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Abstract
Modern civilization has no collective experience with possible wide-ranging effects from 
a medium-sized asteroid impactor. Currently, modeling efforts that predict initial effects 
from a meteor impact or airburst provide needed information for initial preparation and 
evacuation plans, but longer-term cascading hazards are not typically considered. However, 
more common natural disasters, such as volcanic eruptions, earthquakes, wildfires, dust 
storms, and hurricanes, are likely analogs that can provide the scope and scale of these 
potential effects. These events, especially the larger events with cascading effects, are key 
for understanding the scope and complexity of mitigation, relief, and recovery efforts for 
a medium-sized asteroid impact event. This paper reviews the initial and cascading effects 
of these natural hazards, describes the state of the art for modeling these hazards, and dis-
cusses the relevance of these hazards to expected long-term effects of an asteroid impact. 
Emergency managers, resource managers and planners, and research scientists involved in 
mitigation and recovery efforts would likely derive significant benefit from a framework 
linking multiple hazard models to provide a seamless sequence of related forecasts.
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1  Introduction

Modern civilization has no collective experience with possible wide-ranging effects from 
a medium-sized (300 m–1 km) asteroid impactor. The initial effects from an impact within 
this size range could result in a series of cascading hazards that extends far outside of the 
initially affected region and could continue to pose a threat to human activity for years.

This paper will review the hazards from an asteroid impact with particular focus on the 
long term, downwind, downstream, and cascading hazards. It will discuss analogs for these 
effects from other natural hazards with which we have more experience. Finally, it will dis-
cuss the potential differences between the analog and the asteroid impact effects, and gaps 
in the knowledge that will need to be filled in the future to develop better models for long-
term asteroid impact hazard forecasting.

1.1 � Motivation

While small meteor events are common, larger asteroid impact events luckily are not, with 
the probability of an impact event decreasing with increasing size (and the potential for 
devastating results). At the sub-meter size is comet debris that harmlessly burns up in the 
atmosphere, causing beautiful nighttime displays; meteor showers fall into this category. 
On the other end of the spectrum are large impactors (> 10 km) that result in extinction-
level events, such as the Chicxulub impact that is believed to be responsible for the extinc-
tion of non-avian dinosaurs, 66 million years ago (e.g., Schulte et  al. 2012). In between 
these endmembers, effects can range from shattered windows (e.g., the 2013 Chelyabinsk 
bolide event that caused a massive airburst) to regional devastation, with likely global 
effects on climate and air quality. Tunguska, the largest known impact in modern history 
was still relatively small, with damage largely restricted to a remote region of Siberia 
(Artemieva and Shuvalov 2016; Wheeler and Mathias 2019).

Considerable effort has been made to characterize effects from the impact of an aster-
oid. First-order effects are typically blast wave, thermal radiation, cratering, earthquakes, 
ejecta, and tsunamis (e.g., Hills and Goda 1993; Collins et al. 2005; Mathias et al. 2017; 
Stokes et al. 2017; Rumpf et al. 2017). These effects are nearly immediate and diminish 
with distance from the impact (or airburst) location.

Second-order effects may be triggered by the first-order effects, causing a cascade of 
hazards that may be time-delayed and propagate large distances from the initial damage 
zone. Figure 1 shows a diagram of these many interrelated causes and effects that result in 
cascading hazards. For small impactors, these delayed or displaced effects are likely to be 
negligible outside of the immediate impact area, i.e., the local area. For large impactors, 
these regional cascading effects may be overshadowed by global climate perturbations. 
Medium-sized impactors, however, can cause local devastation with secondary effects that 
ripple outward into regional communities over years, perhaps decades.

Simplistically, second-order effects can be thought of as either downwind, downstream, 
or occurring later. Asteroid impacts and airbursts spread debris from both the asteroid and 
from upthrown earth around an impact site. Airborne debris will blow downwind and land 
as fall deposits. Debris that accumulates in drainages may be washed downstream, aggrad-
ing river channels and inundating downstream areas as debris flows or sediment-laden 
floodwaters. While modern humanity has no frame of reference for cascading effects from 
a medium-sized asteroid impact, we are familiar with more common natural hazards, such 
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as volcanic ash, dust plumes, wildfires, debris flows and floods. Many of these more com-
mon natural hazards are part of the cascading effects that one may expect from a medium-
sized impactor. If we can connect these effects, mostly through models, we can start to 
answer some key questions, such as: What is the size range for a medium-sized impac-
tor where these effects become important? What are the effects that emergency managers 
should be planning to mitigate? What will be the timescale, cost, and level of effort for 
long-term recovery of the region? How large of a region is affected by second and third-
order cascading effects? Currently, we are only able to answer these questions in the broad-
est context, but more detailed answers specifically tied to impactor locations will need to 
be interlinked and coupled with hazard models as described throughout this paper.

Fig. 1   A graphical abstract that shows the interconnectedness of cascading hazards from an asteroid impact 
scenario. In general, the cascading hazards are displaced in space or time as one moves out from the center 
of the circle. Multiple feedback processes occur. Often the timing of the hazard is triggered by rain or 
snowmelt events. While not specifically noted in the diagram, poisoned wildlife or crop failure will impact 
human communities through reduced food security, tainted drinking water, and economic impact.
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1.2 � Background

In 2018, the White House released a National Near-Earth Object Preparedness Strat-
egy and Action Plan (NSTC, 2018; hereafter called the Action Plan). This plan provides 
a framework for both agency and interagency coordination efforts to plan and prepare 
for possible future asteroid impacts. In the Action Plan, five goals were established: (1) 
enhance near-earth objects (NEO) detection, tracking, and characterization capabilities; (2) 
improve NEO modeling, predictions, and information integration; (3) develop technologies 
for NEO deflection and disruption missions; (4) increase international cooperation on NEO 
preparation; and (5) strengthen and routinely exercise NEO impact emergency procedures 
and action protocols. Each goal contains several actions and a list of lead and supporting 
agencies.

In this paper, we focus on Goal 2. The specific action items listed to achieve Goal 2 are 
as follows: (2.2) Ascertain what information each participating organization requires on 
what timeframe, identify gaps, and develop recommendations for modeling improvements; 
(2.4) Establish a suite of computer simulation tools for assessing the local, regional, and 
global risks associated with an impact scenario; (2.6) Continually assess the adequacy and 
validity of modeling and analysis through annual exercises, test problems, comparison to 
experiments, and peer review activities. In addition, this paper provides a range of possible 
cascading hazards that should be considered when implementing response and recovery 
actions necessary to save lives, mitigate suffering, and limit property damage.

In an ideal world, the astronomers would identify any hazardous objects in sufficient 
time for the spacefaring nations to successfully deflect the objects, rendering a civil defense 
response moot, except in cases of small or remote events where civil defense would be less 
expensive and easier to implement. The world is not ideal, and we have yet to identify all 
potentially hazardous objects (PHO) above a minimum size that could cause damage. The 
Chelyabinsk airburst is a case in point. Even if an object is identified as earthbound, there 
may not be sufficient time to launch deflection missions. Even if deflection missions are 
launched, successful deflection is not guaranteed. As such, civil defense and post-impact 
recovery efforts must remain on the table. Mitigation efforts should be understood well in 
advance of the actual event.

1.3 � The complexity of multi‑hazard risk assessment and cascading effects

The impact of a medium-sized asteroid will not be a single natural hazard that can be 
treated as an event that only affects a well-defined area over a short period of time. Instead, 
the initial hazard will result in a series of cascading effects. Emergency plans will need to 
consider the complexity of multi-hazard risk assessment and cascading effects. Modeling 
and monitoring will be needed to reduce the risk that human actions actually exacerbate 
effects, instead of mitigating them.

The 2008 Wenchuan earthquake in China provided an example of a natural hazard 
where the initial damage was compounded by cascading effects, such as debris flows, land-
slide dams, and increased potential for flooding for years to come (e.g., Fan et al. 2021). 
Volcanic eruptions provide another relevant analog where the multi-hazard risk remains for 
years, once again, compounded by cascading effects such as lahars (volcanic debris flows). 
Also analogous are wildfires that are dangerous for humans who are in the immediate path 
of the flames, those who are downwind where smoke accumulates, as well as much later 
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in time for humans who rely on water and soil that is polluted by toxins from combusted 
materials, or who live downslope from burned hillslopes that are dangerous flooding or 
landslide hazards each time it rains.

To add to the complexities of understanding the potential for cascading effects from 
an impactor, is that any impact scenario during this century will occur within the context 
of a changing global climate. Global climate change causes greater weather extremes that 
drive cascading hazards like floods, fires, and landslides (Duncombe 2021, and references 
therein). While addressing climate change and extreme weather is beyond the scope of this 
paper, it does support the idea that natural hazards are modified by the environment at the 
time.

1.4 � Review outline

Section 2 describes our current understanding of the initial effects from either an asteroid 
impact or airburst. Section  2 also includes a review of what is known about the largest 
impact in recorded history, the 1908 Tunguska impact. Section 3 reviews a series of natural 
hazards that should be considered as analogs for at least some of the longer-term hazards 
from a medium-sized impact event. This section addresses the current state of models used 
for these analog hazards, discusses how they can be applied to better understand cascad-
ing effects, and enumerates the unknowns in attempts to couple these models. The natural 
hazards discussed are (1) volcanoes, (2) dust storms, (3) wildfires, (4) earthquakes, and (5) 
hurricanes. Section 4 discusses cascading hazards within the context of the human impact, 
climate change and the need for an integrated forecasting framework. Section 5 concludes 
with a summary.

2 � Review of the immediate effects (current state of the art)

As an asteroid passes through the atmosphere, it creates a shock wave in front that com-
presses and heats the air to tens of thousands of degrees Celsius. Asteroids smaller than 
100 m in diameter typically break up in the air due to the pressure. As the fragments spread 
out, they are decelerated more rapidly by the atmosphere and heat the atmosphere at a very 
high rate (Robertson and Mathias 2019; Shuvalov et al. 2013; Wheeler et al. 2017). Larger 
or metallic asteroids typically impact the ground. Compressive heating from the impact 
will vaporize the asteroid and a portion of the ground. In either the airburst or cratering 
case, the hot, high-pressure air and rock vapor cause the two main damage mechanisms: a 
blast wave and thermal radiation. Impacts into the ocean can also cause tsunami waves to 
propagate out from the impact site and cause damage at long distances, and similarly, for 
impacts into the ground, seismic waves propagate out and cause damage even before the 
blast wave arrives. In the case of extremely large impacts, such as the Chicxulub impact, 
large pieces of debris can be ejected out into space and cause subsequent meteors as they 
fall back down into the atmosphere at other locations around the globe (Kring and Durda 
2004). The immediate effects will be described more below.
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2.1 � Blast overpressure

As in a conventional explosion, the rapid deposition of energy greatly increases the pres-
sure, which drives the air away from the explosion in a blast wave. The shock wave and 
following hurricane force winds can flatten trees (Fast 1967; Jenniskens et al. 2019) and 
knock down buildings close to the impact site (Glasstone and Dolan 1977). Further out, the 
blast can shatter windows and send glass shards flying as hazardous projectiles, as seen in 
the Chelyabinsk event where ~ 1500 people were sent to the hospital, mostly with lacera-
tions due to flying glass (Popova et al. 2013). Damage is typically inferred from the blast 
overpressure or wind speed using known damage relations from nuclear bombs (Glass-
tone and Dolan 1977), other large explosions (Mannan 2005), or hurricanes (Lindell et al. 
2006).

