the asteroid/comet at
high speed, creating ejecta that
provides an additional push.

DART is an example of a kinetic
impactor.

* Key enabling technologies:
High-performance guidance and
control systems
Heavy-liftlaunch
Multiple launches

PD TTX 4 —Module 0

Deflection Technique: Standoff Nuclear PLAMETARY EFBSE S5 )

Detonation TABLETOP EXERCISE 4

An NED is detonated
near an asteroid/
comet to vaporize
surface material and
cause the object to
recoil, thus
deflecting its path.

Key enabling
technologies:

«  High-performance
guidance and
control systems
NED/spacecraft
interfaces
Heavy-liftlaunch

PD TTX 4 — Module 0
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Disruption Technique: Standoff Nuclear PLAER 6SE ()

INTERABENCY
Detonation TABLETOP EXERCISE 4

The NED yield and
detonation distance
are chosen to create
a strong shock that
breaks the object up
into small and
widely scattered
fragments.

Key enabling

technologies:

»  High-performance
guidance and
control systems
NED/spacecraft
interfaces

«  Heavy-liftlaunch

PD TTX 4 —Module 0
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Other Deflection Techniques PANEAR DESE ()
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« Gravity Tractor

- Arendezvoused spacecraft station-keeps near the asteroid/cometso that the
spacecraft’s gravity gradually nudges the objectover time.

= Key enabling technologies: high-efficiency solareleciric propulsion
systems, heavy-liftlaunch, multiple launches
* Enhanced Gravity Tractor

- Arendezvoused spacecraft collects a substantial mass from the
asteroid/comet(e.g., a boulder) to increase the spacecraft's gravity before it

begins station-keeping as a gravity tractor. This allows the spacecraftto : Gravity Tractor
deflectthe asteroid more quickly than it would otherwise, but it requires more
propellant and is still a gradual process.

= Keyenabling technologies: high-efficiency solarelectric propulsion
systems, heavy-liftlaunch, multiple launches, advancedrobotics

* lon Beam Deflection
- Arendezvoused spacecraft station-keeps near the asteroid/cometand aims & |
its ion thruster exhaust at the objectto gradually nudge it overtime. lon Beam
= Key enabling technologies: high-efficiency solar electric propuision
systems, heavy-liftlaunch, multiple launches

PD TTX 4 — Module 0
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Rendezvous vs. Intercept/Flyby sy et (S )

TABLETOP EXERCISE 4
Rendezvous: The spacecraftexpends propellant to stop at the asteroid/cometand remain there.

Flybyl/intercept: The spacecraft approaches the asteroid/cometat high relative speed and passes by it rapidly or hits it.

Some kinds of missions require rendezvous, while some require intercept.
Some kinds of missions can be either rendezvous or intercept.

Intercept mission opportunities are often available earlier in the scenario timeline (and more frequently) than rendezvous
mission opportunities (if any).

Rendezvous is generally preferred when possible (exceptfor kinetic impactors, of course).

. Rapid Response
AT 512 a1 (less than 5 years of warning)
v v v

Reconnaissance

Kinetic Impactor Deflection ?
NED Deflection vy
NED Disruption

Gravity Tractor/lon Beam

PD TTX 4 —Module 0
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Launch Considerations e st ()

TABLETOP EXERCISE 4

Launch vehicle availability will likely be a
challenge during rapid response scenarios
(e.g., <1 year of warning).

Multiple launches may be required to deliver
sufficientmass for deflection or disruption.

Additional launches may be desired for
redundancy.

Additional interfaces and protocols would be
needed if launching an NED.

DART Launch

November 24, 2021
Image credit: NASA HQ

PD TTX 4 — Module 0
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Appendix
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Reconnaissance Data Priorities PLANETARY EFENS ?7

TABLETOP EXERCISE 4

» Notionally prioritized asteroid characteristics to measure for planetary defense purposes
(in decreasing order of priority):
- Orbit
= Precise orbit of near-Earth object (NEO)
= Impactlocation
- Physical Properties
= Mass: Most important to know for a deflection/disruption attempt
= Binarity: Special considerations are required for deflecting/disrupting binary NEOs
= Shape: With mass, we can then solve for bulk density
= Strength: Influences NEO response to deflection/disruption attempt, cratering during kinetic impactor (KI)
deflection, etc.
Internal structure including porosity: Influences NEO response to deflection/disruption attempt, cratering
during Kl deflection, etc.
Mineral composition: Particularly the iron fraction in the first few millimeters to centimeters of the NEO’s
surface (influences deflection/disruption method)
Detailed surface topology: Relevant for predicting how the ejecta from a deflection attempt might influence
the achieved deflection; may inform understanding of internal structure through boulderdistribution
analyses, regolith presence, etc.

PD TTX 4 — Module 0
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Deflection: Orbital Physics PLAER 6SE ()

TABLETOP EXERCISE 4

» Deflection performance is usually maximized by applying the change-in-speed in the
same direction as the asteroid/comet’s velocity, and when the asteroid/cometis
closest to the Sun (that location on the object’s orbit is referred to as perihelion).

- However, during the object’s final orbit before Earth impact, the best-performing deflection direction
becomes more radial (i.e., oriented at least partially along the line between the Sun and the object).

» Deflecting objects on more Earth-like orbits (i.e., more circular orbits) is harder,

all else being equal.

Object's

Post-Deflection
Object's Orbit (dashed)
Pre-Deflection

Orbit
°i/ Perihelion

—
Change-in-Speed Object’s Velocity
From Deflection

PD TTX 4 —Module 0
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Deflection Considerations PLAIEAY DEFSE
TABLETOP EXERCISE 4

Deflection techniques are either impulsive or gradual.
- Impulsive means a quick change in the speed of the asteroid or comet.
- Gradual means a gentle push is applied to the asteroid or comet over a long period of time.

Examples of impulsive deflection techniques:
- Kinetic impactor
- Standoff NED detonation

Examples of gradual deflection techniques:
- Gravity tractor or enhanced gravity tractor
- lon beam deflection

For impulsive deflections, care must be taken to not push the asteroid/cometso hard
that it begins to break apart.
- If the asteroid/comet were to be partially/weakly broken apart, some significant pieces might still
impact Earth.
If such a partial/weak fragmentation seems possible, then robust disruption may be preferable to
deflection.

PD TTX 4 — Module 0
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Deflection/Disruption Considerations PLAER 6SE ()

TABLETOP EXERCISE 4

Kinetic impactors have difficulty deflecting westward, while NEDs can deflect eastward or westward
equally easily.

The impulse imparted to an asteroid or comet by an NED can be tuned on the fly by selecting the distance
from the object at which the NED is detonated.

The amount of change-in-speed that an asteroid or comet can tolerate before beginning to break apart isn't well
characterized and will vary from object to object. For now, we use the heuristic that if the required change-in-
speed for deflection is 10% or more of the object’s surface escape velocity, then there is a risk of accidentally
breaking the object apart and we should consider designing a robust disruption mission rather than a deflection
mission.

Robust disruption definition: The NEO is purposely and forcefully blasted into many small and widely

scattered fragments.
The largest remaining fragment is small enough that it would be harmlessly destroyed at high altitude in the Earth’s atmosphere (e.g., <10 m).
However, the fragments are all so widely scattered that it is very unlikely any fragments would encounter the Earth in the future anyhow.

Heuristic requirements for robust disruption:

A change-in-speed is imparted to the asteroid or comet via standoff NED detonation that is at least 10 times the object's surface

escape velocity.

This is carried out at least 1 month before the object's original Earth encounter date, to provide ample time for the small pieces to spread
so far apart that they would not pose a threat to the Earth—-Moon system.

PD TTX 4 —Module 0
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Other Challenges PUNEY D

TABLETOP EXERCISE 4

« High-speed intercept is challenging for kinetic impactors and the high-speed intercept
version of standoff NED detonation:

- Guidance, navigation, and control challenges for visible sensors versus infrared sensors at high solar
phase angles

- Proximity radar challenges for proper NED detonation distance sensing during high-speed approach

* Wemay be confronted with the need to deflect or disrupt a binary asteroid, whichis an

asteroid with its own moon, like the target of the DART mission, Didymos.
- We believe ~1/6 of the near-Earth asteroids 200 m in size or larger are binary asteroids.

- Contact binaries may comprise another ~1/6 of the population. These are asteroids formed of two smaller
objects pressed against each other, like the asteroid Itokawa.

PD TTX 4 — Module 0
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Module 0: TTX Scenario Description
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» Scenario briefing

* Hot wash and participant feedback

PD TTX 4 —Module 0
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The Information We Have as of 16 Feb 2022 ot Fj

TABLETOP EXERCISE 4

Bottom line: We just discoveredan iost Likely
asteroid, called 2022 TTX, that has a Astarold Location
5% chance of hitting the Earth on

16 AUgUSt 2022. Least Likely

Asteroid Location

Initial discovery of 2022 TTX

Projected Asteroid
Close Approach

Tracking data from CNEOS

gives us an impact probability -

of 0.04% on 16 Aug 2022 T‘AS\‘. ¥
o

= Archival tracking data provide ”

more information Region of Earth's

Sateliites

Additional data raise
probability of impact to 5%

» Asteroid size estimated to be
between 40 and 440 m

PD TTX 4 — Module 0

PD TTX4 — After Action Report, Appendix C C-58



Slide 22

Going Forward Through the Modules

(»]
The TTX team’s job:

* As time goes on, we will present new information as [simulated]
additional tracking data provide refined estimates on the
probability and potential location of impact.

« We will prompt discussions and decisions or recommendations
that must be made.

PD TTX 4 —Module 0
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Your job:
= As we move through the modules, you will be
presented with more actionable information.

* Your discussions, recommended actions, and
feedback responses are what we, the
exercise team, want to capture.
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Module 1 Roadmap PLAEIRY Dt

TABLETOP EXERCISE 4

* In Module 1, our scenario moves forward to 23 February 2022

* Module 1 will be split across both days of the TTX

* In Module 1a (Day 1), we will:

- Provide updated impact predictions and damage risk assessment
» Discussionwill focus on communication of the asteroid threat

* In Module 1b (Day 2), we will:

- Provide information on space mission mitigation options

= Discussionwill focus on capability gaps, legal and policy implications,
and communication as our knowledge evolves

PD TTX4 —Module 1a
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* Presentation from NASA Center for Near-Earth Object Studies on the
latest observations of asteroid 2022 TTX as of 23 February 2022

PD TTX4 —Module 1a
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Impact Predictions: Module 1

Scenario Date: 23 February 2022
Impact Probability Increases to 71% and the CONUS Is at Risk

JOHNS HOPKINS

APPLIED PHYSIGS LABORATORY
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Scenario Update: Module 1 et (5))

TABLETOP EXERCISE 4

23 February 2022: A week has passed since Module 0, and 2022 TTX has been tracked
nightly by astronomers around the world, using large optical telescopes

- The asteroidis currently about 37 million mi (60 milion km) away

The new observations, along with prediscovery observations from several days before
discovery, have enabled a more accurate orbit to be determined for 2022 TTX

The impact probability has jumpedto 71%

The predicted impactregion has converged to a wide corridor spanning across the globe
and passing across much of the continental U.S.

