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Abstract: The Tunguska airburst, which devastated a taiga forest over an area greater

than 2,000 km2 in a remote region of Central Siberia in 1908, is a classic example of

extraterrestrial encounter discussed in the asteroid/comet impact hazard and risk assess-

ment literature (e.g. Longo 2007; Carusi et al. 2007). Although it is generally agreed that

the cosmic body caused damage by bursting in the air rather than through direct impact on

the Earth’s surface, the Tunguska event is often referred to as an impact event. To the best

of our knowledge, no detailed studies have been performed to quantify the risk of a similar-

sized event over a populated region. We propose here a straightforward probabilistic risk

model for Tunguska-type events over the continental United States and use established risk

metrics to determine the property (buildings and contents) and human losses. We find an

annual average property loss of *USD 200,000/year, a rate of *0.3 fatalities/year and

*1.0 injuries/year ranging from a factor 3 below and to a factor 3 above the indicated

values when a reasonable rate uncertainty for Tunguska-type events is taken into account.

We then illustrate the case of an extreme event over the New York metropolitan area.

While we estimate that this ‘‘nightmare’’ scenario would lead to *USD 1.5 trillion of

property loss, *3.9 millions of fatalities and *4.7 millions of injuries, such event is

almost impossible (occurrence once every *30 million years) and should only be con-

sidered as an illustrative example.
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1 Introduction

On June 30, 1908, a giant blast occurred over the basin of the Podkamennaya Tunguska

River in Central Siberia, leveling a large fraction of trees over an area spanning over

2,000 km2. It is at present well accepted that the blast was produced by the disruption of a

small stony asteroid, when entering the Earth’s atmosphere. The explosive yield, if

equivalent to 10-15 megatons (Mton) of TNT (Ben-Menahem 1975; Shoemaker 1983),

would have been about 1,000 times the energy released by the nuclear weapon launched

over Hiroshima in Japan in 1945. However, this value is probably overestimated and could

be as low as 3–5 Mton (e.g., Boslough and Crawford 2008]. The reader should refer to the

review by Longo (2007) for more information about the 1908 event, its characteristics, and

the different models proposed.

Although the 1908 event did not cause any significant damage to human settlements due

to its remote location, the occurrence of a similar event over a populated region would be a

major catastrophe. This issue is discussed in a number of studies but only in qualitative

terms (e.g. Carusi et al. 2007).

In this paper, we develop a straightforward probabilistic risk model to quantify the

expected property (buildings and contents) and human losses due to Tunguska-type events.

The evaluation of the risk is based on the identification of the hazard, exposure, and

vulnerability of property and human lives. First, we define a model for the continental

United States and second, we illustrate the case of an extreme event over the New York

metropolitan area. Finally, we discuss the limits of the proposed model and possible future

research directions.

2 Probabilistic risk model

Although a ‘‘second Tunguska event’’ might have occurred in 1930 over the remote forests

of the Rio Curuçà in Brazil (Bailey et al. 1995), because of the speculative nature of the

evidence, the 1908 event remains the only confirmed historical airburst event to cause

significant damage to the ground. An airburst, which evidence is erased by vegetation

within a century or so, is a great ‘‘invisible hazard’’ as stated by Bailie (2007). Therefore,

the rate of occurrence must be determined from indirect observations, such as the flux of

bolide detonations in the Earth’s atmosphere, the detection of Near-Earth objects (e.g.,

LINEAR project) or the flux of cratering on the Moon. A 2003 NASA report (Stokes 2003)

reviews the different size-frequency distributions available and discusses the caveats on

predicting the frequency of Tunguska-type events.

In the present work, we estimate the rate of occurrence from the frequency-size dis-

tribution derived by Brown et al. (2002). Using a realistic value of 10 Mton, the authors

estimate the mean return period of Tunguska-type events to be approximately 1,000 yrs.

To test the sensitivity of our model to rate uncertainty, we define the lower and upper

bounds as a factor *3 below and above the mean return period of 1,000 years, i.e. 300 and

3,000 years, respectively. For a similar explosive yield, the 2003 NASA report indicates a

return period of 600–1,000 years, based on a constant power-law frequency-size distri-

bution. Our lower bound is closer to the Shoemaker (1983) estimate, although usually

considered outdated, while our upper bound is closer to the Harris (2008) estimate, which

takes into account a dip in the frequency-size distribution in the Tunguska size range (with

a frequency 3 times lower than estimated in the 2003 NASA report).
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As discussed in the recent literature (e.g., Stokes 2003; Longo 2007; Boslough and

Crawford 2008), the 1908 explosive yield is probably overestimated and the return period

of Tunguska-type events should thus be reassessed to lower values. With a yield as low as

3 Mton and using the Brown et al. (2002) frequency-size distribution, we find a mean

return period of *300 years, which is still in the proposed return period range. Similarly,

an interval of *250 years is found in the 2003 NASA report, and an interval of 500 years

is proposed by Harris (2008). As a consequence, the return period range of

300–3,000 years defined for our risk model incorporates roughly both size and frequency-

size distribution uncertainties for Tunguska-type events.