Of the various immediate effects of an asteroid impact, the blast wave is typically the 
most damaging and usually determines the expected casualties and (or) the area that would 
need to be evacuated prior to impact (Collins et al. 2005; Mathias et al. 2017; Rumpf et al. 
2017; Glazachev et al. 2021). Consequently, the blast is probably the most studied aspect 
of asteroid impacts. The blast wave is usually either calculated from semi-analytical mod-
els or from high-fidelity hydrocodes. Semi-analytical models generally fall into a couple 
of categories: (1) “pancake” semi-analytic models which treat the meteor as a cloud of 
debris that flattens and spreads out like a pancake (Hills and Goda 1999; Chyba et al. 1993; 
McMullan and Collins 2019); (2) discrete fragmentation semi-analytic methods, which 
model the progressive fragmentation of the meteor into smaller and smaller fragments 
which are treated independently (Passey and Melosh 1980; ReVelle 2007); and (3) hybrids 
of the previous two types (Wheeler et  al. 2018). Hydrocode simulations have difficulty 
modelling at both the centimeter-scale resolution required to capture the meteor fragmen-
tation down to typical meteorite scales and the hundreds-of-kilometers scale required to 
model long-range propagation of the blast wave. Currently, most hydrocode simulations 
straddle these two regions (Boslough and Crawford 1997; Jutzi et  al. 2015), or they are 
split into close-in simulations that calculate the break-up and energy deposition into the 
atmosphere (Shuvalov et al. 2017; Robertson and Mathias 2019; McMullan 2020) and far-
field simulations where the energy emanates from a region about the size of the meteor or 
larger (Aftosmis et al. 2016). Accurate simulation of all scales, and hence the efficiency 
of energy transfer from meteors to blast waves, should be possible in the future with ever-
improving computational resources.

There may be long-term effects from the debris created from the blast wave, some of 
which may contain toxic materials, seep into groundwater, wash into nearby rivers, or blow 
downwind. These possible long-term effects are discussed within the context of more fre-
quent natural disasters in Sect. 3.

2.2 � Thermal effects

The hot layer of air from entry radiates energy to the ground (Collins et al. 2005; Popova 
et al. 2020; Johnston et al. 2018; Svetsov et al. 2020). In the case of ground impacts, a large 
plume of extremely hot material typically travels back up the evacuated entry corridor that 
the asteroid just punched in the atmosphere. If the entry angle is shallow, the plume will 
rise vertically due to buoyancy of the hot vapor rather than up the entry corridor (Arte-
mieva et al. 2019).
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The best current observational analogs for the thermal radiation are the measurements 
from nuclear bomb tests in the 1950s and 60  s. There are some important differences 
though. Nuclear bombs are essentially point sources with the energy released within a few 
meters, whereas an airbursting asteroid’s energy may be spread over tens of kilometers 
passage through the atmosphere. The temperatures in the blast from nuclear bombs are 
also much higher, reaching into the millions of degrees Celsius, and up to 50% of a nuclear 
bomb’s energy may be released as radiation in the form of gamma rays (Glasstone and 
Dolan 1977). Meteor plumes may reach thousands of degrees Celsius, with only a few per-
cent or less of the energy emitted as radiation typically in the ultraviolet down to infrared 
(Svetsov and Shuvalov 2017; Coates et al. 2021).

Modern hydrocode simulations of asteroids have recently examined asteroid impacts 
in more detail (Johnston and Stern 2019; Svetsov et  al. 2020). Spectral radiation codes 
which calculate the emission spectra of vaporized rock and ionized air can determine from 
first principles the fraction of kinetic energy the meteor emits as radiation (luminous effi-
ciency), rather than relying on an analog.

At locations near a ground impact or a low-altitude airburst, due to hot air flow or radia-
tion, temperatures may exceed that for melting sand, resulting in Libyan desert glass such 
as found in one of Tutankhamun’s brooches. This is similar to trinitite glass found under-
neath nuclear bomb tests which were conducted over sand in New Mexico and Nevada 
(Boslough and Crawford 2008). Further away, the radiation may cause grass fires and other 
wildfires (Melosh et al. 1990; Collins et al. 2005; Robertson et al. 2017a, b); the Tunguska 
event apparently caused a wildfire that burned 500 km2 of Siberian taiga (boreal forest) for 
example (Zenkin and Ilyin 1964; Johnston and Stern 2019).

Long-term effects from thermal radiation relate to debris left by fires, and from particles 
and chemicals lofted into the air in smoke plumes. These possible long-term effects are 
discussed within the context of more frequent natural disasters in Sect. 3.

2.3 � Tsunami waves

If an asteroid hits the ocean, the resulting tsunami can potentially damage areas farther 
away than areas affected by the blast wave or thermal radiation. Analytical models of 
impact tsunami waves (Chesley and Ward 2006) coupled crater scaling laws (Schmidt and 
Holsapple 1982) to wave propagation models of explosion-generated waves (Van Dorn 
et  al. 1968). Hydrocode simulations of impacts (Robertson and Gisler 2019) show only 
1–2% of the energy being transferred to travelling waves, suggesting tsunamis resulting 
from impacts are less hazardous than previously estimated. As the initial transient crater in 
the water rebounds, it sends up a large central jet (Worthington and Cole 1900), which in 
turn collapses in a highly turbulent, chaotic manner. Large waves are pushed out from the 
lip of the crater and the collapse of the central jet, and initially form breaking-waves, which 
further dissipate the energy before a smooth-travelling wave is established (Wünnemann 
et al. 2010).

Unless an impact is extremely large or onto a continental shelf, waves from an impact 
will have wavelengths comparable to the depth of the ocean or shorter. For such deep-water 
waves, the wave speed depends on wavelength, so the wave disperses as it travels and the 
amplitude decays as 1/r for radial distance r (Van Dorn et al. 1968). In contrast, the wave-
lengths for earthquake tsunamis are typically tens or hundreds of kilometers and are, there-
fore, shallow water waves where all frequencies travel at the same speed, the wave retains 
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its shape, and the amplitude decays as 1/sqrt(r) (Le Mehaute and Wang 1996; Berger and 
LeVeque 2018).

As waves from the deep ocean approach shore, the water depth decreases which causes 
waves to slow down and shorten in wavelength but get taller in height, thus increasing the 
steepness. Once the wave height approaches the water depth, the wave will break. This 
makes earthquake tsunamis dangerous, as what was a long but small swell in deep water, 
becomes a wall of water which inundates the coastline. This will also happen for impact 
tsunamis, but due to their shorter wavelength and greater height, this may happen as the 
wave propagate onto the continental shelf, rather than the beach. The continental shelf 
in many places around the world extends up to hundreds of kilometers offshore allowing 
much more time and distance for the waves to dissipate before reaching shore (Khazins and 
Lynett 2005).

Once an impact tsunami wave becomes a shallow water wave, either due to impact in 
shallow water, or breaking as a wave nears the shore, propagation and inundation can be 
efficiently calculated since the wave does not vary with depth (Le Mehaute and Wang 
1996; Korycanski and Lynett 2007; Berger et al. 2011). Flood fatality risk varies mostly 
with flooding depth (Jonkman et al. 2008; Koshimura et al. 2009).

Long-term effects are mostly related to debris and mobilization of pollutants. These 
possible long-term effects are discussed within the context of more frequent natural disas-
ters in Sect. 3.

2.4 � Earthquake effects

Earthquakes caused by asteroid impacts have been less studied, since the blast wave is typi-
cally expected to be more damaging at a given distance. Recent simulations showed the 
earthquakes induced by airbursts were of minimal threat due to low efficiency of coupling 
the blast waves to ground waves (Svetsov et al. 2017). For ground impact cases, the energy 
converted into travelling waves is very small (0.01–0.1%) (e.g., Toon et al. 1997; Khazins 
et al. 2018), but may still cause damage comparable to the blast waves (Robertson et al. 
2017a, b). Damage from seismic waves is generally proportional to peak ground vertical 
acceleration or velocity (Wald et al. 1999; Atkinson and Wald 2007).

Seismic waves travelling at 2–6 km/s will generally arrive before blast waves travelling 
at about 0.3  km/s, unless directly under the path of a low entry-angle impact. For very 
large impacts such as the Chicxulub impact, earthquakes were believed to have induced 
landslides and tsunamis at a distance before the arrival of ejecta or the main tsunami wave 
(Bralower et al. 1998; DePalma et al. 2019). Earthquakes, therefore, have the potential to 
be significant force multipliers if they trigger collapse of unstable slopes, causing domino 
effects, possibly more hazardous than the direct effects at a distance from the impact.

2.5 � Plumes and atmospheric effects

For the purposes of this discussion, plume refers to any material deposited or lofted into 
the atmosphere, either in or back up the wake of entry, vertically under buoyancy, ejecta 
from ground impact, or more generally from events like smoke from fires, and volcanic 
eruptions. While plumes provide dramatic images, they are not a significant hazard until 
the volume of material deposited in the atmosphere and the fallout from it have a notice-
able effect on crops downwind. At the extreme end, effects on the climate are the dominant 
hazard from multi-kilometer asteroids (Bardeen et al. 2017).
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On the smaller and more frequent end of the asteroid impact probability distribution, 
the impact of an asteroid with ~ 3 kilotons equivalent of TNT in June 2018 just south of 
Moscow, caused bright noctilucent clouds over Russia and Europe for the next week or two 
(Ugolnikov and Maslov 2019). The impact of a ~ 20 m-diameter asteroid over the city of 
Chelyabinsk in February 2013, with ~ 500 kT, created a dust belt in the upper stratosphere 
which lasted for a few months (Gorkavyi et al. 2013) but with no significant effect on crops 
or waterways.

The Tunguska meteor of 1908, estimated to have been about 10 megatons (Artemieva and 
Shuvalov 2016; Wheeler and Mathias 2019), is the largest recorded airburst in modern times. 
No known asteroid with a diameter larger than 100 m has impacted the earth’s surface within 
recorded history. Dust and (or) ice deposited into the atmosphere by the meteor airburst caused 
“white nights” for a week or so over all of Europe and Asia to the west of Tunguska (Witchell 
1938; Kaufman 1908). Whether the meteor was a mostly rocky asteroid or a mostly icy comet 
is still a matter of debate, but simulations of the impact show the matter being ejected back up 
the evacuated entry corridor into space over a region from 100 to 400 km altitude and collaps-
ing back to 100–300 km altitude to form a 1000-km-diameter cloud, which then spread around 
the world (Artemieva et al. 2019; Boslough and Crawford 2008). The particle size determines 
whether aerosols from the airburst stay lofted in the atmosphere or rain down to earth, and icy 
crystals are much better reflectors of sunlight than dust. Particles at 300-km altitude would 
be in direct sunlight over the north pole anywhere in Europe during midsummer, and parti-
cles at 100 km could scatter light from more northerly latitudes, similar to Polar Mesospheric 
Clouds which appear noctilucent (glowing at night; Thomas and Olivero 1986). Given that the 
Tunguska impact occurred in the Siberian taiga, sparsely inhabited by reindeer herders and a 
few scattered villages, there is no record of local or regional effects of dust fallout from the 
airburst on crops and rivers. Curiously, but not yet generally accepted, it has been speculated 
to have increased the annual growth of trees over a wide area to the North of the impact as far 
as the Arctic Ocean and is presumed to be due to fallout of nitrogen oxides acting as fertilizers 
(Kasatkina and Shumilov 2007).