The asteroid’s size remains highly uncertain; based on its brightness, it's most likely in
the range of 55-160 m (180-520 ft), but it could be as large as 440 m (1440 ft)

- The asteroid will not be within range of Goldstone radar until August

PD TTX4 —Module 1a
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The trace the
uncertainty region,
which encompasses
all possible positions
of the asteroid as it
approaches Earth on
Aug. 16

The

shows the region
swept by the
uncertainty region

Half-hour time steps

PD TTX4 —Module 1a
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Shows the region where the
2022 TTX might impact on

16 August 2022, based on the
latest orbit solution

Region extends from the mid-
South Pacific, across North
America, to mid-South Atlantic

The intensity of the red shading
indicates the relative probability

Google Earth

PD TTX4 —Module 1a
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Shows the region where the
2022 TTX might impact on

16 August 2022, based on the
latest orbit solution

Region extends from the mid-
South Pacific, across North
America, to mid-South Atlantic

The intensity of the red shading
indicates the relative probability

With 980 sample impact cases

Google Earth
o

PD TTX4 —Module 1a
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Predicted U.S. Impact Region TERAGELY
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*

Shows the region where the
2022 TTX might impact on

16 August 2022, based on the
latest orbit solution

Probability of impact within
CONUS is about 19%

The intensity of the red shading
indicates the relative probability

PD TTX4 —Module 1a

Predicted U.S. Impact Region e s ()

TABLETOP EXERCISE 4

*

Shows the region where the
2022 TTX might impact on

16 August 2022, based on the
latest orbit solution

Probability of impact within
CONUS is about 19%

The intensity of the red shading
indicates the relative probability

With sample impact cases

Google Earth

PD TTX4 —Module 1a
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» Presentation from NASA Asteroid Threat Assessment Project on the
impact damage risk from 2022 TTX

PDTTX4 —Module 1a
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Asteroid Size & Properties WG
TABLETOP EXERCISE 4

Asteroid Size Ranges
+ Asteroid size is highly uncertain

Ranging from smaller objects that would pose
little threat to objects hundreds of meters across
with gigatons of impact energy

Upper size range is large but unlikely
Smaller size ranges are more likely Asteroid Diameter Probabilities

Diameter Energy
Range 40-440m (130-1440ft) |1-3000 Mt
Mostlikely range |55-160m (180-520 ft) 2-100 Mt
Median 110 m (360 ft) ‘46 Mt

+ Asteroid type and properties are unknown
- Wide ranges of densities, strengths, structures,
compositions
- Ranging from more common stony types and
rubble piles to rarer high-density iron types

maller sizes
ore likely
1

Probability
o
R

+ Size and property uncertainties result in
very large ranges of potential mass, energy, ‘ H—W Upper size range is

2
2

Iarge but unlikely

and damage

200 300
Diameter (m

PDTTX4 —Module 1a
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— e Q. N Damage risk swath:
« Shaded swath areas show regions
potentially at-risk, given range of damage
sizes and locations.

Rings show a random sampling of
individual potential damage footprints.

Extent of current risk region:

+ Crosses U.S., Mexico, SE Canada, Antilles,
E. Brazil. Water impacts also near Hawaii,
S. Pacific, W. Africa.

Swath width/length is due to range of
unknown impact locations, not expected

Google E3gh X
damage sizes

View from SPace (Alitude: 4326 mi)

Damage risk swath: Shows extent of regions potentially at risk to local ground damage, Range Of |OCBtIO!"IS VVI" Shnnk as
given ranges of potential damage sizes and locations (not representative of likelihood). observations refine the orbital data

PD TTX4 —Module 1a
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U.S. Potential Risk Swath e et [ S5
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[Iserious
@3% : 5 U.S. Impact Damage Risk:
Unsurvivabie R

+ ~26% chance of U.S. damage among
Earth-impacting cases (~19% total chance)

Wide range of damage sizes and severities

« Damage severities could range from
shattered windows to unsurvivable blasts
» Outer damage radius ranges:
- Potential range: 0—120 mi
- Mostlikely range: 12—70 mi
- Average: 50 mi

Damage Level Description

Google Earth S — .
Oata 510, 1 G300 i : Serious Shattered windows, some minor structure damage

image Lan!

= " — R o N . Severe Widespread structure damage, doors blown out
H tent potentially at risk to local E )

)amage risk swath: Shows extent of regions potentially at risk to local ground damage, Critical Most residential structures colapse

given ranges of potential damage sizes and locations (not representative of likelihood).

Rings show range of damage sizes at random locations.

Complete devastation

PD TTX4 —Module 1a
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U.S. Potential Risk Swath e st ()
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[serious ‘ ‘———_H_‘__;L‘— st A % .
2 7 .‘vﬁ/\x M) U.S. Impact Damage Risk:

4 + ~26% chance of U.S. damage among
Chicago / Earth-impacting cases (~19% total chance)

© C Wide range of damage sizes and severities

LEREEY] v
Citv £050 « Damage severities could range from
e ) shattered windows to unsurvivable blasts
4 }e?a‘g’e’ﬁﬁtpﬂ'nt size\
& oyerbCforséale. |\« Average U.S.Blast FootprintRadii:
: o X - Serious: ~50 mi
Houston 48 ‘ - Severe: ~30 mi
- Critical: ~15 mi
- Unsurvivable: ~6 mi

Damage Level Description

Google E /
Google Earth % Serious Shattered windows, some minor structure damage

Data SI0, NOAA, U
Ipage Landsatf Coperricus.

= ” . " " . Severe Widespread structure damage, doors blown out
i 4 tent i tentially at risk to |

)amage ris swat Shows extent of regions potentially at risk to local groun damage, Critical Most residential structures colapse

given ranges of potential damage sizes and impact locations (not representative of

likelihood). Rings show average-sized damage footprints at example locations.

Complete devastation

PD TTX4 —Module 1a
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Hazard Sources

Relative hazard probabilities among Hazard Occurrence Probabilities
Earth-impacting cases (71% Earth-impact): (among 71% Earth-impacting cases)

No damage occurs in ~67% of Earth-impact cases

Blast damage is the largest hazard source in
~30% of Earth-impact cases

Thermal damage also occurs in ~12% of cases,
but it is smaller and less severe than
accompanying blast damage in nearly all cases

Probability
w iy
o o
EENS

Risk of tsunami damage is low, occurring in
~3% of impact cases (5% of ocean cases),
but the largest water impacts could cause

. g . blast +
significant damage if near populated coasts ey

No global-scale climatic effects are expected, but blast  thermal tsunami

potentlal for reQ|0na| environmental effects from * A single impact event can cause multiples hazards (such as blast

larger impacts is unknown + thermal, or tsunami + blast for near-shore cases).
Sum of all hazard occurrence probabilities may exceed 100%.

PDTTX4 —Module 1a
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Impact Risk Summary: Module 1

Asteroid Characterization Summary Risk Region Swath

PLANETARY DEFENSE | <
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TABLETOP EXERCISE 4

Regions potentially at risk, given range

Assessment date: 23 February 2022 (T- <6 months) —— : of potential damage locations and
Potential impact date: 16 August 2022 sizes. Average-sized damage footprints

Earth-impact probability: 71%
Large uncertainties in asteroid size, energy, and other properties

Diameter: 40-440 m (130—1440 ft), most likely ~55—-160 m
(180-520ft), median size 110 m (360 ft)

Energy: 1-3000 megatons (Mt), most likely ~2—100 Mt, median 46 Mt

Impact Hazard Summary o
Potential damage sizes and locations are very uncertain 77% No affected pop.

likel
No damage is most likely (~77% chance)with moderate chance of most likely
large damage areas affecting 10k—1M people

Primary hazard: Blast damage, ranging from blown out windows, to
structure damage, to potentially unsurvivable levels

Damage radii: 0-120 mi, most likely range 12—70 mi, median 40 mi
Tsunami damage is unlikely and mostly minor

Affected population: 0-millions, 50k total average risk,
20% chance of affecting >1k ppl, 16% >10k, 8% >100k, 1% >1M

Probability (%)

1 10 100 1k 10k 100k 1M 10M
Affected Population

PD TTX4 —Module 1a
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Module 1 Risk Backup

PDTTX4 —Module 1a

are shown over sample U.S. cities.

Population Risk

Probabilities of how
many people could be
affected by the
potential damage

(total probabilities
including 71% Earth-
impact probability)

PLANETARY DEFENSE | < )
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Potential Risk Swath

EVEL

Damage risk swath: Shows extent of rrég'ions poie-niially atrisk to local ground
damage, given ranges of potential damage sizes and impact locations (not
representative of likelihood).

PD TTX4 —Module 1a
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U.S. Damage Footprint Sizes

50t % (Median) -

Schutottesvitie

Google Earth

Google Earth

A, LIS BN

VBB NGA, GEBCO

s KA 100 km

Local Ground Damage Radius (miles) Percentiles*
Damage Level 75th % |95th %
Serious 75
Severe 37
Critical 22
11

PD TTX4 —Module 1a
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N

Extent of risk region:

* >24,000 km (>15,000 mi) long,
~3000 km (~1900 mi) across at widest extents.
Crosses U.S, Mexico, SE Canada, Antilles, E.
Brazil. Water impacts also near Hawaii, S. Pacific,
W. Africa.

Swath width due to impact location uncertainty,
not likely damage size

Impact hazardrisks:
(among Earth-impact cases)

~67% chance of impact causing
no population damage

~30% chance of blast damage to populated areas

~70% chance of ocean impact, but only ~3%
chance of tsunami damage to populated areas
(5% of ocean strikes cases)

PLANETARY DEFENSE
INTERAGENCY
TABLETOP EXERCISE 4

195t % '(Larger than95%.of cases)

* Percentiles give the chance
that the damage region could be
up to the given size or smaller
(values shown are among U.S.-
impacting cases modeled)

PD TTX4 — After Action Report, Appendix C
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Hazard Sources e st (35)

Relative hazard probabilities among 71% Earth- g ::?Er::re-a':dw:“

g

impacting cases: B Orives Damage

No damage occurs in ~67% of cases [ JOeoure
Blast damage is the predominant hazard source in ~30%
of Earth-impact cases

Thermal damage also occurs in ~12% of cases, but it is
smaller and less severe than accompanying blast damage

in nearly all cases 12%

Risk of tsunami is low, occurringin ~3% of impact cases, &
but the largest water impacts could blast thermal  tsunami
affect hundreds-of-thousands of people

if near a high-population coast. Hazard Occurrence |Affected Population Ranges

Source Probability |average |75%% [95%% |Full Range Modeled

No global effects expected, but

potential for regional environmental No Damage 67% 0 0fo

effects fromlarger impacts is unknown  LElEE 30% 71K . 389K |0-16.5M
(

Thermal 12% 5.5K 3K [0-20M
Tsunami 3.4% 820 0|0

766K

PD TTX4 —Module 1a
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&
QHID'IAHYDEFENSE i ifi ion Process

NATION OFFICE

Object
Detected, .
il O Yes ———— PDCO Notifies SMD AA, Note: Speed of
Determination PDCO | NASAAdministrator, execution is directly

Drafts ) proportional to time
remaining to impact

Notification

NASA Administrator
informs Executive Office
of the President (EOP),
OSTP
FEMA notifies
Potential Impact When EOP ) -~ Federal, state, and
>1% acknowledges, NASA _’Se'_.“'l'i’aﬁt in local emergency
Interagency Relations eritory response orgs
J yos Office disseminates TASA
If Yes 1o either, then . nofification to Federal . |f impact feleases
L e Potential Agencies outside U.S. W Department of public
initiated Impact 1 State notifies statement
affected nation/
NASA Legislative Affairs nations
No Office notifies U.S.
Congress

¥
Between Earth and Moon
and Visible From Earth?

Source: NASA Policy Directive 8740.1 Notification and Communications
Regarding Potential Near-Earth Object Threats

PD TTX4 —Module 1a
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INJECT 1.3

« The PDCO issues notifications per NASA
Policy Directive 8740.1 - o

* Notification content is as described in from
the Report on Near-Earth Object Impact
Threat Emergency Protocols

are highly dependent on the size of the asteroid, Based on current

@ Tha faasibility of 3pace MUSSIONS 10 prevent the IMpact is Undar study.

PDTTX4 —Module 1a
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Potential Impact Notification

From: NASA Planetary Defense Coordination Office
Title: Notification of Potential Asteroid Impact - Update #1

. Impact Probability: 71%
Surnrnary details Impact Date: 16 August 2022
Impact Risk Corridor: Impact in CONUS possible
Approximate Size: 1301440 ft (40-440 m)
Expactad Level of Damage i Impact Occurs: Local to Regional
Impact Prevention Feasible: Unknown at this time

IlﬂpaCt prObablllty and ”npaCt ® Aaditional observations of the motion of asteroid 2022 TTX show there is 3 71% probability the

1y
date/time tercid will impact Earth on 16 August 2022, While there is still uncertainty in whether the
astercid will impact Eareh, if an impact occurs it will be on this date

The impact risk corridor, which is the region of Earth where it is possible that 2022 TTX could

DeSCriptiOﬂ of ilT]paCt risk corridor impact, extends from the mid-Pacific across the North American continent to the south Atlantic

Most of the CONUS is within the impact risk corridor |

The potential impact effects are highly dependent on the size of the astercid. Based on current
o, e aseerci s esimated b berwaan 130-1440 f (40440 ) i sise. At sl end of
. . his size range, an asteroid impact over land could result in minor local damage (e.g., air blasts
Estimated impact effects ¢ in broken windows and dsmsge o low-integrtystructures. At he large end, an
oid impact could result in a significant surface crater and widespread injuries, fties.
and structural damage over a ri xtending tens to 100+ km. An impact in coastal waters
could result in a tsunami wave that would inundate coastline areas.