The severity of a blast is usually measured by the amount of overpressure (in pounds per

square inch, or psi) and must be determined for any location from the source point. The

relevant information on the blast effects of the 1908 event is obtained from the tree fall

footprint, seismic and barograph records, and eyewitness testimonies (Longo 2007 and

references therein). The most recent tree fall footprint (Longo et al. 2005) constrains the

spatial extent of the 1908 blast. Another footprint with information on charred trees dis-

tribution (Serra et al. 1994) illustrates that large fires were ignited near ground zero (i.e.,

the point on the Earth’s surface directly below the airburst) and spread outward. However,

this information is of little help to quantify the intensity of the blast. Moreover, the

vulnerability of buildings cannot be assessed directly, as the blast occurred in a remote

location, and a comparison to tree vulnerability is not appropriate, as they are relatively

brittle and are either standing or fallen. Therefore, empirical evidence for property vul-

nerability to Tunguska-type events (i.e., airbursts) is lacking.

One solution is to utilize empirical evidence of blast effects from man-made explosions.

Figure 1 represents the footprint of an airburst occurring at an altitude of 5,000 m with a

released energy of 10 Mton. Overpressure in psi per distance range, shown up to 40 km in

radius, is determined by using the formulae and graphs from Glasstone and Dolan 1977. The

1908 Tunguska footprint is also shown for comparison (in dashed/dotted contour lines) with

its ‘‘butterfly’’ shape due to the cosmic body’s trajectory angle. While the chosen point source

parameters seem to match the observed tree fall (e.g., Ben-Menahem 1975), yield estimates

based on tree fall are too high because they account neither for topography nor forest health.

This issue is discussed in much detail by Boslough and Crawford (2008) (and references

therein). In the present work, we however define Tunguska-type events as 10 Mton point

source explosions since we assume a flat terrain. The implementation of events with a lower

explosive yield (3–5 Mton) would lead our model to possibly underestimate losses because

the accumulation of blast wave energy at topography gradients is not taken into account.

Table 1 lists the effects of a 10 Mton point source explosion on buildings and popu-

lations per overpressure range, as defined in the nuclear weapons effects literature (Office

of Technology Assessment 1979). It is worth noting that dynamic pressure (i.e. high

winds), which can knock down people and objects such as trees, is not taken into account

in Table 1. However, fatality and injury rate estimates consider people inside buildings, the

damage of which is controlled by static overpressure (Office of Technology Assessment

1979). The potential property damage caused by a given overpressure is measured in terms

of a mean damage ratio (MDR), which corresponds to the expected loss as a percentage of

the replacement value. MDR values implemented in our analysis are roughly estimated

from the damage observations described in Table 1. From these data, we define simple

step-like vulnerability curves for buildings and populations, as shown in Fig. 2.

A stochastic event set is then developed to determine the expected losses due to

Tunguska-type airbursts in the continental United States, considering the spatial distri-

bution and vulnerability of buildings and populations. About 1,000 stochastic events with
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identical footprint and rate are generated and distributed homogeneously over the country

in a grid with a bin of 1� in longitude and latitude (Fig. 3). The ratio of the surface of a 1�
by 1� cell to the total area of the Earth (5.1 9 108 km2) is about 2 9 10-5, which leads to

an individual mean return period of 50 million years at each defined location (or cell),

assuming that the rate of an impact is the same anywhere on Earth. With a factor *3 below

or above the mean value, we obtain an individual return period ranging from 15 million to

150 million years. It is worth noting that these extremely low individual stochastic event

rates are purely a construction of the bin width and are not reflective of the rate for an event

outside of the stochastic event set. Coupling the bulls-eye footprint from Fig. 1 inside a 1�

Fig. 1 Footprint of a point source explosion and of the 1908 Tunguska event. Overpressure (in pounds per
square inch, or psi) is indicated per distance range from the source (solid contour) and computed for a 10
Mton airburst occurring at a 5,000-m height based on formulae and graphs from Glasstone and Dolan
(1977). The extents of fallen trees (dashed contour) and of charred trees (dotted contour) from the Tunguska
event (Serra et al. 1994) are shown for comparison, with the focus point from which all fallen trees radiate
(i.e., ground zero) positioned at the center of the bulls-eye footprint