2.6 � Selection of currently used models of impact effects

There are many analytic (algebraic) models for the different impact-related phenomena in the 
literature, which are combined into complete hazard/risk models, a few of which are given 
below. NASA’s Probabilistic Asteroid Impact Risk (PAIR) model (Mathias et al. 2017) also 
includes a couple of semi-analytic models which require the solution of Ordinary Differential 
Equations. These compendium models are typically designed to be fast running, so they can 
be run millions of times over distributions of entry parameters to deal with cases of incom-
plete information such as in the tabletop exercises of planetary defense (e.g., https://​cneos.​jpl.​
nasa.​gov/​pd/​cs/​pdc21/).

At higher fidelity, hydrocodes provide a tight coupling of fluid dynamics and solid mechan-
ics, and solve partial differential equations of conservation equations, and material states. 
These take days if not weeks to run on supercomputers for a single impact case but provide 
our best estimates of the effects and can be used to improve the analytic models. Again, there 
are many such models including both Eulerian (fluid-like) and Particle codes, and just a few 
have been noted (Table 1).

Finally, there are a few specialized high-fidelity simulations worth noting that expand the 
capabilities of current hydrocodes. Computational Fluid Dynamic (CFD) simulations can 
propagate blast waves or tsunami waves more efficiently than hydrocodes. They are, therefore, 

https://cneos.jpl.nasa.gov/pd/cs/pdc21/
https://cneos.jpl.nasa.gov/pd/cs/pdc21/
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particularly useful in modeling the predominant blast hazard (Aftosmis, 2019). Spectral-line 
radiation models, such as the High-temperature Aerothermodynamic RAdiation (HARA) 
model, improve upon the thermal transport models in most hydrocodes which use a black-
body radiation diffusion approximation. Shallow water solvers such as GeoCLAW are suitable 
for impacts into shallow water or when waves reach the shore and can provide high-fidelity 
inundation estimates much faster than a hydrocode or CFD simulation. Finally global climate 
models such as Community Earth System Model (CESM) can calculate the effects on the cli-
mate from kilometer- scale asteroids. Additional details can be found in Table 1.

3 � Review of common natural hazards as analogs

Asteroid impacts are expected to cause multiple cascading effects—ranging from the initial 
thermal radiation, overpressure blast waves, earthquakes, and plumes to cascading hazards 
such as fires, floods, debris flows, and so on. A variety of Earth phenomena have produced 
analogous hazards. Volcanic activity may come the closest to replicating many of the initial 
and cascading effects, as well as the size and scope of regional devastation. Large earth-
quakes also replicate cascading hazards on a region scale. In this section, we discuss these 
natural hazards, as well as cascading hazards, within the context of planetary defense.

3.1 � Volcanoes

Volcanic eruptions can produce lahars, lava flows, pyroclastic flows, ash clouds, shock 
waves, and ballistically ejected blocks that resemble asteroid-produced phenomena 
(Fig. 2). Secondary effects, such as resuspended ash, remobilized lahars, and global cool-
ing, can cause problems for years or decades.

The hazards posed generally scale with the size of the eruption, which is quantified 
using the volcanic explosivity index or VEI (Newhall and Self 1982), which considers 
both the volume of erupted material and the rate of ejection. Explosive eruptions eject 

Fig. 2   Illustration of key volcano hazards that are relevant to hazards of asteroid impacts. It should be noted 
that the ash clouds can reach the stratosphere, resulting in global cooling effects
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fragmental debris, known as tephra, into the atmosphere. Tephra finer than 2 mm diameter 
is termed ash. Most tephra falls downwind to form tephra-fall deposits. Eruptions of VEI 
4, 5, 6, and 7, for example, have tephra-fall volumes that exceed, 0.1, 1, 10, and 100 km3, 
respectively. Because tephra contains bubbles, the dense-rock equivalent (DRE) volume of 
magma required to produce a cubic kilometer of tephra is approximately one fourth to one 
half the tephra volume itself. Plume heights of VEI 4 and ≥5 eruptions typically exceed 
10 km and 25 km, respectively; thus VEI 5 and larger eruptions almost always inject ash 
and gas into the stratosphere. Large eruptions are less frequent than small ones, and global 
recurrence times for VEI 4, 5, 6, and 7 events are roughly a year, a decade, several decades, 
and a few centuries, respectively.

3.1.1 � Examples of some large historical eruptions and their effects

“Mount Tambora” (Gunung Tambora), Indonesia, 1815, (VEI 7) erupted about 50 km3 of 
magma, making it perhaps the largest eruption in recorded history. Ash and ~ 60 Mt sulfur 
dioxide were ejected to an altitude of at least 43 km, producing a global sulfate aerosol 
veil that enhanced sunsets in North America (Stothers 1984), reduced global temperatures, 
caused wintry temperatures in North America in July, and resulted in widespread crop fail-
ures. At least 71,000 people died, mostly from indirect effects such as crop failure and 
disease (Oppenheimer 2003).

Krakatau, Indonesia, 1883, (VEI 6) erupted about 26 km3 magma from a small vol-
cano-island in the “Sunda Strait” (Selat Sunda) (Simkin and Fiske 1983). Eruption col-
umns repeatedly collapsed onto the water surface around the island, producing tsunamis 
that propagated to nearby shorelines. About 36,000 people died (Verbeek 1885), the great 
majority by tsunamis. A few thousand were killed by pyroclastic flows (Self and Rampino 
1980). Global temperatures dropped by about a half degree Celsius for a few years follow-
ing this event (Angell and Korshover 1985; Bradley 1988).

Mount Saint Helens, Washington (USA), 1980, (VEI 5) erupted about 0.25 km3 of 
magma on May 18, 1980 (Lipman and Mullineaux 1981). From late March through May 
18, 1980, a magma body intruded into the upper edifice of the volcano, destabilizing it, 
and producing hundreds of small steam eruptions. At 8:32 AM local time on the morn-
ing of May 18, a magnitude-5.2 earthquake caused the north flank of the volcano to slide 
away, exposing the magma body, which expanded northward as a lateral blast that killed 
57 people. This blast was followed from about 09:00 AM to 05:30 PM by a sustained Plin-
ian eruption that sent about a cubic kilometer of tephra across Washington State (Sarna-
Wojcicki et al. 1981). Tephra from that eruption closed a large section of the main high-
way, Interstate 90, for most of a week. Business districts in several downwind cities and 
towns were closed for days (Warrick et al. 1981), resuspended ash caused increases in hos-
pital visits for weeks (Bernstein et al. 1986), and one community was forced to shunt raw 
sewage into the nearby river when the sewage treatment plant was clogged with sediment 
(Schuster 1981). On May 18, west of the mountain, large debris flows destroyed many 
houses and bridges, and forced the closure of the main north–south highway, Interstate 5, 
for a day (Foxworthy and Hill, 1982).

El Chichón, Mexico, 1982, (VEI 5) erupted about 0.5 km3 magma on March 29 and 
April 4, 1982. Ejections on March 29 sent tephra-fall ENE in the troposphere and WSW in 
the stratosphere. Ejections on April 4 produced eruptive columns that repeatedly collapsed 
to form pyroclastic density currents that devastated a roughly circular area up to 6  km 
from the vent (Carey and Sigurdsson 1986). Nine villages were partially or completely 
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destroyed, and loss of human life was perhaps as high as 2000. A cloud containing 7–8 Mt 
SO2 (Varekamp et al. 1984) circled the globe, cooling temperatures by perhaps 0.1–0.2 °C 
for a few years (Dutton and Christy 1992).

Mount Pinatubo, Philippines, 1991, (VEI 6) erupted about 6–10 km3 magma over a 9-h 
period, producing a 35–40 km high plume and an umbrella cloud that expanded to about 
1,000  km diameter (Koyaguchi and Tokuno 1993). About 320 people died in the erup-
tion, mostly from roof collapse as heavy tephra fall was further weighed down by rain-
water from Typhoon Yunya (Pinatubo Volcano Observatory Team 1991). Evacuation of 
58,000 residents within 30 km a few days before the eruption prevented more loss of life. 
An additional ~ 200,000 fled the area in the days following the main event. Thick debris 
that accumulated on the flanks of the volcano was remobilized in lahars for many years. By 
fall of 1991, nearly every bridge within 30 km of the volcano had been destroyed. Several 
towns within that distance had been partially buried, and most within 50 km were threat-
ened with flooding or burial (Pinatubo Volcano Observatory Team 1991). About 100,000 
people were living in evacuation camps and 700 had died from secondary effects. Damage 
to crops, infrastructure, and personal property totaled at least $US 374 million in 1991 
($US 813 M adjusted for inflation as of 2022), and an additional $US 69 million in 1992 
($US 146 M adjusted for inflation as of 2022) (Mercado et al. 1995). The injection of about 
20 Gt of SO2 cooled global temperature by about a half degree Celsius for a few years (Self 
et al. 1996). For reference, estimates give the equivalent asteroid impact as one with ~ 3 Gt 
energy which is equivalent to ~ 350 m in diameter (Toon et al. 1997).

3.1.2 � Main hazards of eruptions that are relevant to asteroid impacts.

The main hazards of eruptions that are relevant to asteroid impacts are as follows:
Airborne debris dispersal is among the most widespread of hazards. The more material 

that is ejected, the greater the effects. Eruptions > 5 on theVEI (Newhall and Self 1982), 
such as Mount Saint Helens (1980), El Chichón (1982), or Pinatubo (1991) occur about 
once per decade globally. They eject 1–10 km3 of tephra, and can deposit centimeters or 
more of ash hundreds of kilometers downwind. Eruptions of VEI 6, such as Mount Pina-
tubo (1991) or Mount Katmai, Alaska (1912) expel 10–100 km3 tephra, occur globally 
once or twice per century, can deposit more than a meter of ash within a few tens of kilom-
eters, and can bury fields and towns over the following decades with remobilized sediment 
(Gran et al. 2011). Stratospheric sulfur dioxide emitted from Pinatubo reduced global tem-
peratures by about a half degree through stratospheric ejection of SO2 (Self et al. 1996). 
Eruptions of VEI 7, such as Tambora (1815) eject 100–1000 km3 of tephra, recur over 
timescales of millennia, and can cause widespread devastation and crop failures on distant 
continents due to global cooling. VEI 8 eruptions, known as supereruptions, eject > 1000 
km3 tephra, recur over time scales of ~ 105 years, and can be globally devastating (Sparks 
et al. 2005).

Ashfall impacts include aggravated breathing problems, damage to electronics and 
machinery, power outages, reduced traction on roadways, and collapse of roofs when 
thick. The impact of different amounts of ashfall is hard to quantify, but ashfall thicknesses 
greater than several centimeters were sufficient to collapse roofs at Pinatubo and Galung-
gung (Spence et al., 1995; Blong 1984). Ashfall thickness of 1 mm or so causes a measur-
able reduction in roadway traction (Blake et al. 2017). Thicknesses of several millimeters 
or more have caused flashover of electrical transformers, especially when ash is wet (Wil-
son et  al. 2012). And even thin dustings of ash can reduce visibility or make breathing 
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uncomfortable. Ashfall of 200 g/m2 was sufficient to prompt city managers in Missoula, 
Montana to shut down the business district for a few days in 1980 (Warrick et al. 1981). 
This mass load corresponds to a thickness ranging from a few millimeters if ash is fresh 
and newfallen, to tenths of a millimeter if compacted by rainfall (Sarna-Wojcicki et  al. 
1981). Ashfall as low as 1 g/m2 is noticeable on car windshields and can prompt residents 
to take precautionary measures.