The asteroid 2022 TTX has been tracked since initial discovery on 11 February 2022. Further
observations will reduce the uncertainty in the asteroid’s trajectary and impact probability. The
asteroid will be continually obsarvable by telescopes leading up to the potential impact date,

Opportunities for further observations except during the ful moon,

The asteroid size cannot be estimated with further precision without radar observations or
imagery from a spacecraft that can closely approach the asteroid. Radar observations will be
possible no sconer than 13 days prior to the potential impact date, if the asteroid is at the large
end of the size range, and possibly not until $ days prior to the potential impact if the asteroid is
2t the small end.

Feasibility of impact prevention
space missions

The feasibility of space missions to prevant the impact is under study

PD TTX4 —Module 1a
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INJECT 1.3: Notification of Impact Probability e ()
Increase to 71% and CONUS at Risk TABLETOP EXERCISE 4

» How should your agency respond to this notification of an asteroid threat?
» Which stakeholders do you need to notify?

» What additional information would be helpful to have at this stage?

PDTTX4 —Module 1a
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INJECT 1.3: Notification of Impact Probability  fmme ™ | )
Increase to 71% and CONUS at Risk ABLETOP BAERCIES

« How should your agency respond to this notification of an asteroid threat?

* Which stakeholders do you need to notify?

« Whatadditional information would be helpful to have at this stage?

* Who should be responsible for informing the public?

« How should the nature of the asteroid threat be communicated to the public?

PD TTX4 —Module 1a

INJECT 1.3: Notification of Impact Probability i~ | )
Increase to 71% and CONUS at Risk TABLETOP EXERCISE 4

« How should your agency respond to this notification of an asteroid threat?

» Which stakeholders do you need to notify?

« What additional information would be helpful to have at this stage?

» Who should be responsible for informing the public?

» How should the nature of the asteroid threat be communicated to the public?

* Whatemergency preparations are necessary at this point?

* Who should be responsible for leading the preparations, and what steps should be
taken?

PDTTX4 —Module 1a
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INJECT 1.3: Notification of Impact Probability e ()
Increase to 71% and CONUS at Risk TABLETOP EXERCISE 4

* Who should be responsible for international coordination?

» How should we approach coordination and communication with foreign countries who are
also at risk?

PD TTX4 —Module 1a
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INJECT 1.4 WL
TABLETOP EXERCISE 4

« Information about the asteroid is being shared widely on social media. Much of the

informationis incorrect.
@ | NASA finds asteroid that cou;d wipe out a city!
The government already knows where the
asteroid will hit. They won't tell us until it's

NASA: Astaroid that dwarfs Empire State Buiding heading for Earth; Huge time to evacuate.

NEO to reach soon
20831 1465« HHNDMBPEE @

& |

The existence of the asteroid is fake news — a lie
spread to pump up NASAs funding and make the
administration look good. Just wait and see — the
asteroid threat will miraculously disappear once they
have the money. What else are they lying about?

NASA: Asteroid that dwarfs Empire State Building heading for Earth

M 23 Feb 2022

73 Quot

PDTTX4 —Module 1a
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INJECT 1.4: Misinformation enmeast ()

TABLETOP EXERCISE 4

* Whatstrategies should be used to counteract misinformation?

* Whois the most trusted person or entity to provide up-to-date, accurate information to the
public?

PD TTX4 —Module 1a

Slide 35
PLANETARY DEFENSE [ <
INTERAGENCY - B)
TABLETOP EXERCISE 4

UNCLASSIFIED

lense Interagency Tabletop Exercise IV - Mocule (1a) Early
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Module 1 Roadmap e (5p)

TABLETOP EXERCISE 4

In Module 1, our scenario moves forward to 23 February 2022

Module 1 will be split across both days of the TTX

In Module 1a (Day 1), we will;
- Provide updated impact predictions and damage risk assessment
= Discussion will focus on communication of the asteroid threat

In Module 1b (Day 2), we will:

- Provide information on space mission mitigation options

= Discussion will focus on capability gaps, legal and policy implications,
and communication as our knowledge evolves

PD TTX4 - Module 1b

Module 1a Recap o (377

TABLETOP EXERCISE 4

* INJECT 11

- Impact predictions update from CNEOS: Additional observations
have decreased the uncertainty in the orbit of 2022 TTX, and the
impact probability has risen to 71%. The impact risk corridor is
now a narrow band that crosses the globe and includes most of
CONUS.

PD TTX4 - Module 1b
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Module 1a Recap

us

« INJECT 1.2
- Impact damage risk update from ATAP: Potential damage remains
very uncertain due to the large uncertainty in the size and physical
properties of the asteroid. There is a 19% chance of impact
damage in the U.S.

PD TTX4 - Module 1b

Module 1a Recap

« INJECT 1.3
- Simulated notification from PDCQ issued per protocols described
in NASA Policy Directive 8740.1.

PD TTX4 - Module 1b
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PLANETARY DEFENSE [
Module 1a Recap INTERAGENCY V)
TABLETOP EXERCISE 4

1IEC 4 »‘
JCo

* INJE \

.

» INJECT 1.3

Simule

* INJECT 14

- Misinformation appears and spreads on social media.

PD TTX4 - Module 1b

INJECT 1.5 e (0D

TABLETOP EXERCISE 4

* Presentation from NASA Goddard on space mission options for
characterization or mitigation of asteroid 2022 TTX

PD TTX4 - Module 1b
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Space Mission Options for the 2022

TTX Hypothetical Asteroid Impact
Scenario

Slide 9

Deflection Is Not Practical In This Scenario e
TABLETOP EXERCISE 4

» Deflecting 2022 TTX one to several months before impact would require the following:

- Launching rapidly and changing the asteroid’s speed by a large amount

- Assuming average asteroid properties, deflecting it with kinetic impactors (Kls) would require
over a dozen heavy-lift rocket launches (notional NASA SLS 2Bs) and total spacecraft mass
equal to about 20 James Webbh Space Telescopes (JWSTs)

- Deflecting it with a nuclear explosive device (NED) instead would require a single launch and
total spacecraft mass equal to about 1/6 of JWST

» However, whether via Kls or NED, deflection would require a change in asteroid speed so
large that the asteroid would likely begin to break apart, potentially leaving Earth still at
risk.

* Therefore, instead of deflection we recommend designing missions for intentional robust
disruption of the asteroid, eliminating or significantly reducing the risk to Earth.

PD TTX4 - Module 1b
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NED Disruption Performance e ($6p)

TABLETOP EXERCISE 4

+ Mission analysis indicates 3.5 MT is the largest yield NED that can be delivered to 2022 TTX.

- T n 3.5 MT NED disrupts ~65% of the asteroid distribution
Dty oy anee | | 1.0 MT NED disrupts ~50% of the asteroid distribution

Disruptable w/ 3.5 MT
Disruptable w/ 1 MT

Each point represents a potential size and mass
(density) of the asteroid.
- Points in the lower left are less massive.

High-fidelity models by LLNL |'

@

th

The red and black points are disruptable with a 3.5
MT NED.

The black points are disruptable with a 1 MT NED.

Bulk Density, g/cm®
w

Disrupting the blue points would require a larger
NED than 3.5 MT.

- Even so, those realizations of the asteroid might be broken
up at least somewhat by a 1 or 3.5 MT NED, which could
spread out and reduce Earth-impact damage.

Disruption thresholds based on empirical engineering model from Lawrence
Livermore National Laboratory (LLNL) for NED effects on an asteroid.

PD TTX4 - Module 1b
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Nuclear Disruption High-Fidelity Modeling s ()
— TABLETOP EXERCISE 4

w Lawrence Livermore
v National Laboratory

..+ Fully disrupted at 1s

* 1% of material
reaches Earth if
disrupted 1 month
from impact

Remnant velocity is
1.5 m/s at 2s.
(Vege = 0.1 mfs)

90% of material
reaches Earth if
disrupted 1 month
from impact

= fully 190m

damaged

PD TTX4 - Module 1b
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Summary of Mission Options for PANEARY EFESE (5]
Reconnaissance and Disruption TABLETOP EXERCISE 4

Delivered Spacecraft Mass
O Reconnaissance
|[Recon w/ 589 kg

spacecraft, arrive @ Disruption ] 3.5 MT NED

2 months before Recon w/ 483 kg

[Earth impact  SPacecraft, arrive 65% chance of

purposed commercial 2months before v\ Delivered Mass (2387 ; ;
intermediate class launch - : Earth impact kg) w/ 3.5 Mt NED; arrive 1 i disrupting the
vehicle with a kickstage, month before Earth impact asteroid

launching from Cape
Canaveral Air Force Delivered Mass of 2277 kg
w/ 3.3 Mt NED; arrive 1

Station (CCAFS).
( ) month before Earth impact

Delivered Mass of 1147 kg - 1 MT NED

w/ 1.3 Mt NED; arrive 1 .
giﬁ;ﬁ?ﬁgﬂnggze 4. ) month before Earth impact- 5'00/0 Chance Of
asteroid. Feb2s)  Mar2s) - pr2: . disrupting the

Launch Launch

* Launch performance
model intended to be
representative of a re-

* For robust disruption
missions, we assume a

Time of Flight, days

* Rendezvous missions L asteroid
were found to be
impractical.

Departure Date

PD TTX4 - Module 1b
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Takeaways WG

TABLETOP EXERCISE 4

Uncertainty in the physical properties of 2022 TTX make it difficult to define mitigation
mission requirements or assess the likelihood of mitigation mission success.

Deploying any of these mission options would require spacecraft at the ready and the
capability to launch within a week to several months.

Deflection would not be practical due to the short warning time.

Robust disruption of the asteroid would be the only practically viable in-space mitigation,
if rapid spacecraft launch were possible.

Deploying a nuclear disruption mission could significantly reduce the risk of impact
damage, despite substantial uncertainties in the asteroid’s properties.

Deploying a flyby reconnaissance spacecraft (if a disruption mission is foregone) could
significantly reduce the uncertainties faced by disaster response planners.

These intercept / flyby missions all involve approaching the asteroid at high speeds,
which would pose guidance and control challenges.

PD TTX4 - Module 1b
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PLANETARY DEFENSE

Nuclear Disruption — High-Fidelity Modeling INTERABENCY

TABLETOP EXERCISE 4

Asteroid PI’OEFHES O ) || Lawrence Livermore
AL v »—d National Laboratory

+ Two different asteroid sizes: 110 m (median diameter) and
190 m (78th percentile)

» Shape: Bennu, Density: 2 g/cc, Material: Granite

Nuclear Device Setup

* Yield: 1 Mt, Standoff Distance: 9 m,
Source Spectrum: 2 keV Black Body

» The X-ray energy deposition was modeled for silicon dioxide
using the Kull Radiation-Hydrodynamics code

The full disruption process was simulated in Spheral equipped
with strength and damage models

PD TTX4 - Module 1b
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INJECT 1.6 e (7))

TABLETOP EXERCISE 4

+ Policy considerations for nuclear deflection or disruption mission

PD TTX4 - Module 1b

)

¥ L
PLANETARY DEFENSE \\\J '
|, INTERAGENCY ,

| TABLETOP EXERCISE 4

Law and Policy

Treaty Overview as relevant to Nuclear Explosive Devices
(NEDs)

JOHNS HOPKINS

APPLIED PHYSIGS LABORATORY
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INTERAGENCY

Relevant International Law — Py e ()
‘eaty vverview - TABLETOP EXERCISE 4 '

Outer Space Treaty (1967) Limited Test Ban Nuclear Non-Prolif.
Treaty (1963) Treaty (1970)

Art. |, Il: Each —

+  NWS Party undertakes Asteroids as a Pretext
not to transfer NEDs to

Art. IV: Parties cannot — Considerations

« Place in orbit around Art. |: Parties undertake to —

the Earth any objects + Prohibit any nuclear
carrying nuclear weapon test explosion or

weapons, install such explosion, at any place
weapons on celestial under its j/s or control, in NNWS Party

bodies, or station such outer space or underwater. undertakes not to
weapons in space. To refrain from causing receive the transfer or

Articles IX, XI, Duty to encouraging, or in any way control of NW or NEDs
Inform, to Act w/ Regard participating in the carrying directly or indirectly; Wheth

out of any nuclear and not to manuf. or einer use
« Inform States of NEO explosion in the otherwise acquire NW

T atmosphere, in outer
Space of undervcler

any other nuclear NNWS and; Weasel Words:

Weapon, Install,
Station, Control

Off-world vs. On-world

undermines
disarmament progress

NEDs are prima facie unlawful. However, unlawfulness within the context.of a planetary defense
mission remains complex and uncertain.
PD TTX4 — Module 1b

Slide 19

PLANETARY DEFENSE

Balancing Act ;f ' INTERAGENCY

TABLETOP EXERCISE 4
I ! : Nuclear Explosive Device ation
* UN Charter, International Human Rights Conventions: - Circumstances precluding Wrongfulness:

- Negative obligation of States not to interfere; positive - Consent — Distress — Necessity
obligation to take appropriate steps to safeguard
human lives from impending disasters.