Effects on agriculture depend on many factors; for example, ash can increase runoff in 
areas that have intense rainfall, or increase erosion in non-tilled farmland if less cohesive 
than the local soil (Nammah et  al. 1986). North of Crater Lake, Oregon, thick deposits 
of coarse pumice do not hold moisture, inhibiting plant growth (Williams 1942). In other 
places, thinner deposits of loamy grain-size can improve drainage and add micronutrients 
(Cook et al. 1981). Crop damage from ashfall can vary greatly depending on the crop type 
and season. Crops like alfalfa with broad horizontal leaves are more prone to ash-loading 
damage than those with vertical stalks, like wheat. The May 18,1980 eruption of Mount 
Saint Helens deposited centimeters of ash over wheat fields in central Washington, but 
early in the growing season, the vertical stalked wheat was not significantly damaged. Ash 
did, however, kill many grasshoppers, which made spraying unnecessary in Grant, Douglas 
and western Lincoln Counties (Cook et al. 1981). A smaller eruption on June 12 sent a few 
millimeters of ash southwest, into fields of nearly ripe raspberries. The raspberries could 
not easily be cleaned of ash, resulting in a 75% crop loss in Clark County (Cook et  al. 
1981). 

Volcanic shock waves occur primarily during small explosions and occasionally break 
windows within several kilometers distance (Morrissey and Mastin 2000; Nairn 1976). 
Eruptions also produce infrasonic pressure waves as air is displaced from the vent. During 
large eruptions, for example, as occurred at Mount Saint Helens in 1980 (Reed 1987) and 
Krakatau in 1883 (Verbeek 1885), large pressure anomalies developed as huge volumes 
(108–1011 m3/s) of ash and gas were ejected. These outward propagating anomalies had a 
frontal gradient that sharpened with distance to produce sonic boom sounds at distances 
beyond a few hundred kilometers. Sonic boom sounds from Mount Saint Helens, for exam-
ple, were heard 300 km away in Victoria, B.C. but not within 100 km (Fairfield 1980). The 
air waves at Krakatau in 1883 were audible to distances beyond 4000 km. Airwave ampli-
tudes at Saint Helens and Krakatau match those produced during explosive detonations of 
a few megatons TNT equivalent (Reed 1987) and 100–150 Mt, respectively (Harkrider and 
Press 1967). Despite their high energy, there were few reports of damage from volcanic air-
waves. An important exception was the extensive tree blowdown at Mount Saint Helens on 
May 18, 1980, which resembled photographs at Tunguska in 1908 (Robertson and Mathias 
2019). The Mount Saint Helens blowdown was produced by a dusty gas mixture whose 
momentum was proportional to gas density times velocity; hence, high air density as well 
as wind speed were responsible. Controversy has swirled over whether shock waves or 
gravitational column collapse was more important in producing the treefall (Kieffer 1981; 
Waitt 1981). 

Ballistic Blocks are also ejected from volcanic craters in a manner analogous to those 
at meteorite impact sites. Volcanic ejection distances do not typically extend more than 
5–10 km (Taddeucci et al. 2017), whereas impactor ejecta can travel 100 s of km or even 
be ejected into space (Kring and Durda 2002). The maximum thickness of ejecta as a func-
tion of distance from the impact center should typically decrease as a function of that dis-
tance to the − 3 power (Collins et al. 2005). The thickness is also a function of the volume 
of regolith excavated by the impact and, therefore, also scales with crater radius.
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Global cooling during big eruptions is due to stratospheric sulfur gases, which trans-
form into sulfate aerosols that absorb solar radiation or scatter it back into space (Robock 
2000). Most fine ash from big eruptions is thought to be removed from the atmosphere 
within days and only plays a minor role in cooling (Niemeier et al. 2009). Historical data 
have established a relationship between eruption size and SO2 release, and documented 
the effect of these eruptions on sun-blocking properties such as aerosol optical depth (e.g., 
Carn et al. 2016; Myhre et al. 2013). Prehistoric sulfate layers in ice cores correlate with 
periods of global cooling inferred from tree-ring studies, and with periods of known fam-
ine and plague, e.g., around 541–543 C.E. in Europe (Sigl et al. 2015). 

In unusual circumstances, asteroid impacts may release SO2, such as when the Chicxu-
lub meteorite plunged into an anhydrite deposit (Brett 1992). However, asteroid impacts 
generally do not release sulfur gases. Rather, global cooling following those impacts is 
assumed to be driven by fine (< 1 um) stratospheric dust particles kicked up by the impact 
(Covey et al. 1994), or by soot from fires (Bardeen et al. 2017). The importance of these 
two mechanisms depends on how much of these materials are injected, and how long they 
remain. Alvarez et al. (1980) estimated about 1016 kg of dust settled out of the air to pro-
duce the K-T boundary layer. Smaller airburst events like Tunguska have produced noc-
tilucent clouds that suggest debris dispersal at several tens of kilometers altitude (Glady-
sheva 2012). But if fine ash settles rapidly after volcanic eruptions, why would fine dust 
persist following impact events? Recent studies suggest that soot from fires persists longer 
(e.g., Khaykin et al. 2020). Wolbach et al. (1990) noted global black carbon deposits at the 
Cretaceous-Tertiary boundary, and inferred that worldwide fires following the Chicxulub 
impact injected 150,000 Tg of soot into the atmosphere. Global climate modeling found 
that a much smaller injection of 150 Tg soot would produce below-freezing temperatures 
over much of the northern hemisphere in summer (Coupe et al. 2019). Pankhurst (2022) 
also suggests that impacts into ground that are rich in K-Feldspar cause more climate 
change than impacts into other rocks because K-Feldspar is particularly efficient at nucleat-
ing ice formation. 

3.1.3 � Key parameters that control the amount and areal distribution of airborne 
debris

The key parameters that control the amount and areal distribution of airborne debris 
include:

3.1.3.1  Volume of debris  Large eruptions with recurrence intervals of 101–105 years pro-
duce 100–103 km3 of airborne debris; Asteroid sizes with the same impact recurrence inter-
vals have volumes of 10–5–10–1 km3 (diameters 60 m–1.2 km) (Toon et al. 1997). Thus, the 
volume of asteroids themselves is insignificant compared to the volume of large volcanic 
eruptions. But the amount of earth material ejected by an impact will increase the airborne 
volume by typically an order of magnitude or possibly up to two orders of magnitude (Toon 
et al. 1997). While a 60-m asteroid may well airburst and only deposit 10–5 km3, equivalent 
to a zero VEI, a metallic and likely ground impact object could eject up to 10–3 km3, equiva-
lent up to VEI 2. The 1.2-km asteroid is guaranteed to impact the ground and would likely 
be the equivalent of VEI 5. For the Chicxulub impactor, based on the KT clay layer Toon 
et al. (1997) estimated the ejected molten rock at 25,000 km3, equivalent to VEI 9, which is 
larger than any single volcanic eruption.
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3.1.3.2  Dispersal height  Volcanic plumes rise due to buoyancy. Larger eruptions and (or) 
higher mass eruption rates produce higher plumes (Carey and Sigurdsson 1989; Wilson 
et al. 1978), up to about 45–50 km, where the thermal gradient in the stratosphere inhibits 
further rise. The same physics will limit the buoyant rise height of asteroid debris from 
shallow impacts such as the Chelyabinsk meteor (Popova et al. 2013). However, for steeper 
impacts, the debris is drawn up the evacuated entry corridor, and a significant fraction may 
be ejected back out into space on sub-orbital trajectories to collapse back on to the top of the 
atmosphere as seen with the Shoemaker-Levy 9 impact on Jupiter (Boslough and Crawford 
1997).

3.1.3.3  Grain‑size distribution  Particles coarser than about 0.125 mm typically settle as 
individual fragments, whereas finer ash usually settles by clumping and falling as aggre-
gates; hence the physics of tephra fall and removal differ for these two size classes, and 
they are represented differently in models. For volcanic eruptions, we have some sense 
of the fraction of erupted mass consisting of fine ash, and how it varies with eruption 
size, silica content, and the predominance of pyroclastic-flow activity in milling fine ash 
(Mastin et al. 2009; Rose and Durant 2009). For asteroid impact debris, we have little 
information to constrain this distal fine fraction. For the K-T impact event, Alvarez et al. 
(1980) assumed 22% based on nineteenth-century estimates from Krakatau (Symons 
1888). Impact melt droplet size likely varies with impact size from micron-sized droplets 
seen in nuclear tests to hundreds of microns seen in the KT clay layer spherules (Melosh 
and Vickery 1991). Toon et al. (1997) estimate the lofted sub-micron unmelted dust as 
0.1% of the mass of rock pulverized by the impact (100–1000 × the meteor mass), again 
based on nuclear tests and the KT clay layer. 

3.1.3.4  Wind field  Simulations that forecast the path of an ash cloud during actual erup-
tions use wind fields taken from numerical weather prediction models (e.g., National 
Centers for Atmospheric Prediction, 2021). Historical eruptions are simulated using 
numerical wind fields (e.g., Kalnay et al. 1996) re-analyzed from historical meteorology. 
These wind fields typically extend only to about 30–40 km in the atmosphere. Debris 
from asteroid impacts may disperse from much higher elevation. To derive wind fields at 
such heights, meteorological models may have to be extended by incorporating empirical 
descriptions of the upper-atmosphere. This approach is currently used to develop a full 
atmospheric structure for tracking infrasound waves (e.g., Schwaiger et al. 2019).

3.1.4 � Modeling the hazards 

Several models are used regularly by volcano observatories during periods of unrest to 
assess volcanic hazards. The codes and their capabilities are listed in Table 2 for tephra 
dispersal, and Table 3 for debris flows. Ogburn et al. (2020) describes relevant codes to 
calculate volcanic ballistic ejection, and several other volcanic hazards. Explosive infra-
sound propagation (e.g., Schwaiger et al. 2019), shock waves (e.g., Dragoni and Santoro 
2020), and climate effects (e.g., Schallock et al. 2021) are usually studied using codes 
tailored to that study. 
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3.2 � Dust storms

Dust storms are a common hazard in many parts of the world, negatively impacting 
agriculture, infrastructure, transportation, human health, and quality of life. Because 
dust storms are more frequent over a larger portion of the globe than volcanic plumes, 
they provide another analog for downwind asteroid impact effects. If the impact loca-
tion is near a large dust source (e.g., Bodélé Depression in Niger and Chad; Ravi et al. 
2011), the high winds from the blast could mobilize a significant amount of dust, adding 
to the downwind hazard from the impact plume.