- Would the obligation to protect life within State’s Work with the UN Decision Bodies:
jurisdiction require a nuclear PD mission?

, . .. . 1. Security Council: Binding on Member States
- Weigh stringent nuclear prohibitions against the

principal responsibility of a State to protect its * Mandate to determine existence of a threat to int'l
population under its jurisdiction from harm. peace and security; reigns over treaty

« Law of State Responsibility: + Risk of P5 member veto, lack of majority

- Internationally wrongful act defined as action or 2. General Assembly (GA): Non-binding on Member States
omission [that]: (a) is attributable to the State under
international law; and (b) constitutes a breach of an
international obligation of the State. 3. COPUOS: Strengthens int'| cooperation in space

- State responsibility law acknowledges circumstances
in which compliance with international law is not IAWN, SMPAG
feasible. * Advises the UNGA as subject matter experts

*  Builds broader support to advise the UNSC

PD TTX4 - Module 1b
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INJECTs 1.5-1.6: Considerations for Space e Bt (35
Mission Mitigation of 2022 TTX TABLETOP EXERCISE 4

» Should we develop the technical capabilities that would be required to launch one of the
space mission options?

PD TTX4 - Module 1b
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INJECTs 1.5-1.6: Considerations for Space e Bt (35
Mission Mitigation of 2022 TTX TABLETOP EXERCISE 4

» Should we develop the technical capabilities that would be required to launch one of the
space mission options?

* How should the U.S. balance legal considerations for launching a nuclear explosive
device disruption mission with the need to protect the U.S. people?

PD TTX4 - Module 1b

INJECTs 1.5-1.6: Considerations for Space e Bt (35
Mission Mitigation of 2022 TTX TABLETOP EXERCISE 4

« Should we develop the technical capabilities that would be required to launch one of the
space mission options?

« How should the U.S. balance legal considerations for launching a nuclear explosive
device disruption mission with the need to protect the U.S. people?

How should information about the risks, benefits, and uncertainties of space mission
mitigation be communicated to decision-makers?

» How should the decision to launch (or not) be communicated to the public?

PD TTX4 — After Action Report, Appendix C
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INJECT 1.7 i VA

TABLETOP EXERCISE 4

« QOver the next weeks and months, astronomers will continue to observe asteroid 2022
TTX to improve our impact and damage predictions. Impact predictions will be
updated regularly as new data is collected.

« Observational capabilities are summarized below.

NOTES

New optical telescope data enable calculation of a more precise
orbit but do not give additional information about size.

Capability
Ground-based telescopes

. Precovery ohservations (archival
Refine 2022 TTX telescope data) Measurements from a space-based IR telescope (e.g.,
orbit and impact NEOWISE) could constrain the asteroid size.

prediction

Space-based telescopes
Planetary radar Planetary radar measurements enable calculation of a precise
size and impact location.

- 2022 TTX will come within range of radar observatories 5-13 days
before impact.

Reconnaissance mission

Refine 2022 TTX Space-based infrared (IR) telescopes
Planetary radar

size estimate R - — If launched, a reconnaissance mission would enable a detailed
Sconnaissance mission characterization of the orbit and properties of 2022 TTX.

PD TTX4 - Module 1b
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PLANETARY DEFENSE

INJECT 1.7: Capabilities for Future INTERAGEACY
Observations of 2022 TTX TABLETOP EXERCISE 4

« As more observations are collected over the next weeks and months, how should
updated information about the asteroid be communicated?

PD TTX4 - Module 1b
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INJECT 1.7: Capabilities for Future e 5
Observations of 2022 TTX

e collec 0 the next and n 1s, how should
rmation about the roid be commun ?

* What capabilities would be needed in order to more quickly characterize the asteroid
threat? Should we develop those capabilities?

PD TTX4 - Module 1b
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PLANETARY DEFENSE
INTERAGENCY

- TABLETOP EXERCISE 4

* Module (1b) Continuance of Early Detection Discussion Wray

UNCLASSIFIED

Planetary Defense Interagency Tabletop Exercise IV - Module (1b)
Continuance of Early Detection Discussion

@

| EDIT  RESPOND
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Module 2
Early Preparedness
15 June 2022 (Two Months to Go)

JOHNS HOPKINS

APPLIED PHYSIGS LABORATORY

Slide 2

Module 2 Roadmap WA

TABLETOP EXERCISE 4

In this module, we will:

» Provide more information on the asteroid and its potential impactlocation and damage

- Discussions will focus on the evolving response preparations and how to respond at a
regionalllocal scale

» Provide information on a potential last-resort mitigation attempt
- Discussions will focus on potential next steps

PD TTX4 —Module 2
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INJECT 2.1: A Fireball Is Reported Over Japan  [mmmsast (]

TABLETOP EXERCISE 4

@ NEWs & ying to ne
s literally the beginning of the War of the Worlds?
Cell phone video of an unidentified fireball over A . Did the asteroid come early?? Why didn't they tell
Japan taken last night. No word yet on what = f oap= us??
caused the bright object. g SR e

° Fireball over Japan! Are we sure it wasn't a missile??

£ W,

3 -
3 4

X

stripes.com
Austin discusses North Korea's ‘direct and serious threat’ with counte.
Defe he L met by

PD TTX4 —Module 2
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INJECT 2.1: A Fireball Is Reported Over Japan ey

TABLETOP EXERCISE 4

How long does it take for our systems to detect and understand a natural fireball?

How do we message what we think happened and calm people down, especially since
all they've been hearing about is asteroids for the last four months?

PDTTX4 —Module 2
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INJECT 2.1: A Fireball Is Reported Over Japan  [osst ()

TABLETOP EXERCISE 4
How long does it take for our systems to detect and understand a natural fireball?
wn, especially since

Tour montns ¢

»  Whatare the gaps keeping us from being able to “beat the tweet” or be in a position to
authoritatively respond within minutes rather than days?
- Is it worth investing in closing these gaps?

PD TTX4 —Module 2
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INJECT 2.2: Scenario Update

15 June 2022: Two Months to Impact
Impact Is Now Certain; Location Is North Carolina

JOHNS HOPKINS

APPLIED PHYSIGS LABORATORY
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Scenario Update: Module 2 et et ()

TABLETOP EXERCISE 4

New tracking data for 2022 TTX, now spanning 7 years, have produced a much more
accurate orbit for the asteroid, enabling very precise predictions of the impact

The asteroid is now 100% certain to impact, and the predicted impact location is N. Carolina

The mostimportant new data were “prediscovery” detections of the asteroid from sky images
taken in 2015, when 2022 TTX made a distant flyby of Earth

Astronomers worldwide have continued tracking the asteroid at every opportunity over the last
4 months, contributing close to a hundred new observations

2022 TTX passed through the sky region where the NEOW ISE spacecraft points its infrared
telescope, but the asteroid was not detected

If the asteroid is at the large end of its size range, larger than about 340 m (1100 ft), it should
have been detected by NEOWISE; since it was not, the large end of the size range can be
revised down somewhatto a new size range of 40-340 m (130-1100 ft)

PD TTX4 —Module 2
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Predlcted Impact Reglon i | )

TABLETOP EXERCISE 4

et
) ‘L—'- (‘/I// \
: ‘ Shows the region where

| inoiana I . the 2022 TTX will impact

The impactwill occur at:
16 August 2022 at
2:02.10 pm EDT

The asteroid will impact
at a velocity of 15.5 km/s
or 35,000 mph

This is not the same as
the damage region

PDTTX4 —Module 2
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How Precovery Detections Are Made  [iia™ | )

TABLETOP EXERCISE 4

Sky map showing sky regions imaged by asteroid survey 7 years ago, when 2022 TTX was last near Earth:

2015/03/20 The image locations, and the

images themselves, are
all archived in a database

If we know an asteroid passed
through these image locations,
we can go back into the
archive and searchfor it

PDTTX4 —Module 2
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Precovery Detection of an Asteroid EEANE Dot

TABLETOP EXERCISE 4

Many faint asteroid detections in sky images
are spurious (false)

The processing pipelines must avoid being
swamped by too many false detections

Marginal detections are mostly discarded

However, if an asteroid is predicted to be in
the image, and a marginal detection
matches its predicted motion, it’s a real
detection!

Credit: Catalina Sky Survey

PDTTX4 —Module 2
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PLANETARY DEFENSE

INJECT 2.2: The Probability of Impact Has -
Risen to 100%

The PDCO issues an updated
notification per NASA Policy

From; NASA Planetary Defense Coordination Office

Title: Notification of Asterold Impact ~ Update #2 D ireCtiVe 8 740 . 1 .

Impact Probability: 100%

impact Date: 16 August 2022, 18:02 UTC (14:02 EOT)

Impact Risk Corridor: Narth Carolina

Approximate Size: 130-1100 ft (40-340 m)

Expected Level of Damage if Impact Oceurs: Local to Regional
Impact Prevention Feasible: No

Additional observation has now canfirmed there is a 100% probability that asteroid 2022 TTX
will impact Earth on 16 August 2022 at approximately 18:02 UTC (14:02 £OT)

The impact risk corridor, which Is the region of Earth where it is possible that 2022 TTX could
impact, Is in north-west North Carolina.

The potential impact effects are highly dependent on the size of the asteroid, Based on current
data, the size of the asteroid is estimated to be between 130-1100 ft (40-340 m) in size. At the
small end of this size range, an asteroid impact over land could result in minor local damage
{eg. air blasts resulting in broken windews and damage ta low-Integrity structures), At the large
end, an asteroid impact could result in a significant surface crater and widespread
injuries/casualties and structural damage over a region extending tens to 100+ km.

The asteroid 2022 TTX has been tracked since initial discovery on 11 February 2022. Detections
were also extracted from archival sky images to reduce uncertainty in the asteroid's trajectory.
Additional ebservations will further reduce the uncertainty in the asteroid's trajectory and
impact location. The asteroid will be continually observable by telescopes leading up to the
potential impact date, except during the full moon.

PDTTX4 - Module 2
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Potential Impact Notification INTERAGENCY

Title: Notification of Asteroid Impact - Update #2

Impact Probability: 100%
Impact Date: 16 August 2022, 18:02 UTC (14:02 EDT)
Summa ry details Impact Risk Corridor: North Carolina
Approximate Size: 130-1100 ft (40-340 m)
Expected Level of Damage if Impact Occurs: Local to Regional
Impact Prevention Feasible: No

Impact probability and impact
o * Additional observation has now confirmed there is a 100% probability that asteroid 2022 TTX
date/time will impact Earth on 16 August 2022 at approximately 18:02 UTC (14:02 EDT).

D e SCript‘ on Of i Fﬂpact riS k co ”.ido r The impact risk corridor, which is the region of Earth where it is possible that 2022 TTX could

impact, is in north-west North Carolina.

The potential impact effects are highly dependent on the size of the asteroid. Based on current
R . data, the size of the asteroid is estimated to be between 130-1100 ft (40-340 m) in size. At the
Estimated im pact effects small end of this size range, an asteroid impact over land could result in minor local damage
(e.g. air blasts resulting in braken windows and damage to low-integrity structures). At the large
end, an astercid impact could result in a significant surface crater and widespread
injuries/casualties and structural damage over a region extending tens to 100+ km.