3.2.1 � Application to planetary defense

The initial entry and impact of an asteroid will generate debris that will be lofted. This 
has already been discussed under volcanic plumes. In addition to creating suspended 
debris, the initial blast wave may also lift dust if appropriately sized sediment is availa-
ble. The supply of dust that can be suspended will depend on location. The combination 
of impact-created debris and redistribution of previously deposited surface dust presents 
the possibility of future dust-lifting events (resuspension). The long-term impact of dust 
from an impact event will depend on both the composition and particle size and shape of 
the dust that is suspended or resuspended. While shelter-in-place orders may be issued 

Table 3   Models that simulate debris flow, which includes lahars. This list is not meant to be exhaustive

Phenomenon Model Comments

Debris flows LAHARZ Iverson et al. (1998); Schilling 
(2014). Open-source software 
that uses simple scaling relations 
between debris flow volume and 
planimetric area covered to delin-
eate drainage areas likely inun-
dated by debris flows or lahars. 
Inputs include lahar volume, and 
a digital elevation model of the 
drainage down which the lahar 
flows. Available at: https://​pubs.​
usgs.​gov/​of/​2014/​1073/

Landslides, debris flows D-Claw Iverson and George (2014); George 
and Iverson (2014). Open-source 
software (based on Clawpack) 
that solves differential equa-
tions for mass and momentum 
conservation of a depth-averaged 
granular-fluid mixture flow-
ing over topography. Inputs 
include digital elevation models 
for topography as well as the 
geometry of an initial landslide 
mass. Additional inputs include 
material parameters for the land-
slide sediment and fluid mixture. 
Available at https://​github.​com/​
geofl​ows/D-​claw

https://pubs.usgs.gov/of/2014/1073/
https://pubs.usgs.gov/of/2014/1073/
https://github.com/geoflows/D-claw
https://github.com/geoflows/D-claw
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for the initial impact event for the areas where suspended dust will be an immediate 
hazard to humans and livestock, longer-term monitoring may be needed as resuspension 
may pose a periodic or episodic threat for years.

3.2.2 � Current Knowledge and known effects

Dust storms can inject dust into the atmosphere that can be carried across continents, as 
well as transported to other continents. The large-scale transport of dust can have broad 
impacts to the atmosphere, by regulating solar radiation and cloud properties for example. 
Dust transport also impacts terrestrial and marine ecosystems over very large geographic 
extents. For example, dust from the African continent crosses the Atlantic Ocean and fer-
tilizes the Caribbean Basin and the Amazon in South America (Prospero et al. 2021; Ravi 
et al. 2011, and references within).

However, smaller local and regional dust storms are also generally considered hazards 
with many negative effects, especially for agriculture, transportation, and human health, 
and can also affect infrastructure and industry as well as exacerbate drought conditions. 
For example, twentieth-century drought has turned the “Tigris” (Dicile) and “Euphra-
tes” (Fırat Nehri) basins that once formed the “Fertile Crescent” of “Mesopotamia” (Al 
Jazīrah) into the source of regional sand and dust storms that severely impact air quality 
and human health in the “Arabian Peninsula” (Shibh al Jazīrah al ‘Arabīyah) (Kelley et al. 
2015; Notaro et al. 2015).

Human health is directly impacted through the inhalation of dust, especially when the 
mean dust diameter is 2.5 microns or less (PM2.5). The health threat depends on dust 
quantity, particle size and composition, and whether the dust contains toxic fungal (e.g., 
Coccidioidomycosis) and (or) microbial components (Kellogg and Griffin, 2003). Dust is 
tracked by the Environmental Protection Agency (EPA). Dust can also increase the cost of 
water purification.

Agricultural impacts include both cropland and livestock. Long-term cropland pro-
ductivity can be negatively impacted through erosion of topsoil. The deposition of dust, 
depending on composition, can degrade the quality of the soil. Short-term cropland pro-
ductivity can be reduced from damage to the crops via “dust-blasting,” reduction of photo-
synthesis through the reduction of sunlight (Farmer 1993 and references within), or block-
age of the stomata (Krajickova and Mejstrik 1984). Reduction in crop productivity due 
to dust storms has been observed but the size of the effect depends on many parameters, 
including crop type, dust particle size and composition, thickness of dust fallout, and sea-
son. The most direct effect of dust on livestock and humans is inhalation.

Transportation is negatively affected via two mechanisms: reduction in visibility and 
damage to infrastructure, vehicles, and equipment (e.g., Al Hemoud et al. 2019). Reduc-
tion in visibility along transportation corridors results in an increase in automobile acci-
dents. Dust and sand deposition on roadways can create a situation requiring large costs for 
abatement and mitigation measures and for plowing and removal to keep corridors open for 
vehicles (e.g., Dong et al. 2002). Jet and internal combustion engines are damaged through 
the inhalation of dust, which result in engine failure due to increased friction and abrasive-
ness. Even without immediate engine failure, which increases the chances of loss-of-life 
for both air and ground transportation, the resulting damage will result in increased main-
tenance costs.
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Dust transport and deposition exacerbate drought conditions if the dust is incorporated 
into the snowpack at higher elevations. The dust is darker than the snow and can result in 
increased absorption of insolation, resulting in early snowmelt (e.g., Painter et al. 2018).

3.2.3 � Examples

3.2.3.1  American dust bowl of the 1930s  An example of human activity exacerbating the 
effects of dust on a national scale is illustrated by the American Dust Bowl of the 1930s. 
Drought conditions were necessary but not sufficient to cause the dust bowl. Dry farming 
practices of the time disturbed the topsoil, making it more erodible and increasing dust 
emissions (e.g., Lee and Gill 2015). Perhaps the greatest lesson to be learned from the 
American Dust Bowl is more generalized than just drought and dust; it is that human activity 
and behavior can contribute and magnify the negative and costly effects of natural hazards. 
A firm understanding of the entire system which encompasses the natural disaster should be 
understood if mitigation efforts are to have their intended effects.

3.2.3.2  Iran  A more recent (and ongoing) example of the effects and cost of dust storms 
on human civilization and health is Iran. Iran is 93.5% dryland desert (extra-arid, arid, 
or semi-arid; Rahimi et al., 2013) and has frequent, large dust storms that impact every 
aspect of life from infrastructure to health, physical and economic (Rashki et al. 2021, 
and references therein). Dust events have been linked to an increase in respiratory ill-
nesses and lung cancer. Dust storms may also transport pollen, fungi, and heavy met-
als, which also result in respiratory illnesses. Heavy metals can have significant effects 
on the human cardiovascular system. In addition to health issues, dust storms in Iran 
reduce economic output. Abdolzadeh and Nikkhah (2019) found that solar energy can be 
reduced up to 16% annually due to dust deposition. High concentrations of dust can have 
detrimental impacts on crops, as demonstrated by Hatami et al. (2017, 2018) using field 
experiments on wheat and cowpea. Grapes (Behrouzi et al. 2019) and oak forests (Moradi 
et al. 2017) were also negatively impacted. The economic impact of reduced industrial 
productivity was estimated to be $US 149 million (0.04% GDP) per day for large dust 
events (Birjandi-Feriz andYousefi, 2017), mostly due to effects on workers’ health and 
safety as well as disruptions in transportation. Meibodi et al. (2015) determined the total 
annual economic loss to Iran due to dust storms was $US 1 trillion (1000 million).

3.2.3.3  Rural gravel roads  Traffic on a rural gravel road is not usually considered a natu-
ral hazard. But on a small scale, this analog illustrates the effect of suspended dust on 
crops. McCrea (1984) conducted a study on the effects of dust on fruit crops where the 
dust was generated by traffic on rural unsealed gravel roads in northern New Zealand. 
While the methods employed were considered crude (as noted by the author himself), 
the results provide a rough order of magnitude estimate of crop loss due to road dust. 
Under nominal conditions, McCrea estimated that the productivity of affected acreage 
was reduced by 2–5%, depending on the fruit. While the affected acreage due to road 
dust is likely a small percentage of the total acreage in production (affected acreage is 
close to the road), one can imagine that a 2–5% loss in total crop production would have 
significant financial impact on farming where profit margins are typically tight.
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3.2.4 � State‑of‑the‑art models

Dust storm models, such as HySPLIT, can be used to trace where dust goes once sus-
pended, but do not predict specific dust-lifting events. Other models, such as Mineral 
Dust Entrainment and Deposition (DEAD), include both the prediction (or parameteri-
zation) of dust-lifting events and downwind dust dispersion. HySPLIT could be useful 
to track low-altitude fine-grain ejecta, but adjusted winds would be needed as the stand-
ard wind input would not include the winds created by the overpressure. If an asteroid 
impact occurred in a dusty region, models such as DEAD could be used to estimate the 
additional dust that could be lifted, but once again, the wind regime for the model would 
need to be adjusted to account for the overpressure. Models such as DEAD would be 
useful to estimate longer-term resuspension events that could be problematic for years 
(Table 4).

3.3 � Wildfires—smoke, post‑fire flooding, erosion and sedimentation as analogs

As an analog for an asteroid impact, there are two types of wildfire hazards that are rel-
evant: (1) the initial smoke and ash that is transported by the winds and (2) the surface 
aftermath of the fire. Smoke is discussed in Sect. 3.3.1. The remaining sections discuss the 
cascading hazards that occur because wildfires alter both vegetation cover and soil prop-
erties. When fires burn vegetation and the soil surface, it reduces the protective cover of 
those elements, permitting fluids (water or air) to flow faster across the land surface and 
impart greater erosive force on the soil surface (Fig. 3)

Fig. 3   Wildfire initial effects and cascading hazards. Figure Credit: A. Kasprak and J. Sankey; Photo Cred-
its: U.S. Geological Survey Multi- Media Galleries, USDA Forest Service, and J. Sankey
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3.3.1 � Wildfires—smoke

Smoke from wildfires is often thought of as a local effect. While this may be true for 
smaller isolated wildfires, it has become obvious that wildfire smoke from larger wildfires 
can be regional. For extremely strong wildfires, the smoke can enter the troposphere and 
be transported across continents and oceans (e.g., Baars et al. 2021). With the increase in 
both number and intensity of wildfires, smoke is affecting increasingly larger areas that are 
downwind. The High-Resolution Rapid Refresh-Smoke forecast model is a new experi-
mental method of tracking and forecasting smoke height. (Benjamin et al. 2016). Accord-
ing to NOAA, "It is the first weather forecast model in the U.S. to include smoke’s impact 
on weather, and it has become a vital resource for fire crews, air traffic controllers, local 
forecasters, and even school administrators." (NESDIS, 2021) The Environmental Protec-
tion Agency (EPA) tracks the wildfire smoke as a human health hazard (e.g., Wildfires and 
Indoor Air Quality (IAQ)|US EPA). Fire air pollution—in the form of particulate matter 
(PM10), fine particulate matter (PM2.5), and ozone (O3) pollution—is harmful for human 
health (Anenberg et al., 2010; Lelieveld et al., 2015; Pope et al., 2009; Reid et al., 2019) 
and costly economically (Fann et al., 2017; Rappold et al., 2014; Rittmaster et al., 2006), 
but its effect on ecosystems is uncertain.

3.3.2 � Post‑fire wind erosion and dust emissions

Aeolian sediment transport is a function of the wind’s ability—impeded by vegetation and 
terrain—to entrain soil particles, and the soil’s susceptibility to this entrainment (Bagnold, 
1941, Okin et al., 2006). Increased wind erosion of soil has been reported immediately fol-
lowing fires in a wide variety of landscapes across the world, including shrublands and for-
ests (Whicker et al. 2002, Zobeck et al. 1989, Sankey et al. 2009, 2010; Dukes et al. 2018), 
grasslands (Vermeire et al. 2005; Ravia et al. 2009), and desert dune fields (Thomas and 
Leason, (2005), Wiggs et al. (1994), Wiggs et al. (1995), Wiggs et al. (1996)). Specifically 
aeolian sediment flux via saltation and dust emission has been reported to increase by up to 
several orders of magnitude for weeks to years following fire (see reviews in Sankey et al. 
2009; Miller et al., 2012). Wind erodes carbon (Hasselquist 2011), biologically important 
nutrients, (Sankey et al. 2012; Wang et al. 2019), pollutants, and contaminants (Whicker 
et al. 2006) from burned areas and deposit them in downwind environments. Dust emit-
ted from burned areas can negatively impact air quality in downwind human communities 
(Hahnenberger and Nicoll 2012; Hahnenberger and Nicoll 2014).