The asteroid 2022 TTX has been tracked since initial discovery on 11 February 2022. Detections
were also extracted from archival sky images to reduce uncertainty in the asteroid’s trajectory.
. . Additianal observations will further reduce the uncertainty in the asteroid's trajectory and
O ppo rtunities for further observations impact lacation. The asteroid wil be continually observable by telescopes leading up to the

potential impact date, except during the full moon.

The asteroid size cannot be estimated with further precision without radar observations or
imagery from a spacecraft that can closely approach the asteroid. Radar observations will be
possible no soener than 12 days prior to the potential impact date, if the asteroid is at the large
end of the size range, and possibly not until 5 days prior to the potential impact if the asteroid is
HH H H at the small end.
Feasibility of impact prevention
i . Space missions to prevent the impact are not feasible. Deflection is not possible due to the large
S pace missions velocity change that would be required to deflect the asteroid away from Earth and the limited

PDTTX4 —Module 2

Potential Impact Notification Process
Module 1

Object
Detected, -
Intial Ot Yes —— PDCO Notifies SMD AA, Note: S_pe(.ad qf
Determination PDCO NASA Administrator, execution is directly
Noﬁéiﬁﬁm | proportional to time
NASA Administrator remaining to impact

Very Close informs Executive Office
Approach to of the President (EOP), Module 2
Eain? OSTP
yes 1 FEMA notifies
Potential Impact When EOP ) -7 Federal, state, and
>1% acknowledges, NASA If impact in local emergency
Interagency Relations | "> US territory response orgs -
Office disseminates r‘l-"SA
If Yes to either, then - notification to Federal —s If impact releases
nofification process = Potential Agencies outside U.S. Department of public
initiated Impact l State notifies statement
affected nation/
NASA Legislative Affairs nations
No Office notifies U.S.
n Congress

Between Earth and Moon 1

d Visibl

yes

Source: NASA Policy Directive 8740.1 Notification and Communications
PD TTX4 —Module 2 Regarding Potential Near-Earth Object Threats
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. s p PLANETARY DEFENSE ﬁ
Potential Impact Notification Process Module 2wy | =)

PDCO Notifies SMD AA, FEMA notifies
NASA Administrator, State EQOC

federal, state, and

local emergency - [Manager notifies
NASAAdmInistrator local emergency
informs Executive Office b Pon,‘:‘,e managers
of the President (EOP), organizations
OSTP
When EOP
acknowledges, NASA

Interagency Relations Governor of

Office disseminates X
notification to Federal North Carolina

Agencies

PD TTX4 —Module 2
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INJECT 2.2: The Probability of Impact Has et st ()
Risen to 100‘%) TABLETOP EXERCISE 4

The PDCO issues an updated notification per
NASA Policy Directive 8740.1.

June 15, 2022

From; NASA Planetary Defense Coordination Office

Title: Notification of Asterold Impact ~ Update #2 H ow sh ou Id you r ag en Cy respon d to th ] S
Impa e 16 g 02,161 UTE (1422600 updated notification?

Impact Risk Corridor: North Carolina

Agproximate Size: 130-1100 ft (40-340 m)

Expected Level of Damage if Impact Occurs: Local to Regional
Impact Prevention Feasible: No

Is it different from module 1?
* Additional observation has now confirmed there is a 100% prebability that asteroid 2022 TTX
will impact Earth on 16 August 2022 at approximately 18:02 UTC (14:02 EDT).

s The impact risk corridor, which Is the region of Earth where it is possible that 2022 TTX could

Are there additional stakeholders that
need to be included in the conversation?

e
es). At the large

xtending tens to 100+ k.

How should the public be notified with the
were also extracted from archival sky images to reduce uncertainty i the asteroid's trajectory. new i nfo m ation ')

Additional ebservations will further reduce the uncertainty in the asteroid's trajectory and
impact location. The asterald will be continually abservable by telescopes leading up to the
potential impact date, except during the full moon.

+  The asteroid 2022 TTX has been tracked since initial discovery on 11 February 2022. Detections

PDTTX4 —Module 2
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PLANETARY DEFENSE ﬁ
INTERAGENCY
INJECT 2.3: There is a 100% Chance of Impact ™" "
into North Carolina, but the Exact Area at Risk
Remains Unknown

Regional, local, and public safety decision-makers have been advised that they
now have only two months to prepare.

PDTTX4 —Module 2

- PLANETARY DEFENSE \\\J )
. INTERAGENCY

?’" TABLETUP EXERCISE 4

Asteroid Impact Risk: Module 2

JOHNS HOPKINS
APPLIED PHYSIGS LABORATORY

PD TTX4 — After Action Report, Appendix C




PD TTX4 — After Action Report, Appendix C

Slide 19

Asteroid Impact Threat Assessment runEe ot (S )

INTERAGENCY
Probabilistic Asteroid Impact Risk Impact Threat Scenario TABLETOP EXERCISE 4

(PAIR) Model Asteroid Property Distributions Risk model uses fast-

= running physics-based
models to assess
millions of impact cases
representing the range
of possible asteroid
properties and impact
locations

" Asteroid Properties
& Entry Parameters

Entry & Breaku 4 -
rmoue“ng P y oo g e Atmospheric entry,
breakup, and resulting
hazards (blast, thermal,
Probabilistic Damage and Risk tsunami) are modeled
R gm{ ; for each case
i 4 . Probabilities of the
resulting damage sizes,
severities, and affected
populations are
computed

§

Regions at-risk are
mapped

PD TTX4 —Module 2
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Asteroid Hazard Summary PLAVETARY DEFS

TABLETOP EXERCISE 4

+ Asteroid sizes and properties remain highly Asteroid Size Ranges
uncertain, resulting in a large range of Diameter Energy

possible damage Range* 40-340m (130-1100ft) | 1—1200 Mt

* Primary hazard: Large airburst or ground Most likelyrange |55-150m (180-500ft) |2-96 Mt
impact causing destructive blast waves and Median 110 m (360 ft) 42 Mt
DOSSib|y thermal burns or fires *Upper sizerange is large but less likely; smaller size ranges are more likely

- Significant blast damage is almost certain to
occur, ranging from shattered windows to
potentially unsurvivable levels Damage Potential BlastEffects | Chance of | Damage Radius
Thermal damage may also occur in ~45% of Level Occurring | Range (miles)
(larger) cases, but it tends to be smaller, less Serious Shattered windows, >99% 0-100 (avg. 50)
severe, and less likely than the blast some structure damage
Blast regions are the larger, more severe areas Severe Widespread structure | ~95% 0-50 (avg. 26)
to guide response planning damage

. Critical Most residential ~85% 0-30 (avg. 14)
« Blastareas could extend out ~100 mi structures collapse ’

in radius (most likely range 15—-70 mi, able | Complete devastation | ~60% 0-13 (avg. 5)
average ~50 mi radius)

Potential Blast Damage Severities and Sizes

PDTTX4 —Module 2
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PLANETARY DEFENSE | <

Potential Risk Swath INTERAGENCY

TABLETOP EXERCISE 4

Risk swath shows range of regions potentially at risk,

given range of possible damage sizes and locations

« Black outline shows current range of potential airburst /
impact points (damage-center locations)
Shaded areas show how far the larger damage estimates
could extend out from around all those points

Colors show the highest damage severity level that could
occur from those larger damage sizes

Regions potentially at risk, given
range of damage sizes & locations

=gion : | Extent of risk region:

+ Centered around NC, with damage potentially extending
across many counties and into neighboring states

« 360 x 280 mi (580 x 460 km) across at widest extents

Google Earth A
5 N Damage Level |Description

Data 810, NOAA, U.S, Nawy, NGA, GEBGO; L7 " ¥ s . P
Image Landsat / Copemicus u 200 mi | Serious Shattered windows, some minor structure damage
) X X i Severe Widespread structure damage, doors blown out
D_amage risk swath: Sh?ded swath areas bound potelntlal at-riskregions e Most residential structures collapss
given range of damage sizes and airburst/impact locations (black border). -
Complete devastation

PDTTX4 —Module 2
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PLANETARY DEFENSE [ j

Potential Risk Swath INTERAGENCY 2

TABLETOP EXERCISE 4

Regions potentially at risk, given
range of damage sizes & locations o Risk swath shows range of regions potentially at risk,

given range of possible damage sizes and locations
Black outline shows current range of potential airburst /
impact points (damage-center locations)
Shaded areas show how far the larger damage estimates
could extend out from around all those points
Colors show the highest damage severity level that could
occur from those larger damage sizes

Google Earth ; A

N Damage Level |Description

Data 8]0, NOAA, U S, Navy, NGA, GEBGO: &7~ ¥ " ry ™

Image Landsat | Copericus Vi 200 mi | Serious Shattered windows, some minor structure damage

. ek — b irass Bound coini " Severe Widespread structure damage, doors blown out
amage risk swath: Shaded swath areas bound potential at-risk regions given range Critical Nost residential structures collapse

of damage sizes and airburstimpact locations (black border). Dots show a sample of

the potential airburstimpact points where the damage could be centered. Complete devastation

PDTTX4 —Module 2
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= = = PLANETARY DEFENSE | <
Potential Risk Swath & Damage Sizes INTERAGENCY )
. . TABLETOP EXERCISE 4
‘Regions potentially at risk, givenrange of ) ) i
damage sizes & locations ; Wide range of damage sizes and severities could occur,
. depending on asteroid size and impact factors
+ Rings show examples of potential damage footprint
sizes and locations
Each damage size range could occur around any of the
potential airburst/impact points within black outline

Damage radiusranges:

+ Serious: ~50 mi average (range 0-100 mi)
N Severe: ~26 mi average (range 0-50 mi)
Smaller Critical: ~14 mi average (range 0-30 mi)

: AP R1Zes Unsurvivable: ~5 mi average (range 0—13 mi)

Google Earth o i A

Data SI0, NOAA, U S, Navy, NGA, GEBGO: £~ ¥ N
Image Landsat / Copemicus e 200 mi

Damage Level |Description
Serious Shattered windows, some minor structure damage

Severe Widespread structure damage, doors blown out
Damage risk swath: Shaded swath areas bound potential at-risk regions =]

given range of damage sizes and airburst/impact locations (black border).
Rings show range of damage footprint sizes at a sample locations.

Most residential structures collapse
Complete devastation

PDTTX4 —Module 2
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Impact Risk Summary: Module 2 PLANETARY DEFENSE ﬁ

INTERAGENCY
Regions potentially at risk,

TABLETOP EXERCISE 4
Asteroid Characterization Summary b Dt Risk Region Swath
Assessment date: 15 June 2022 (T-2 hs) ! Range of regions polentially at
Impact date: 16 August 2022, impact time ~14:02 EDT . risk to ground damage, given
Earth impact probability: 100% range of potential damage sizes
Properties: Small reduction in upper size ranges from NEOWISE and impact focations
non-detection. Type and physical properties remain unknown. Rings show an average and
Diameter: 40-340 m (130—1100 ft), most likely range 55-150 m i AR . large damage footprint size at

(180500 ft), median size 110m (360 ft) ecterint gg;gg,u; sample locations
(-

Energy: 1-1200 megatons (Mt), most likely range 2—96 Mt, cal

median 42 Mt s I Unsurvivable
Impact Hazard Summary

100% g G Population Risk
« Significantdamage to populated areas around North Carolinais 10% -
very likely Probabilities of how
1% 10.5% many people could be

i affected by the
Very litti
0.1% sc:;':cle :f o potential damage
|affected pop.

Primary hazard: Airburst causing blast damage, ranging from
shattered windows and structural damage to potentially
unsurvivable levels

Damage radii: 0-100 mi, most likely range 15-70 mi,
average size ~50 mi 0.001% |
Affected population: Thousandsto millions, 650k average risk.

98% chance of affecting >10k, 85% >100k, 25% >1M, 1% >2M 0.0001%

Probability (%)

0.01%

1 10 100 1k 10k 100k 1M
Affected Population

PDTTX4 —Module 2
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PLANETARY DEFENSE :‘_ 4
INTERAGENCY = §)

TABLETOP EXERCISE 4

Module 2 Impact Risk Backup

PD TTX4 —Module 2
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Local Ground Damage Severity Levels PLANEIRYDEBSE ()

TABLETOP EXERCISE 4

« Blastand thermal damage are assessed independently at four severity levels
- For each damage level, the larger of the associated blast or thermal damage is used
to determine the area and affected population for that level
- Damage regions indicate either blast or thermal effects could exceed the given
severity, not the occurrence of both effects within the entire region

+ Blast is the predominant hazard for this scenario, and tends to be larger and more

severe than the potential thermal damage in most cases

Damage Level Potential Blast Damage Effects Potential ThermalDamage
Effects

Serious Shatteredwindows, some 2nd degree burns
structural damage

Severe Widespread structural damage, 3rd degree burns
doors and windows blown out

Critical Most residential structures collapse | Clothing ignition

Complete devastation Structure ignition, incineration

PDTTX4 —Module 2
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Asteroid Size & Properties WY

. TABLETOP EXERCISE 4
L i . Asteroid Size Ranges
Asteroid sizes and properties remain

highly uncertain

Diameter Energy
Range 140-340m (130-1100ft) | 1-1200 Mt

+ Small reduction in upper size ranges from Mostlikelyrange |55-150m (180-500ft) | 2-96 Mt
NEOWISE non-detection, but primary size Median 110 m (360 ft) 42 Mt

probabilities remain similar

Upper size range is large but relatively unlikely Asteroid Diameter Probabilities

Smaller size ranges are more likely

Type and properties are unknown, ranging from
more common stony types and rubble piles to
rarer high-density iron types

w
2
2

Smaller sizes
more likely

S
3
3

Upper size
range is
large but

Size and density uncertainties result in very large
ranges of potential mass and impact energy

Probability

Large range of possible asteroid size “ ’ [ unlikely

=

100 150 200 250 300
Diameter (m)

and energy result in large range of
possible damage

PDTTX4 —Module 2
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ABLETOP R 4
Asteroid es and properties rema q PO al BlastDa ge Seve es and 8
erta e g a large range ot po Ol€ Damage Level | Potential Blast Effects Chance of | Damage Radius
damage eS andad seve < Occurring | Range (miles)
» 3 azard arage airb or aro d Serious Shattered windows, >99% 0-100 (avg. 50)
some structure damage
Pd < g de € Dbld aves and Severe Widespread structure 96% 0-47 (avg. 26)
PO D e al heat damage damage
q qe . Critical Most residential 86% 0-28 (avg. 14)
ant biast dama aimo . O structures collapse
O anging 1ro atiered do O Complete devastation 61% 0-13 (avg. 5)
potentia aple leve
ermal damage may also o but tends to Fotentia ermal Damage Seve 25 anau c
be |e e alle and le avere a e Damage Level Potential Thermal Chance of | Damage Radius
Effects Occurring | Range (miles)
pla daamage
Serious 2" degree burns 44% 0-22 (avg. 5)
O er bla gamage area puld e end o
N0 ad 0 = 0 Severe 3" degree burns 37% 0-17 (avg. 4)
averaqge 0 ad Critical Clothing ignition 28% 0-12 (avg. 2)
Structure ignition 24% 0-10 (avg. ~1)
PD d

PD TTX4 — After Action Report, Appendix C C-104



PD TTX4 — After Action Report, Appendix C

Slide 29

Damage Sizes with Location Ranges e et (5]

TABLETOP EXERCISE 4

Median Damage Size (50""%) ..... . Large Damage Size (95"%) -
Spread acrossrange of locations . Spreadacross range of locations * Rings show sample
i ‘ : o e \ g mai T footprint sizes at a single
| location (Greensboro)

Black border shows
range of potential
airburst/impact locations
(damage center points)

Shaded regions show
spread of the damage
sizes over range of

: locations
3 200 k. B N

Damage Level i Damage Level Description

Serious Window breakage, some minor structure damage
Severe ) Widespread structure damage, doors/windows blown out
Critical Most residential structures collapse

- 3 Complete devastation

PD TTX4 —Module 2
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PLANETARY DEFENSE
INTERAGENCY
TABLETOP EXERCISE 4
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JOHNS HOPKINS

J NORTH CAROLINA
APPLIED PHYSICS LABORATORY
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INJECT 2.3: There Is a 100% Chance of Impact [meas (<, ]
into North Carolina, but the Exact Area at Risk ™™
Remains Unknown

Local and public safety decision-makers have been advised that they
now have only two months to prepare.

» When and how does a unified command and/or multi-area coordination center
begin to form?
» What are plans for ensuring continuity of government?

* What critical infrastructure in the area requires the most notice for
shutdown/evacuation?

PDTTX4 —Module 2
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INJECT 2.3: There Is a 100% Chance of Impact ey )
into North Carolina, but the Exact Area at Risk  MeH0P e
Remains Unknown

» What operations can be limited to ensure minimal extra population is in
North Carolina at the time of impact?

* What is the coordination with the Business Emergency Operations Center
(BEOC) to ensure that business and industry maintain feasibility and
reliability? How would reducing activities impact the business community
as well as nearby businesses that receive resources via I-85 and [-957?

PDTTX4 —Module 2
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INJECT 2.3: There Is a 100% Chance of Impact [meas (<, ]
into North Carolina, but the Exact Area at Risk ™™
Remains Unknown

* What are the roles of federal agencies/decision-makers in this scenario?
+ What are the roles of state agencies?
* What information is required by each?

* How are actions and decisions by federal agencies coordinated with
state-level EM teams?

PD TTX4 —Module 2
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PLANETARY DEFENSE | - o]
INTERAGENCY -
INJ ECT 2-4 TABLETOP EXERCISE 4

There might be a possibility to disrupt the asteroid with a
suborbital explosion.

An intercontinental ballistic missile (ICBM) equipped with
a nuclear explosive device might be able to intercept the
asteroid a few minutes before impact.

We would have to prep for a go/no-go decision now.

PDTTX4 —Module 2
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- PLANETARY DEFENSE
. INTERAGENCY

Law and Policy

Liability Overview as Relevant to Nuclear Explosive Devices
(NEDs)

Slide 36

itigation Measures
| via | tical and L I

Prime Rule for Liability of Launching States

= Article VIl OST: Each State Party...that launches or procures the launching of an object in
outer space is internationally liable for damage fo another State Party to the Treaty...

Article Il, lll, The Liability Convention: Two different liability regimes apply to payment of
compensation:
- Absolute liability: damage caused by a space object on the surface of Earth (or to aircraft
in flight)
- At-fault liability: damage caused by a space object elsewhere than on Earth’s surface
Invocation of State Responsibility Exculpatory Clause: Necessity

Elements
of a Claim

+ Note continued duty of restitution/compensation owed for damage

* May be further mitigated by authority of the UN Security Council

Liability depends on the unique factual
circumstances and legal interpretation governing
the planetary defense mission.

PDTTX4 —Module 2

PLANETARY DEFENSE
INTERAGENCY
TABLETOP EXERCISE 4

Qualification as
a “Launching
State”

9

Damage

4

Causality or
Causal Chain

Fault of the
Actor

PD TTX4 — After Action Report, Appendix C
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Mitigating Liability Risk PLANEDRY DEFSE (<7 )

INTERAGENCY
TABLETOP EXERCISE 4

Advance Following Potential Measures:

1. Support the establishment of an international decision-making framework Questions to Consider:

- Carve out, from existing principles and customary law, standards to govern + What if States decide to unilaterally and
the specific context of near-Earth object (NEQ) threat response actions independently deployan NED?

Develop customary and possibly treaty law to address voids, uncertainty, or Should we amend treaties to:

absence of relevantinternational rules o [BEiccicn aciaain

- Maintain level of global transparency and trust «  Deploy nuclear option in an emergency

2. Establish a multilateral agreement (before a NEO impact discovery) or test mission?

Sanctioned by the UN Security Council or via resolution (Chapter VI, UN How should we ensure that countries will not

Charter) identifying thresholds/parameters to authorize a NED response exploit nuclear option exceptions for NEOs
e ; - as a pretext for military purposes?
Obtain international acceptance of specific planetary defense measures

Should we require that use of NEDs be

Incorporate ad hoc or cross waivers of liability sanctioned by the UN Security Council?

3. National Options to Explore What rules should govern storage/acquisition

Set thresholds for a 6-month or 12-month mitigation plan of_nuclea; material meant for disruption
missions?
- Close technology and knowledge gaps

Determine confidence metrics for decision-makers

PDTTX4 —Module 2
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 PLANETARY DEFENSE
. INTERAGENCY

Close Proximity Nuclear Disruption with
Ballistic Missile Systems
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PLANETARY DEFENSE

Ballistic Missile Nuclear Intercept Concept s

+armi Frran

o o

Predicted
Impact
Location

1. Radar/observations refine the orbit of the 2. Ballistic missile trajectory and guidance 3. Ballistic missile is launched and the

impactor to high precision. modified to an intercepting trajectory. payload is detonated nearimpactor.

 — . :
- t‘— —
L W —
N~ T

4. The nuclear explosive irradiates the surface of 5. The shock shatters the impactor and 6. The dispersed fragments enterthe

the impactor, which explodes and drives a strong disperses the fragments, separating them atmosphere separately, distributing them into

shock. spatially. many separated bolides, possibly reducing
damage.

PD TTX4 —Module 2
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PLANETARY DEFENSE

Effectiveness and Feasibility ATERAGENCY
TABLETOP EXERCISE 4
Effectiveness will be closely related to how Marginal Di i Robust Disruption
well-dispersed the fragments are

Dispersal depends on both the strength of
the disruption and how much time before
atmospheric entry the fragments are
allowed to disperse

Disruption effectiveness is closely related to

delivered yield (device yield, target size, and
proximity of burst)

Preliminary analysis (Hupp et al. 2015)
suggestsa notional system like a
Minuteman Ill could provide intercept
trajectories on the order of minutes before
impact

Further APL analysis suggestive that off-the-
shelf guidance accuracy is an important
limiting factor for this concept

£

From Hupp et al. 2015

PDTTX4 —Module 2
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Secondary Consequences and Hazards PN DR (S )

High-altitude nuclear events (HANEs) are known to
produce several hazardous effects

These effects would be concurrent with any impact
consequences and could make a bad situation
worse

These effects may impact both U.S. and foreign
assets

Exact estimates would require detailed analysis but
would use established tools (DOD and DOE)

Persistent effects could potentially affectspace
operations for an extended period of time (from
weeks to even years)

Some of these effects might be able to be mitigated
(e.g. circumvent & recovery procedures)

These effects are all yield- and altitude-dependent

PDTTX4 —Module 2
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Summary

+ EMP effects are generated at

TABLETOP EXERCISE 4
Persistent Radiation
Belts

+ Radiation levels will be elevated for
asignificant | h of time

EMP

high altitude and could cause
widespread effect on the grolnd

= EMP effects are also felt by

space assets lifetimes/space

Intensity is highly device- LU

dependent and aititude-

dependent « RF comms/radar may face

degraded or altered conditions

%

Component Da

» Suddenly occurrin

generatedEMP (SGEMR)

» Damage of electranic compenents

(bit flip to burnout)— Dose/Dose Rate

PLANETARY DEFENSE :‘:7'- ‘
INTERAGENCY =)

TABLETOP EXERCISE 4

Disrupting the asteroid before atmospheric entry may significantly reduce the
direct consequences of impact. However, this is only possible with a nuclear
explosive, and the mitigation effectiveness needs to be studied in more detail.

“Off-the-shelf’ feasibility of using a representative class of suborbital ballistic
missiles (similar to Minuteman Ill) has been explored, and not ruled out, but

significant uncertainties do remain.

The HANE would produce significant effects that could disrupt space operations
and potentially cause adverse ground effects.

All of these results are preliminary and need to be confirmed by more intensive
analysis.

PDTTX4 —Module 2
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INJECT 2.4: There Might Be a Possibility to PLNEIRS DEBSE ()
Disrupt the Asteroid with a Suborbital TABLETOP EXERCISE 4
Explosion

* What U.S. government agencies/departments would have a role in
pursuing a course of action or in making a recommendation to the
president regarding the decision to proceed?

« What factors, to include liability concerns, would need to be considered in
the decision to pursue a close-proximity disruption mission?

» What would you consider to be the most critical gaps impacting the
decision to launch a close-proximity disruption mission?