3.3.3 � Post‑fire flooding

Flooding is common after wildfires. Wildfires can decrease soil infiltration rates (McGuire 
et al. 2018; Nyman et al. 2014; Onda et al. 2008), decrease soil structure and organic matter 
content (Chapin III et al. 2002), and increase soil erodibility (Moody et al. 2005). Runoff is 
often generated following wildfire when rainfall exceeds the infiltration capacity of the soil 
and thus runs off the ground surface downslope (termed infiltration-excess overland flow) 
due to reductions in canopy storage capacity, removal of litter and duff layers, and changes 
in soil hydraulic properties that reduce infiltration capacity (e.g., Moody and Ebel 2014; 
Schmidt et al. 2011; Ebel 2020). As a result, even short-duration rainstorms with frequent 
recurrence intervals may have sufficient rainfall intensities to exceed the infiltration capac-
ity (Staley et al. 2020).
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3.3.4 � Post‑fire rainfall‑runoff soil erosion

Burned areas within watersheds cause water to runoff faster and in larger volumes after 
rainstorms, and also make soil erode faster and in larger volumes due to rainfall and runoff 
(Shakesby and Doerr 2006; Shakesby 2011; Moody and Martin 2009; Miller et al. 2011; 
Pierce et al. 2004). Sediment that erodes from hillslopes can ultimately end up in channels, 
streams, and reservoirs faster and in larger volumes than would otherwise occur without 
fire (Weidner and Todd 2011; Murphy et al. 2015; Smith et al. 2011). Increased sediment 
can dramatically—often negatively—impact aquatic ecosystems, decrease water quality 
and supply, and increase the cost of water delivery to people (Shakesby and Doerr 2006; 
Palmieri et al. 2001; Smith et al. 2011).

Changes that fire imparts on the land surface in watersheds include the losses of plant 
canopy, ground cover, and soil organic matter, as well as enhanced soil water repellency 
(DeBano 2000; Certini 2005). Losses of plant canopy and ground cover reduce intercep-
tion of rainfall and transpiration. Loss of ground cover reduces soil surface roughness and 
increases the velocity of fluid flow across the landscape. Loss of ground cover increases the 
potential for soil surface sealing. Loss of ground cover and soil organic matter can increase 
rainsplash effects and soil erodibility in general. These factors individually and collectively 
lead to increased runoff in the form of base flows, peak flows and water yield from water-
shed hillslopes and channels, and lead to increased soil erosion via rainsplash, sheetwash, 
rilling, gullying and mass-wasting processes.

Wildfire heats the near-soil surface and propagates a high temperature creating a strong 
thermal gradient. The heat flux is governed by the ability of the fire to evaporate water 
in soil pores (Campbell et al. 1995). The depth of heating is often shallow, on the order 
of 5–10  cm (Rengers et  al. 2017), but in locations with large amounts of fuel smolder-
ing can propagate a heat pulse up to 1 m (Massman et  al. 2003). Heating increases soil 
erodibility by killing fine roots (Nyman et al. 2013a, b), destroying plant tissue, roots, and 
soil microorganisms, which all play a part in soil cohesion and structure (Hungerford et al. 
1991; Busse et al. 2010; Chief et al. 2012). Expansive 2:1 clays are destroyed or altered 
during wildfires (Fitzpatrick 1980; Chandler et al. 1983; Ulery et al. 1996; Arocena and 
Opio 2003), thus further reducing soil cohesion. Consequently, wildfire reduces overall soil 
cohesion and structure, which makes it easier to erode soils after wildfires.

3.3.5 � Post‑fire mass wasting: debris flows and landslides

Wildfires increase the likelihood of several forms of mass wasting (e.g., debris flows, land-
slides, rockfalls) by influencing the hydrology, soils, and vegetation in steep forested set-
tings (e.g., Santi and Rengers 2020). For the first 1–3  years after a wildfire, there is an 
elevated risk of runoff-generated debris flows on steep slopes (> 23 degrees) in burned 
areas (e.g., Staley et al. 2017). Debris flows are mixtures of both sediment and water, but 
the depth and discharge of debris flows are many times greater than water flows (Kean 
et  al. 2016). When rain falls on burned slopes, infiltration rates are typically lower than 
unburned soils due to enhanced hydrophobic conditions (DeBano 2000; DeBano et  al. 
1979), hyper-dry conditions (Moody and Ebel 2012), or surface soil sealing (Larsen et al. 
2009). This results in increased water runoff, which is further enhanced by a lack of water 
storage in burned forests (Larsen et al. 2009; Parise and Cannon 2012) due to ground cover 
reduction and a lower hillslope roughness (Cerdà and Doerr 2005; Liu et al. 2022; Noske 
et al. 2016). Consequently, when water runs off quickly, it can transport burned soil and 
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rock, and the water-dominated flow can transition to a debris flow through either progres-
sive entrainment of material or en-masse failure in channel beds (McGuire et al. 2017). As 
can occur with post-fire rainfall-runoff soil erosion, debris flows can also move fine sedi-
ment into municipal water supply reservoirs, which decreases the water quality (Langhans 
et al. 2016).

Although the threat of runoff-generated debris flows wanes several years following fire, 
the likelihood of shallow-landslides can increase. As the threat wanes, watershed soils 
recover pre-fire infiltration rates and vegetation regrows, both of which reduce the overland 
flow that is prevalent immediately following a wildfire (Liu et al. 2021). However, roots 
of large plants prior to the fire continue to decay for several years after a wildfire, and this 
can reduce root-reinforcement on steep, burned slopes (Jackson and Roering 2009). Root-
decay coincides with the increase in soil infiltration rates, making steep slopes particularly 
susceptible to landslides several years after a wildfire (e.g., Rengers et al. 2020). Conse-
quently, the hazard of post-fire mass movement begins with a threat of runoff-generated 
debris flows but can transition to a threat of post-fire landslides. This can extend the likeli-
hood of mass wasting for a decade or more, after the initial wildfire.

3.3.6 � State‑of‑the‑art models

A variety of hydrologic modeling approaches have been used to estimate post-wildfire 
hydrology (e.g., Nyman et al. 2013a; Kinoshita et al. 2014; Ebel et al. 2020). All the mod-
els simulate an increase in runoff that is due to a combination of reduced soil water infiltra-
tion, a reduction in water storage due to burned surface litter/duff, and an overall reduc-
tion in roughness from vegetation incineration. Relatively simple non-distributed modeling 
methods are frequently applied for timeliness (e.g., USDA TR-55 (USDA 2009), Wildcat-5 
(Hawkins and Munoz 2011), U.S. Geological Survey Linear Regression Equations (see 
Kinoshita et al. 2014), Rowe, Countryman, and Storey (1949), and Wilder et al. (2021)). 
Distributed models such as HEC-HMS (USACE 2010) and Kineros2 (Goodrich et  al. 
2012) are used more frequently to estimate distributed rainfall and runoff. Recently, more 
sophisticated models have been introduced to incorporate 3D-soil water-infiltration effects 
(e.g., InHM of VanderKwaak 1999; in Ebel et al. 2016) and to allow for flow routing over 
detailed lidar-derived topography (e.g., Rengers et al. 2016).

A suite of applications developed from the Water Erosion Prediction Project (WEPP) 
(Elliot et al. 2006) are commonly applied models for post-fire rainfall-runoff soil erosion 
processes on burned national forests and other public lands in the USA (see Forest Service 
WEPP Interfaces; https://​forest.​mosco​wfsl.​wsu.​edu/​fswepp/; Miller et  al. 2011; Sankey 
et al. 2017). WEPP is a process-based model that uses inputs from topography, vegetation, 
soils, and land management. A spatially distributed, physically based hydrological model 
routes water and sediment across hillslopes and small watersheds up to the scale of several 
square kilometers (~ 5 km2) and is driven by daily weather data that can be either created 
from historical measurements or generated from a stochastic weather generator, Cligen, 
which generates WEPP climate inputs from a database of thousands of weather stations 
within the USA (Flanagan and Nearing 1995). WEPP uses the climate data to model run-
off, erosion, and sediment delivery by event, month, year, or average annual values for time 
periods ranging from one storm to one millennium for either an individual hillslope or a 
watershed containing many hillslopes, channels, and impoundments (Flanagan and Near-
ing 1995; Larsen and MacDonald 2007). WEPP calculates inter-rill (e.g., sheetwash) ero-
sion, rill erosion, and erosion in small channels (i.e., ephemeral gullies) in areas of flow 

https://forest.moscowfsl.wsu.edu/fswepp/
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convergence. The WEPP model does not include landslides, channel erosion, or debris 
flows. The Forest Service WEPP Interfaces currently include WEPP applications for spa-
tially explicit modelling of soil erosion and sediment yields following fire disturbance 
(Larsen and MacDonald 2007; Elliot et al. 2006) in the USA, Europe and Australia using 
geospatial topography and soils data and local climate.

Debris flow modeling is complex because it requires water-flow routing as well as the 
interaction between fluid and granular material. The physics of debris flows can be mod-
eled well using the D-Claw model (George and Iverson 2014; Iverson and George 2014) 
or sediment transport models that explicitly account for debris flow physics (e.g., McGuire 
et  al. 2016). Reduced complexity models can also be used to simulate debris flow peak 
timing and locations of debris flow initiation (Rengers et al. 2016, 2019) while maintain-
ing fewer model parameters requiring calibration. Debris flow inundation can be estimated 
using models such as D-Claw, RAAMS, and Flo-2D (Barnhart et al. 2021). Debris flow 
inundation modeling primarily relies on accurate estimates of the initial debris flow vol-
ume (Barnhart et al., in review). Empirical models designed to estimate debris flow volume 
are tied to the local topography, climate, and tectonic history of the mountain ranges in 
which they were developed (Rengers et al. 2021). Consequently, a global model for debris 
flow volume has not yet been developed (Table 5).

3.4 � Earthquakes

Earthquakes caused by tectonic motion can be used as analogs for seismic waves from 
asteroid impacts. Some care must be taken with the initial effects as described below, 
but the long-term cascading hazards from debris, landslides, and other effects will be 
the same regardless of the source of the seismic waves.

3.4.1 � Tectonic versus impact seismic waves

The largest recorded tectonic earthquake was magnitude 9.5 in Chile in 1960, releas-
ing about 1019 Joules (2.4 Gt) of seismic energy. Only about 1–10% of the energy goes 
into seismic waves depending on the stress drop and properties of the local rock, with 
most of the energy going into fracture or frictional heating (Bormann et  al. 2013). 
Earthquake recurrence generally follows a power-law distribution with magnitude with 
about 100,000 earthquakes per year greater than magnitude 3, which is about the limit 
of human perception, but only a few events per year M > 8 capable of causing wide-
spread damage, only a few per century M > 9, and there is no tectonic plate on Earth 
large enough to have a fault that could realistically create a magnitude 10 earthquake.