PDTTX4 —Module 2
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PLANETARY DEFENSE _.‘:'-- !
INTERAGENCY -/
TABLETOP EXERCISE 4

UNCLASSIFIED

Planetary Defense Interagency Tabletop Exercise IV - Module 2 Early

Preparedness

JOHNS HOPKINS

APPLIED PHYSICS LABORATORY
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PLANETARY DEFENSE
INTERAGENCY
TABLETOP EXERCISE 4
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]OHNSPKINS C@G L

APPLIED PHYSICS LABORATORY

LAY B/,

C.6 Module 3

Slide 1

PLANETARY DEFENSE [ ]
INTERAGENCY =

TABLETOP EXERCISE 4

Module 3
Final Preparedness & Readiness

10 August 2022
(Six Days Prior to Impact)

Johns Hopkins Appliec ysics Lab

PD TTX4 - Module 3
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PLANETARY DEFENSE [ .
INTERAGENCY -

Module 3 Road map TABLETOP EXERCISE 4

In this module, we will:

* Provide more detailed information on the asteroid, its impact location,
and potential damage

- Discussions will focus on final preparations, how to respond at the local level, and
what federal actions are required

PD TTX4 - Module 3

)

ﬁ“ﬁ i W .‘ Ji : ] ;
PLANETARY DEFENSE \\\J '
|, INTERAGENCY ,

| TABLETOP EXERCISE 4

Module 3
Six Days to Impact

10 August 2022:
2022 TTX Detected by Radar; Potential Severity Downgraded

JOHNS HOPKINS
APPLIED PHYSIGS LABORATORY
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Scenario Update: Module 3 e s (350)

TABLETOP EXERCISE 4

Goldstone has been attempting to detect 2022 TTX for the last week but was unsuccessful
until today, Aug. 10; now there are only 6 days until impact

If the asteroid was at the large end of its size range, it would have been detected before now

The radar measurements indicate that 2022 TTX is about 70 m (230 ft), toward the small end
of the previous size range

There is still some uncertainty in size: the most likely range is 60-80 m (200-260 ft)

The radar data also contribute to another dramatic improvement in orbit accuracy, adding to
the growing set of tracking data accumulated over the last two months; the expected impact
location is now known to an accuracy of about 20 km

Although the asteroid size is now much better constrained, large uncertainties still remain in
other physical parameters, such as density

PD TTX4 - Module 3

Slide 5

Module 3: Predicted Impact Region e (B

TABLETOP EXERCISE 4

g vl Shows the region in which
et 2022 TTX will impact,
P projected to the surface, not
at the altitude of airburst

Impact date/time:
16 August 2022
2:02:10 pm EDT

Asteroid velocity:
15.54 km/s (34,700 mph)

Approach elevation:
64 deg (26 deg from vertical)

T silerGity

Approach direction:
37 deg (from NNE)

PD TTX4 - Module 3
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Sample Radar Images of 2022 TTX ek 50

TABLETOP EXERCISE 4

i
‘l

. 1 " ke 'a . 'x, . * Now that 2022 TTX is
8 ! S , w ’ .
{ﬂuﬂ‘ il Vi il o e i . within range of Goldstone,

range/Doppler images can
be taken that reveal the
asteroid’s size, shape, and
surface roughness

Images are taken
repeatedly, as the asteroid
rotates, providing different
views of the asteroid’s
profile

(Actual images of 2013 ET)
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Asteroid Impact Risk: Module 3
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Asteroid Size & Properties

+ Radar measurements from Goldstone estimate size
to be ~70 m (230 ft) £ uncertainty

- Potentially 50-90 m (170-290 ft),

- Most likely 60—-80 m (200-260 ft)

- Type and physical properties remain unknown
« Effects on damage ranges:

- More accurate size range reduces potential
damage sizes significantly

However, substantial uncertainty in damage
sizes remains due to unknown properties

Energy range still an order of magnitude due to
unknown density

Structure and strength leave large uncertainties
in potential breakup and resulting airburst altitude

PD TTX4 - Module 3
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Asteroid Size Ranges

Diameter

Range 50-90 m (170-290 ft)
Most likely range |60-80 m (200-260 ft)
Median 70 m (230 ft)

Asteroid Diameter Probabilities

Probability

Diameter (m

PD TTX4 — After Action Report, Appendix C

C-117



PD TTX4 — After Action Report, Appendix C

Slide 10

» -»
‘ - LA LA RA
ABLETOP R i
Regio PO a 7 R a 0 ge of reglo pote a a
give lgjstiedrie ekl ding range of damage es and locatio
G OCa O
Bla 0 e 0 ange of pote airb pa
ols damage-center locatio
20 d
aded area ow potential a egio
0 given range of damage es and locatio
Ring OwW an average ed damage footp
i at a sample locatio
Average da 0
ootp D age rad c
erio 0 average (range 10-40
evere: 10 average (range 0—20
a average ge 0-10
able: 0 average (range
oogle Ea Damage Level Description
g L Serious Window breakage, some minor structure damage
Damag aded swath areas bound potential a Severe Widespread structure damage, doors/windows blown out
egio en range of damage e d airb p Critical Most residential structures collapse
ocatio black border). Ring OW an average-sizéd damage Complete devastation
00 a pie 10 0
PD
Slide 11
DL ANETARY [
: DOd OT Damage BVE : 'y
ABLETOP R 4
Reqlo DO d oF
erio and severe damage levels are ve e 00 ove
give ange of damage
& locatio pote d darge area
gner da daje |eve dare po pie D e e
8 age.a ag al leve 45% ance of 0 q
potp
0 d e rad De ae
95% e rad be der 10
g able leve % e of O g
ae e ad

Damage Level | Potential Blast Effects Chance of | Damage Radius
QOccurring | Range (miles)
Serious Shattered windows, some | ~100% 10-40 (avg. 20)
structure damage
Severe Widespread structure ~90% 0-20 (avg. 10)
oogle’ta damage
- Critical Mast residential ~45% 0-10 (avg. 3)

D g a ed eas bo pote structures collapse
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Airburst Blast Simulation PLANETA s |

TABLETOP EXERCISE 4
Blast wave contours
colored by Mach Number
(fraction of speed of sound) Simulation of nominal

— radar size case:
Mach "
Number

70 m (230 ft) diameter

11.3 Mt energy

Typical stony-type
asteroid properties
assumed

Entry velocity 15.5 km/s
(~35k mph)

Entry angle 65°

Effective airburst altitude
~12.5 km (~8 mi)

Cart3D Computational Fluid Dynamics Simulation. Credit: Michael Aftosmis, ATAP, NASA Ames

PD TTX4 - Module 3
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PLANETARY DEFENSE

Airburst Blast Simulation Movie INTERAGENCY

TABLETOP EXERCISE 4

Blast Process:

« Entry: Shockwaves
emanate from the entry
path as the asteroid enters
at high speeds

Airburst: Asteroid
disrupts catastrophically

under high aerodynamic
pressures, producing an
explosion-like blast

Ground damage:

Shock front reflects off the
ground and sends a
powerful overpressure
wave outward across the
ground. Damage is
caused by the pressure
wave (not windspeed)

Cart3D Computational Fluid Dynamics Simulation. Credit: Michael Aftosmis, ATAP, NASA Ames

PD TTX4 - Module 3
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Impact Risk Summary: Module 3 LR 03t ()

TABLETOP EXERCISE 4

Asteroid Characterization Summary
Assessment date: 10 August 2022 (T-6 days) R e PSS Risk Region Swath
Impact date: 16 August 2022, impact time ~14:02 EDT : 2 e . 5 Range of regions potentially at risk to
Refined asteroid size estimates from Goldstone Radar measurements. 53 Aot T g;‘::;ged:i?:fg;1gi‘i’r§';£2?%ec:;gfée””a‘
QOther properties still unknown, leaving uncertainty in mass, energy, and :
entry/airburst factors
Diameter: 70 m (230 ft) radar size estimate, potentially 5090 m
(170-290 ft), most likely range 60-80 m (200-260 ft)
Energy: 3-30 Mt (megatons), most likely range 614 Mt, i
median 11 Mt e el : ElUnsurvivable

Rings show an average damage
footprint size at a sample location

Black border shows range of potential
airburst locations

Impact Hazard Summary Population Risk

. . . High chance of affecting
High chance of damage affecting hundreds of thousands of people 100s-of-thousands of people . Probabilities of how

in Forsyth and potentially surrounding NC counties

X X ) . many people could be
Primary hazard: Airburst causing blast damage, ranging from affected by the potential
shattered windows and structural damage to potentially damage
unsurvivable levels
Damage region radii: 10—40 mi, most likely range 15-25 mi,
median size ~20 mi
Affected population: tens to hundreds of thousands, 190k avg risk,
80% chance of >100k people, 40% >200k, 15% >300k, 5% >400k

ity

Probabil

2 3 4 5 7
Affected Population (100K) 10°

PD TTX4 - Module 3
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Module 3 Impact Risk Backup

PD TTX4 - Module 3
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Damage Level |Description

Serious Window breakage, some minor structure damage
Severe Widespread structure damage, doors/windows blown out
Critical Most residential structures collapse

Complete devastation

PLANETARY DEFENSE
INTERAGENCY
TABLETOP EXERCISE 4

« + Serious and severe damage
levels very likely, higher
damage levels possible but
less likely

Critical levels are possible but
much less likely (45% chance
of occurring, 75% chance
radius will be under 5 mi, 95%
chance <10 mi)

Unsurvivable levels very
unlikely (5% chance of
occurring in small areas under
1-2 mi in radius)

Damage Level Description

Serious

Window breakage, some minor structure damage

Severe

Widespread structure damage, doors/windows blown out

Critical

Most residential structures collapse

PD TTX4 - Module 3

Complete devastation

*Percentiles give the
chance that the
damage region could
be up to the given
size or smaller

PD TTX4 — After Action Report, Appendix C
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Blast Simulation Ground Footprint e (35))

TABLETOP EXERCISE 4

Max Blast Overpressures Max Ground Wind Speeds Ground footprints from

Overpressura (%) simulation of nominal
radar size case:

@
S

Peak Overpressure is
23.4% (3.44 psi)
(Severe 2-4 psi level)
Max wind speed is
29.4 m/s (65.7 mph)

@
S

=
>

Serious™ (\
\

{' Severei
\ ) Serious (>1 psi)

S
\ >/ 7
J region: ~18-37 mi

.
) e
o _ A w radius, ~2600 sq. mi.
enclosed area

»
>

o

™~
N
\
\
are |
|

Y-Distance (km)

Y-Distance (km)

Severe (>2 psi) region:
: L ~10-15 mi radius,
2 0 -20 -40 80 E - .
X-Distance (km) ~425 sq. mi. area

20 0 20 40 - . } .
X-Distance (km) Ygré ?nivira g:sz.s nﬁiso.

Cart3D Computational Fluid Dynamics Simulation. Credit: Michael Aftosmis, ATAP, NASA Ames

PD TTX4 - Module 3
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Inject 3.1: Six Days Out — Key Considerations  [mnsast [, ]

TABLETOP EXERCISE 4

« Are you able to interpret the visuals and data you have seen?
- With this information are you able to communicate complex information to both key decision
makers and the public?
+ |Is the information you received sufficient to make decisions related to evacuation
and public messaging?

« Given the unique nature of the threat, what gaps do you see in your current
resources?

* Which agencies could provide ongoing consultation to the state and locals? How
would that occur?

+ At this point in the timeline, do you understand:
- What types of casualties to expect?
- What the environmental impacts might be?

PD TTX4 - Module 3
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PLANETARY DEFENSE

Inject 3.2: Social Media & Misinformation  mme =

PD TTX4 - Module 3
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Inject 3.2: Social Media & Misinformation ™ ()

TABLETOP EXERCISE 4

+ At this point in the scenario, who is the most trusted person/entity to provide
information and update the public?

Do state and local agencies have enough information to field questions?

- What additional expertise is needed?

How do you ensure continuity of messaging?

What ongoing information is available to the general public and through what
means?

Are there concerns regarding foreign manipulation and the source of the
misinformation?

PD TTX4 - Module 3
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EXERCISE EXERCISE “EXERCISE
Module 3 — Burst Center Region "\,’;{%‘f' I

Inject 3.3 gl

There are a number of
critical infrastructures in
the potential risk swath
including major
highways, power
substations, and
communications towers.

Water Tank
Power Substation

@  Communications Towers
NCDOT Bridge

Module 3 - Burst Center Region

Interstate / Highway

Streets

Municipality
| High Point
Kernersville
{ Rural Hall
| . Walkertown
/- .,.?, {,_ ‘ Winston-Salem
CISE#{EXERCISE EXERCISE [ county souncary

Slide 23

PLANETARY DEFENSE | < )
INTERAGENCY )

Inject 3.3: Impacts to Infrastructure TABLETDP EXERISE

Based on the key infrastructure in the impacted area, what state and
federal resources are being moved to the designated staging areas?

What are your immediate concerns regarding continuity of government,
emergency communications, security, and evacuation planning?

What federal assistance do state and local organizations need?

Are there executive actions that must be made to activate resources?

PD TTX4 - Module 3
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Inject 3.4 il Py

FAST FORWARD: TABLETOP EXERCISE 4

PD TTX4 Team Meeting #4

Slide 25

Inject 3.4: 24 Hours to Impact e (15p)

TABLETOP EXERCISE 4

With 24 hours remaining:

- What are the top three pricrities for the next 24 hours?

- Approximately 20% of residents have refused to (or cannot) evacuate. How does this
influence your next steps?

- What security needs are you anticipating given the level of interest from media and
the general population? What supplemental security resources do you have access
to? What federal resources are available in the field?

PD TTX4 Team Meeting #4

PD TTX4 — After Action Report, Appendix C C-125
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Participant Feedback for Module 3 et ot ()

TABLETOP EXERCISE 4

UNCLASSIFIED

Planetary Defense Interagency Tabletop Exercise IV - Module 3 Final
Preparedness and Readiness Wrap

@

JOHNS HOPKINS

APPLIED PHYSICS LABORATORY

Contributions identify the contributor

Module 3 Final Preparedness and Readiness Wrap

PD TTX4 Team Meeting #4

C.7  Module 4

Slide 1
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Module 4
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PD TTX4 - Module 4

Module 4 Overview e ()

TABLETOP EXERCISE 4

Immediate hours post impact, so our discussions
will focus on:

Acquiring situational awareness for informed decision-making

Understanding risks and hazards
Ensuring accurate public messaging

Coordinating safety and security

PD TTX4 - Module 4
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Incident Command System (lCS) TABLETOP EXERCISE 4

Incident Command (Local) —
Likely Fire Chief
Joint Information

Center (JIC) Unified Command (Local, State, Federal Representatives)

Local Agencies
FEMA Federal Fire Rescue, LE, NC Emergency Management (EM) State

Co?rdinating Security, Transportation, EMS, etc. Emergency Operations Center (EOC)
Officer (FCO)

FEMA Field

- . . - State
Offlce m m Mltlgatlon Departments
Federal

and Local
Emergency Liaisons
Support
Functions (ESFs)

PD TTX4 - Module 4
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INJECT 4.1: Understanding the Damage Hiene e [ ]

INTERAGENCY
TABLETOP EXERCISE 4

= Asteroid Airburst
+ Estimated at ~8 mi altitude,
~10 megaton energy
Max peak overpressure ~3.5 psi

Max ground wind speed ~66 mph

Yadkinille

Widespread structural damage,
windows and doors blown out, risk of

‘ vﬁ\ secondary fires
Vst ' Window breakage and some minor

siler €ty

R NEEL iy structure damage

PD TTX4 - Module 4

Goagle';Eé.rth
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10 Megatons of Energy e st (35,)

TABLETOP EXERCISE 4

1950s Nuclear Test

Doom Towns in Nevada
constructed to understand
nuclear blast-related

damage

@ FootageArchive - Videos From The Past

From: Nuclear Bomb Dropped on Village - 1950s Test
https://mww.youtube.com/watch?v=vMopb1eN2t4

PD TTX4 - Module 4
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PLANETARY DEFENSE

Drone Ima ges INTERAGENCY

TABLETOP EXERCISE 4
'rg

" Drones are capturing images of shattered windows,
collapsed buildings and bridges, and secondary
fires, and people are trapped and waving for help.

PD TTX4 - Module 4
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Reporting from the Public et ()

TABLETOP EXERCISE 4

The Emergency Communications Centers
(ECCs) are overwhelmed with calls from
people reporting collapsed buildings and
bridges, windows shattered, small fires, and
people trapped under rubble.

PD TTX4 - Module 4
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PLANETARY DEFENSE
Health and Safety Infrastructure = 5 —~ INTERAGENCY
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Y )LEN

o (Rueatl

AHan / * © 1
! :
e | -
S\ b / #  Fire Station
- ~ f y
i o] ool
{
*

Tobaccaville

#* EMS Base
@ Pharmacies
©  Hospitals
© Longterm Care Facility
&  Mental Health Facility
Interstate / Highway
Streats
Damage Level
1psi
2 psi
3psi
Municipalities

[ county Boundary

‘ifﬁéFForsyln -

PD TTX4 - Module 4
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The Belews Power plant, which is ~15 miles NE of Winston-Salem, has been PLANETARY DEFENSE ﬁ
affected by the airburst and has been shut down. This has caused a power outage NTERAGENCY :
to the Piedmont Triad, which includes the cities of Greensboro, Winston-Salem,
and High Point.

TABLETOP EXERCISE 4

This area, with a
normal estimated
population of ~1.6M,
is without power.

Slide 11

Inject 4.1 Questions e

TABLETOP EXERCISE 4

* What additional information is needed to help understand immediate
needs in the first 24 hours after an event like this?

» Given this is an event type that the public safety community has never
dealt with before, do you expect a different level of response and support
to be available for immediate assistance?

+ Would there be a fear of unknown risks, hazards, something from outer space has
hit this earth . . . what does it contain?)

» What are your security-related concerns at this time?

PD TTX4 - Module 4
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Inject 4.2 — Misinformation et ()

TABLETOP EXERCISE 4

Experts are being interviewed by the media
from around the world.

There is one local person, who is referring
to himself as a “National Expert T.X.
Asteroid,” who is posting misinformation on

social media and being interviewed by
national news organizations. T.X. Asteroid
is warning people that “the material from
the asteroid contained toxic materials
from outer space and that those
materials were spread throughout the
region by the air blast, and people
should expect to experience radiation
exposure-like symptoms.”

PD TTX4 - Module 4

Slide 13

Inject 4.2: Questions s (5]

TABLETOP EXERCISE 4

* How could we get ahead of this type of false reporting?

* Who is best voice of trust at this time?

PD TTX4 - Module 4
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Ongoing Local Response Discussions et ()

TABLETOP EXERCISE 4

—

PD TTX4 - Module 4
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Module 4 Wrap up Discussions — CAC et ()

TABLETOP EXERCISE 4

Participants at APL will return to discussions
that need to be continued from previous

modules as time allows

PD TTX4 - Module 4
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Back-Up Slides

PD TTX4 - Module 4
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25

Karnorsvilia

Lowisvita e T A al V_/_:“/‘*— T - Vl‘“—

/***/ﬂ

: ! Module 4
{ Maprorsyn i Critical Infrastructure Impacted

PD TTX4 - Module 4
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Tobaccouille

Lewisviie

Module 4
Education Infrastructure Impacted

PD TTX4 - Module 4
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Module 4 - Final Damage Footprint Module 4 - Final Damage Footprint
Infrastructure / Critical Facilities Damaged Infrastructure / Critical Facilities Damaged
3psi 2psi
Total Number in | Percent of Total Total Number in| Percent of Total
Count Impacted County Count Impacted County Impacted
0 1 1 1 100.00%

Animal Clinic 5 35 14.29% Animal Clinic 16 35
Bridge (NC DOT) 30 310 9.68% Bridge (NC DOT) 17 310
Bus Station 1 0.00% Bus Station 0 1
Child Day Care 169 13.61% Child Day Care 90 169
College/University Campus 10 20.00% College/University Campus 4 10
Communications Tower 9.30% Communications Tower 94 172
Electric Power Substation 11.36% Electric Power Substation 19 aa
Emergency Management Office 0.00% Emergency Management Office 0 1
EMS Base/Station 18.18% EMS Base/Station 5 1
Entertainment Facility (ie Stadium, Theater, Shopping etc) 5.56% Entertainment Facility (ie Stadium, Theater, Shopping etc) 10 18
Fire Station 17.39% Fire Station 26 46
Government Admin Buildings 11.76% Government Admin Buildings 5 17
Grocery Store/Food Retailer 11.90% Grocery Store/Food Retailer 39 8
High Hazard Dam a 8.00% High Hazard Dam 2 50
Hospital 0.00% Hospital 1 5
Long-term Care Facility 12.24% Long-term Care Facility 22 49
Mental Health Facility 10.59% Mental Health Facility 40 85
Pharmacies 14.77% Pharmacies 62 88
Private School 16.13% Private School 31
Public School 12.35% Public School 81
Retirement Community 12.50% Retirement Community 8
Water Tank 13.33% Water Tank 15
WSFCS Admin Facility 16.67% WSFCS Admin Facility 6

PD TTX4 - Module 4
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Module 4 - Final Damage Footprint PLANETARY DEFENSE | ¢ J
Infrastructure / Critical Facilities Damaged INTERAGENCY
1psi TABLETOP EXERCISE 4
Total Number in | Percent of Total
County d
1 100.00%
Animal Clinic 35 100.00%
Bridge (NCDOT) 310 100.00%
Bus Station 1 100.00%
Child Day Care 169 100.00%
College/University Campus 10 100.00%
Communications Tower 172 100.00%
Electric Power Substation 44 100.00%
Emergency Management Office 1 100.00%
EMS Base/Station 11 100.00%
Entertainment Facility (ie Stadium, Theater, Shopping etc) 18 100.00%
Fire Station 46 100.00%
Government Admin Buildings 17 100.00%
Grocery Store/Food Retailer 84 100.00%
High Hazard Dam 50 100.00%
Hospital 3 100.00%
Long-term Care Facility 49 100.00%
Mental Health Facility 85 100.00%
Pharmacies 88 100.00%
Private School 31 100.00%
Public School 81 100.00%
Retirement Community 8 100.00%
Water Tank 15 100.00%
WSFCS Admin Facility ] 100.00%

PD TTX4 - Module 4
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PLANETARY DEFENSE
Agenda INTERAGENCY
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» Back to the parking lot:
- Ifthere is time, we'l | Module | Description

revisit some key Quick briefing of the read-ahead materials
discussions from earlier 6 months before impact

modules where we had 2 months before impact

to cut things off 6 days before impact

Post-impact response and recovery

* Hot wash
» Path forward

PD TTX4 - Module 4

Slide 23

PLANETARY DEFENSE | <
Hot wash INTERAGENCY - /
TABLETOP EXERCISE 4
» Gather quick comments and impressions

* Two things to think about:
1. Our national preparedness
= Identify any policy, technology, or capability gaps
= Identify ways we could improve our communications across relevant agencies
2. Comments on this exercise
= Strengths and opportunities for improvement
= I|deas for the future
- And of course anything else!

* Remember, you can post comments and responses to comments in the chat, too

Your comments and discussions are the data we seek to help make our
TTX a success! Please keep those good thoughts flowing!

PD TTX4 - Module 4
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PLANETARY DEFENSE
Path forward PLATETARY D
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» The team will work on consolidating all their observations and participant comments to
produce a final After Action Report (AAR)

* AAR will contain:

1. Summary of this exercise, including module presentation materials, attendees, etc.

2. Gap analysis

= Any identified policy, capability, or technology gaps
= Recommendations on how to (and if we should) close them

3. Communications analysis

= Assessments on interagency communications and understanding of roles

Assessments on effectiveness of TTX briefings on relaying relevant, useful information to decision-
makers

Ideas on public information dissemination

Summary of the parallel exercise the NASA, FEMA, and APL Public Affairs team ran regarding
public messaging

4. Recommendations for future exercises
= Strengths, opportunities for improvement
= Ideas for topics that we did not cover here, or did not have adequate time to really focus on

PD TTX4 - Module 4
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THANKYOU for joining us!

PLANETARY DEFENSE \\\J
INTERAGENCY
TABLETOP EXERCISE 4

JOHNS HOPKINS

APPLIED PHYSICS LABORATORY
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