Volcanic eruptions can also cause earthquakes and are generally less efficient at 
producing seismic waves than tectonic slips but can reach magnitude 6. Well-confined, 
buried chemical or nuclear explosions can achieve efficiencies of up to 0.1% (Bor-
mann et al. 2013). For asteroid impacts efficiencies are 0.1% at the high end but can 
be as low as 0.001% (Collins 2005; Robertson 2017). Using an efficiency of 0.01%, a 
125-m-diameter asteroid impacting the ground with 125 Mt energy will create a mag-
nitude 6 earthquake, and a 1-km-diameter (50,000 Mt) asteroid will create a magnitude 
7.7 earthquake, and a 12-km-diameter (115 million Mt) asteroid would create a magni-
tude 10 earthquake (Toon et al. 1997).
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Explosions and impacts are less efficient at creating seismic waves because a strike-
slip earthquake produces a quadrupole source with more energy being transferred into 
shear waves, whereas explosions provide a monopole source with more energy trans-
ferred into pressure waves. (Bormann et  al. 2013). Pressure and shear waves expand 
spherically as the reciprocal distance squared (1/r2) from the epicenter but can be 
trapped at the surface and become surface waves (Rayleigh and Love waves). At dis-
tances of interest (significant but not devastating damage), the peak velocity or accel-
eration decays as roughly 1/r due to geometric spreading of the surface waves (Wald 
et  al. 1999; Atkinson and Wald 2007). Vertical oscillations are the most damaging, 
which the Rayleigh waves provide, and strike-slip earthquakes efficiently create. For 
an impact the vertical motion is not efficiently generated by the shock (pressure) wave 
propagating out from the impact. The Rayleigh waves (gravity waves like ripples on a 
pond) can, however, be generated by the pressure wave reflecting off the Mohorovicic 
discontinuity (the Moho) which will send pressure waves back to the surface with a 
vertical component, and also by rebound of pulverized rock in the crater.

Damage due to seismic waves is tightly correlated with vertical peak ground accel-
eration or velocity. If peak ground acceleration exceeds 9.8  m/s2 (1  g), objects are 
thrown into the air and most buildings will collapse. Once acceleration drops below 
about 5% of g, the damage is negligible. Buildings are particularly sensitive to vibra-
tions around 1 Hz ± a factor of 10, so some intensity estimates include spectral filtering 
of seismometer measurements (Shabestari and Yamazaki 2001). Impacts are typically 
of short duration (~ seconds), so they excite more high- frequency oscillations than 
tectonic earthquakes, which can last up to minutes.

3.4.2 � Initial and cascading effects

The fatality rate depends on the intensity and the local quality of construction. In afflu-
ent earthquake-prone regions with strict construction codes, such as California, most 
buildings are designed to survive up to an earthquake intensity Modified Mercalli Inten-
sity (MMI) 10 (> 1  g acceleration) and the expected fatality rate is only 1 in 10,000. 
Conversely at MMI 10, the expected fatalities in poorer regions with weak construction 
may exceed 1 in 10. For California, the expected fatality rate drops below 1 in a mil-
lion for MMI 7 (≈1/4 g) and for the most vulnerable places at MMI 5 (< 10% g), which 
would mostly break a few windows and dishes in a typical house (Jaiswal et al. 2009).

While the damage caused by an impact-induced earthquake may be largely restricted 
to the areas more greatly damaged by the later arriving blast wave, its effects should 
not be underestimated as the earthquake damage could set the stage for a cascade of 
additional natural disasters that could cause havoc on decadal timescales as shown by 
the 1999 Jiji, Taiwan and 2008 Wenchuan, China earthquakes (Fan et al. 2018) and the 
2016 Kaikoura, New Zealand earthquake (Massey et  al. 2018). Particularly in urban 
areas, collapse of power lines and breaking of power cables can start fires, which can 
result in toxic emissions from chemical fires (Moussa and Devarakonda 2014; Celano 
and Dolšek 2021). Even outside of urban areas, the M6.7 1927 “Crimean” (Krym) 
earthquake released methane, hydrogen sulfide (H2S), and phosphine from the seabed of 
the “Black Sea” (Prychornomors’ka Nyzovyna) which spontaneously ignited, resulting 
in many fires as well as the release of toxic gases (Schuiling et al. 2007).

The large amount of debris generated can be washed into rivers by rains. In particular 
for urban areas, this can include many toxic household materials such as gasoline, oil, 
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tar, bleach/cleaning chemicals, paint, and batteries, (Reinhart and McCreanor 1999) as 
well as toxic chemicals from industrial facilities such as the 6500 tons of acrylonitrile 
released from ruptured storage tanks after the M7.6 İzmit, Turkey earthquake (Steinberg 
and Cruz 2004). Five years after the M6.8 2003 Boumerdes, Algeria earthquake, heavy 
metal content in wells near the landfill site where debris was disposed was 5 times the 
national limit showing leachate had reached the aquifer (Benmenni and Benrachedi 
2010).

Earthquakes can also induce damage at extended distances. Landslides into water and 
underwater landslides can also cause tsunamis. Indeed, the majority of landslide tsuna-
mis are thought to have been caused by earthquakes. The hazard depends greatly on the 
location and size of the landslide (Ten Brink et al. 2010; Løvholt et al. 2008, 2015).

Landslides can cause chain reactions of hazards of debris flows, landslide dams, 
dam-break floods, sediment/debris transport, and riverbed uplift that can play out over 
decades. Many earthquakes in mountainous areas trigger landslides. China’s M7.9 2008 
Wenchuan earthquake created an estimated 1010 m3 of total landslide volume of which 
15–20% created over 800 landslide dams. The dams created a storage capacity of about 
109 m3 and 25% failed within a week, but ~ 10% were still intact after a year. (Fan et al. 
2012). In the immediate aftermath of the earthquake, 25% of the almost 80,000 miss-
ing or dead were due to landslides. In the town of Beichuan, the earthquake collapsed 
80% of buildings in town and, together with 2 induced landslides, killed 2300 people. 
In the 5  years after the earthquake, the town suffered 6 more disasters leading to the 
loss of 6700 more people: A month after the earthquake, a landslide dam upstream 
was breached and a flood swept through town. In the fall, a storm swept loose land-
slide deposits into town burying most of the old town. This, in turn, caused the river 
to change course scouring part of the town. Over the next 5 years, the riverbed in town 
rose 15–38 m due to excessive sedimentation brought from landslides upstream. Finally, 
due to the elevated riverbed, a storm caused the river to overflow and flooded 80% of the 
town (Zhang et al. 2014).

A similar story was created by the M7.8 2016 Kaikoura earthquake, which created > 196 
landslide dams that temporarily blocked rivers (Massey et  al. 2018; Jibson et  al. 2017). 
The dams reached sizes ranging from 100–1000 million cubic meters, creating hazards for 
downstream infrastructure and life (Jibson et al. 2017). The largest example was a dam on 
the Hapuku River that was 100 m high, which was breached five months later by Cyclone 
Cook and produced several debris flows (Massey et al. 2018).

3.4.3 � ShakeMap

ShapeMap software was developed by the US Geological Survey (USGS) Earthquake 
Hazards Program (Wald et al. 1999, 2009; Worden et al. 2010). ShapeMap can be used to 
generate maps of peak ground motion for either real events or for use in emergency man-
agement exercise. ShapeMap can be downloaded at https://​earth​quake.​usgs.​gov/​data/​shake​
map/.

3.5 � Hurricanes and Tornadoes

Hurricanes and tornadoes provide a useful analog to blast winds at large distances from 
a large impact. Data on large blast waves from nuclear explosions generally stop around 
1 psi overpressure where most buildings can survive the blast and the fatality rate drops 

https://earthquake.usgs.gov/data/shakemap/
https://earthquake.usgs.gov/data/shakemap/
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below ~ 1 in 100 (Glasstone and Dolan 1977). For hurricanes, damage is well recorded to 
much lower windspeeds than for blasts and, in the USA, people evacuate hurricanes to the 
1 in a million-fatality risk, (Lindell et al. 2006).

In hurricane- and tornado-prone areas in the USA, adherence to building code require-
ments means that most houses can withstand most winds they are likely to experience over 
a 50-year period. Consequently, most of the damage is either from uncommon category 
5 winds or is due to buildings not designed to withstand the winds, such as mobile/pre-
fabricated homes, garages, sheds, and also buildings in storm surge flood areas (Lindell 
et al. 2006).

For Chelyabinsk (Popova et  al. 2013), the blast wind behind the ~ 0.5 psi shock wave 
and the 2 nearly fatal injuries and 1500 hospitalizations out of a population of 1.1 mil-
lion, both roughly match the expected windspeed and casualties if a tropical storm had hit 
instead of a meteor.

Long-term hurricane effects are mostly related to pollution from toxic debris. Debris 
clean-up accounts for up to 40% of disaster-related costs (EPA 2019). Most debris and pol-
lution come from two sources: wind and flood. For hurricanes, associated heavy rains wash 
pollutants into streams and the ocean and, for the most polluting hurricanes, the majority 
has come from mobilizing chemicals, fuel, sewage by flooding (Han et al. 2022; Sheikh 
2005). For a land impact of an asteroid, the flooding and rains will be absent, allowing 
more time for clean-up before pollutants leach into the soil. Tornado clean-up may be a 
better analog.

A typical hurricane produces ~ 10 times the normal annual waste in a single event (Rein-
hart 1999). As an example, in 2004, Hurricanes Charley, Frances, Ivan, and Jeanne hit in 
short succession causing 47 deaths, $45B in damages, and the displacement of 1.7 M peo-
ple. Local contractors cleared > 4 M cubic meters of debris. Eighty percent was vegetative 
(e.g., downed trees), and 20% comingled (e.g., buildings). More than 3 M cubic yards of 
the vegetative debris was chipped into mulch. After Hurricane Ivan, the vegetative debris 
was disposed of with 60% going to a biomass power plant for energy generation, 15% was 
sent to paper mills, 15% used for landfill cover, and 10% incinerated (EPA 2019).

Following Hurricane Katrina for example, household hazardous waste was segregated 
curbside, so most batteries, propane cylinders, gasoline, oil, ammunition, electronics, and 
refrigerators were recycled. Seafood from the fishing industry in Gulfport, Mississippi, 
was of particular concern but disposed of quickly before it spoiled to prevent it becom-
ing a health hazard. However, the hurricane resulted in > 100 M m3 debris, exceeding the 
capacity of existing disaster debris plans and infrastructure. Insufficient waste processing 
sites, and lack of impermeable liners at improvised waste management sites lead to prob-
lems with pollutants. Drywall produced H2S gas, and arsenic from pressure-treated wood 
(construction) leached into groundwater. Vegetative debris was infested by termites so was 
quarantined, limiting disposal options (EPA 2019).

4 � Discussion

Under ideal conditions, humanity would discover a hazardous asteroid that is on an inter-
cept course with the Earth decades in advance, allowing for the deliberate development 
of mitigation (deflection or catastrophic disruption) missions. However, this may not be 
the case and the warning time may not be sufficient for asteroid mitigation missions to be 
launched. Under this scenario, civil defense mitigation strategies will be needed. Current 
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modeling efforts that predict initial effects from a meteor impact or airburst provide needed 
information for initial preparation and evacuation plans, but longer-term cascading hazards 
are not yet characterized. More common natural disasters are analogs to provide scope and 
scale of potential effects. These events, especially the larger events with cascading effects, 
are key for understanding the scope and complexity of mitigation, relief, and recovery 
efforts.

4.1 � Cascading hazards

The detrimental effects of a medium-sized asteroid impact could last for years. Examples 
of the complexity and time span of cascading hazards are the Mount Pinatubo eruption 
and the 2008 Wenchuan Earthquake. The impact of cascading hazards lasted for years, 
extending into what would usually be considered the recovery phase of a natural hazard. 
The traditional phases of mitigation, relief, and recovery may need to be refined for a 
medium-sized impact event, or at least, planning considerations should recognize that these 
phases may have significant overlap or may be discontinuous (e.g., the mitigation phase 
may become an annual event if the cascading hazards are triggered by annual monsoons or 
snowmelt).

Cascading effects are not restricted to the area that was initially impacted or evacuated. 
The larger area of potential future hazards should be prominent in emergency and recovery 
plans. For example, evacuation destinations should be well outside the areas of potential 
cascading hazards. Recovery plans should consider mitigation efforts beyond the area of 
original damage. For example, flood control measures may need to be implemented hun-
dreds of kilometers downstream from the affected watershed(s).

Finally, the magnitude, distribution, duration and damage caused by regional and (or) 
cascading effects will depend on location and season of the asteroid impact event. Initial 
downwind effects will depend on the prevailing winds at the time of impact and the use of 
the lands downwind at the time of impact. Because wind profiles are variable, predictions 
of possible damage will need to be probabilistic. Downstream effects are typically trig-
gered by extreme precipitation. While precipitation events are usually seasonal, the amount 
and duration of each individual event can vary from storm-to-storm and season-to-season. 
As with the downstream damage predictions, the downstream damage predictions will also 
need to be probabilistic.

4.2 � Evacuations and disaster diaspora

Hurricanes are not necessarily a good analog for the physical effects (except for high 
winds) of an asteroid impact, but may represent the complexity of conducting large-area 
evacuations. The population with the ability and the resources to self-evacuate will do 
so, but the timing of self-evacuation needs to be tightly controlled to prevent transporta-
tion corridors from becoming clogged. The population without the ability to self-evacuate 
becomes a problem of both the coordination of transportation assets and the identification 
of locations that have appropriate facilities to care and house the evacuees. It should be 
noted that many of the evacuees will never return home and will need long-term housing 
and employment. The region surrounding the initially damaged zone must also be con-
sidered in the recovery efforts. The areas, especially with high levels of poverty, may not 
be able to sustain even poverty-level quality of life post-impact if the area continues to be 
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affected by cascading events. The aftermath of Matthew (October 8, 2016) and Florence 
(September 14, 2018) in Robeson County, North Carolina, provides an historical example 
(Marson and Legerton 2021).

Human response and behavior add an additional dimension. Some fraction of the popu-
lation will insist they be allowed to ride out the storm. This may be based on previous 
experience where they have survived previous events without evacuation. Unlike hurri-
canes, which occur on a regular basis along much of the coastal regions and therefore is 
a common experience that the community can intrinsically understand, a medium-sized 
asteroid impact event ranges from approximately one in a 100,000-year event (~ Ø300m) to 
a one in a million-year event (~ Ø1km). By comparison, the probability of a large volcanic 
eruption (≥ M8) in the next one-million years is 75% (Mason et al. 2004). In addition, an 
asteroid impact event of this magnitude would likely be known years in advance, provid-
ing civilization time to either act, react, or ignore. While this review paper has focused on 
geophysical and atmospheric hazards, the COVID-19 pandemic provides an example of 
human behavior that can complicate mitigation and evacuation efforts (Rocha et al. 2021; 
Stanley et al. 2021). Undoubtedly, there will be a fraction of the population that will call 
the warning of imminent impact a hoax. This is just one example of human behavior that 
must be considered during the planning process.

4.3 � Climate change

Climate change will inevitably add complexity to the cascading effects from a medium-
sized asteroid impact. Periods of extended drought and (or) extreme weather are likely to 
enhance the probability and intensity of potential cascading hazards.

Extended drought conditions stress ecosystems and reduce natural resiliency. The short-
term and long-term hazards from an impact event may be more severe due to these stressed 
conditions than would have otherwise occurred. For example, wildfires may be more exten-
sive that would otherwise be expected. Additional debris, especially organic debris, may be 
generated and could later be washed into streams and rivers.

Many of the cascading hazards discussed in this review center around external triggers, 
such as intense rainfall, resulting in a chain of events that lead to downstream flooding. 
Because cascading hazard mitigation may last for years or even decades, recovery efforts 
should consider the potential for changing climate scenarios on the same timescale.

4.4 � Integrated framework: modeling, monitoring, and mitigation

A framework is needed for the modeling, monitoring, and mitigation of asteroid impact or 
airburst events, and the subsequent cascading hazards that result. This approach is not new 
as it was promoted two decades ago. “The principles of adaptive planning in the face of 
uncertainty fundamentally affect mitigation investment decisions. Civil defense measures 
have the advantage that improvements can be gained due to synergism with more mun-
dane natural hazards.” (Morrison et al. 2002, p.750). In 2017, the US Geological Survey 
identified the need for, and the potential of, an integrated system that could be used to 
monitor, characterize, and forecast the increasing number and intensity of extreme climate 
events and identify the increased stress on both human and ecosystem resiliency (Jenni 
et al. 2017).



1388	 Natural Hazards (2023) 116:1355–1402

1 3

Ideally, this would be an integrated system that uses both state-of-the-art knowledge and 
models to provide the best actionable information to all stakeholders. Continuous state-
of-the-art monitoring would either be used to validate or update predictions. Mitigation 
(including recovery) efforts would be conducted in accordance with the state-of-the-art 
actionable information, considering that cascading effects can and will be displaced in both 
time and space.

4.4.1 � Modeling

Ideally, a comprehensive multi-hazard model could be developed, providing timely action-
able information to all appropriate stakeholders. Current multi-hazard models are in 
their infancy and are tailored for a specific event. Substantial incremental progress could 
be made by coupling currently available hazard models, where the output of one model 
becomes the input of the next model. This approach can be cumbersome if the interface 
between models is manual transcription. Another complicating factor is that the model out-
put may not span all the next input model parameters, necessitating the use of assumptions. 
Weather must also be considered in linking together cascading hazard models as precipi-
tation is often the trigger to initiate the next event. A probabilistic approach will likely 
be needed as weather patterns have large uncertainties. This requires individual models to 
execute quickly so that an ensemble of possible outcomes can be compiled.

4.4.2 � Monitoring

Monitoring would likely have three phases: (1) pre-impact event characterization, (2) mon-
itoring of initial impact effects, and (3) long-term monitoring to ensure actionable knowl-
edge remains current, accurate, and viable.

Pre-impact event characterization ensures hazard model inputs are current and state of 
the art. This characterization provides a foundational geospatial dataset for comparison to 
post-impact conditions. Monitoring of initial impact effects should include areas surround-
ing the expected damage area, especially the areas downwind. For example, differences 
in expected atmospheric dust loading may result in changes in no-fly zones in real-time. 
Long-term monitoring data can be assimilated into the multi-hazard models, providing 
updates to actionable information for all stakeholders. Monitoring efforts should include 
air quality, water quantity and quality, dust distribution, status of crops, and changes in 
local topography—especially in watersheds.

4.4.3 � Mitigation

Current asteroid impact hazard models provide actionable intelligence for levels of evacua-
tion in the immediate damage area. But outside this immediate area, additional short-term 
mitigation may be needed, such as closing both air and ground transportation corridors 
(due to suspended fine particle debris) and extending air quality warnings and alerts for 
both humans and livestock. Depending on the season and location of the impact, farmers 
in downwind areas may be instructed to fallow their fields prior to impact to minimize the 
economic impact of crop destruction.

Long-term recovery efforts may need to include long-term mitigation strategies for cas-
cading hazards. These mitigation strategies and plans should consider a much larger area 
than the initial impacted area, due to cascading hazards that could last for years and extend 



1389Natural Hazards (2023) 116:1355–1402	

1 3

both downwind and downstream from the initial impact damage zone. Mitigation strate-
gies should identify potential external triggers, such as extreme rain, that could initiate a 
cascading event (e.g., Zhu et al. 2021). A combination of monitoring and modeling could 
be used to predict future hazards, as demonstrated by Zhang and Matsushima (2018) for 
debris flows.

4.4.4 � Metrics and vulnerability estimates

This paper has mainly focused on the cascading effects from natural hazards. We have 
alluded to the vulnerabilities of society to these effects, such as a decrease in crop produc-
tion (e.g., Sect. 3.1.1), loss of economic output (3.2.3), or even loss of life (Sect. 3.4.2). 
While beyond the scope of this paper, vulnerability modeling is needed to convert cascad-
ing effects described in this paper into quantifiable cost (or metric). Examples of this have 
been conducted for initial effects of an asteroid impact (e.g., Mathias et al. 2017; Rumpf 
et al 2017). Metrics used in these vulnerability studies have included estimated fatalities 
(e.g., Rumpf et al. 2017), affected population (Mathias et al. 2017), or total monetary cost 
of damages. Because warning times should be sufficient to complete necessary evacua-
tions, fatalities and injuries should be minimal. That leaves the metrics of affected popula-
tion and(or) cost of the damage as perhaps a useful starting point.

5 � Conclusions—the next steps

Ideally, a single system or model (likely a system of systems) could use the impactor 
parameters (such as mass, structure, impact location, and time and date) to determine 
the range and timing of all effects, including cascading effects. Most of the cascad-
ing effects are dependent on weather patterns that vary significantly—resulting in not 
a unique answer, but a probability distribution. Due to uncertainties in observed and 
derived asteroid properties, probability distributions are already being used for the ini-
tial effects of an impact or airburst. But even a probability distribution of cascading haz-
ards would provide emergency and resource managers a new tool for planning, evacua-
tion, and recovery efforts.

A single grand unified model is likely years, if not decades, away. Many of the cascading 
hazards depend on nonlinear complex processes which depend on variable environmental 
conditions to trigger the effect (e.g., high winds for resuspension or extreme precipitation 
for debris flows). Regardless, substantial progress can be made by coupling existing mod-
els of hazards in a cascading chain of effects. A probabilistic approach (e.g., Monte Carlo) 
is currently being used to estimate effects from the initial impact (e.g. PAIR, Mathias et al. 
2017) and a similar approach could be used for cascading effects. These coupled models 
could be validated against more common natural hazards that also lead to a cascade of haz-
ards, including volcanic eruptions and large earthquakes. With the increase in the number 
and intensity of wildfires, these also provide a means for cascading model validation.

We have identified and reviewed several of the current models for downstream (or 
down-flow) and downwind (or down-blow) events. These models can be interfaced by 
deriving the input parameters for these models from the output from the impact and air-
burst models. For example, the determination of resulting debris, dust and ash production, 
composition, and grain-size profiles are important inputs in both down-flow and down-
blow models. However, current models of the initial effects of an asteroid impact do not 
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provide sufficiently granular properties and distributions of these parameters as part of 
their standard output. Additional modeling is needed to convert bulk destruction and debris 
estimates into distribution of debris and dust—including size. Until then, assumptions will 
need to be made to link these models.

As the global climate continues to change, with more widespread and longer-lasting 
drought, hotter temperatures, and more extreme weather, chained models of cascading haz-
ards may be required for even minimally adequate response and recovery efforts to occur. 
Emergency response and recovery plans needing to be integrated as the result of cascading 
hazards, displaced in either space or time, will mean that mitigation and recovery responses 
no longer have the luxury of being linear.

Being prepared is key to minimizing the impact on life, property, and the economy for 
any large-scale disaster. We must first recognize when cascading hazards become impor-
tant. The impactor size and mass at which there is a transition from local to region effects 
is not well constrained. We need to know when these delayed effects need to be considered 
in civil defense planning and when they can be ignored. Our actions, if not appropriate and 
informed, can be needlessly counter-productive for long-term mitigation and significantly 
increase the cost and loss of both life and property.
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