Table 1 Building mean damage ratio (MDR), fatality and injury rates as a function of overpressure derived
from the Office of Technology Assessment (1979)

Overpressure Damage description Building
MDR* (%)

Fatalities
(%)

Injuries
(%)

20 ? psi Reinforced concrete structures leveled/destroyed *100 *98 *2

5 ? psi Factories, commercial buildings, and residential
structures severely damaged or destroyed

*70 *50 *40

1 ? psi Residential structures moderately or severely damaged *30 *2 *35

* Building MDR values are roughly estimated from the description of the damage observed
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by 1� cell to the vulnerability curves for buildings and populations from Fig. 2, we obtain a

building MDR of 18%, a mean fatality rate of 5% and a mean injury rate of 18% per event

footprint (weighted average based on each psi range area).

To calculate the expected property losses, we use the 2008 RMS� Industry Exposure

Database (IED) developed by the firm Risk Management Solutions (Risk Management

Solutions 2008), which is a compilation of insured assets (buildings and contents) for

properties at risk from wind and fire perils. Economic values are derived from the insured

values, considering insurance penetration rates throughout the United States. Using

exposure data for wind and fire, insurance coverage is appropriate in this case, since the

hazard is due to hurricane-force winds [maximum wind speed of 502 mph, 163 mph, and

70 mph for an overpressure of 20, 5, and 2 psi, respectively (Glasstone and Dolan 1977)]

and to fire ignitions due to thermal exposure. To calculate the expected fatalities and

injuries, we use the 2005 United States LandScanTM dataset (LandScanTM 2005) for

population concentrations, which gives a census count on a 3000 by 3000 latitude/longitude

grid. Both exposure data sets—for property and population at risk—are then aggregated to

the 1� by 1� grid cells to match the defined stochastic airburst data set.

Fig. 2 Vulnerability or damage
curves defined for Tunguska-type
airbursts (point source 10 Mton
explosion occurring at a 5,000-m
height) as a function of distance
from the source. Building mean
damage ratio, fatality and injury
rates are obtained from Table 1

Fig. 3 Stochastic Tunguska-type event set defined for the continental United States. Each 1� by 1� cell
(black rectangle) represents the location of one stochastic event. The heat color scale represents the
population distribution (LandScanTM 2005)
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Both property and human losses due to a given stochastic event are determined by

multiplying the exposure at the corresponding location (or cell) by the average vulnera-

bility to the event. All *1,000 events are considered and the impacts are summarized

using risk metrics, including the Average Annual Loss (AAL) and the Occurrence

Exceedance Probability (OEP) curve, which illustrates the annual probability of exceeding

a certain level of loss (e.g. Smolka 2006). The AAL can be calculated as the area under the

EP curve or as the sum product of the mean loss and the event rate for each event in the

stochastic event set.

Figure 4 shows the OEP curves for property losses (top) and human losses, i.e. fatalities

and injuries (bottom). With an event return period of 1,000 years (on Earth), we estimate

the AAL for the continental United States to *USD 200,000/year, *0.3 fatalities/year

Fig. 4 Occurrence Exceedance Probability (OEP) curves determined for Tunguska-type events occurring
over the continental United States. Top: for property loss in USD billions (buildings and contents). Bottom:
for human losses: fatalities (in black) and injuries (in gray). Solid curves correspond to the estimates from
the 1,000 years return period of Tunguska-type events on Earth, and dashed curves show the sensitivity of
the model to the implemented rate uncertainty (i.e. 300–3,000 years return period)
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and *1.0 injuries/year, ranging from a factor 3 below and to a factor 3 above the

indicated values when rate uncertainty is taken into account. The maximum expected

losses in our model are *USD 380 billion, *500,000 fatalities, and almost 2 million

injuries. Since the rate of Tunguska-type events is assumed the same everywhere, the

OEP is dependent upon the population distribution in the continental United States. With

the population concentrated in a few urban regions, an event is more likely to occur in a

remote region than over a highly populated area. Very large losses are extremely rare, as

this analysis shows return periods of the order of millions of years at the tail of the OEP

curve.

In comparison, the 2003 NASA report proposes a nominal rate of 2.1 fatalities/year and

a maximum rate of 11.8 fatalities/year for 50-m objects, based on a homogeneous distri-

bution of the population on Earth. Harris (2008) states that the risk of death due to a

Tunguska-type event is one in 6 million. With a world population of 6.8 billion and a life

expectancy of 67 years, it corresponds to *17 fatalities/year. As a rule of thumb, our

regional model output of 0.3 fatalities/year corresponds to *16 fatalities/year on Earth

(the United States area being *1/50 of the Earth area), which is a very good match to the

Harris (2008) value and a reasonable match to the 2003 NASA report value when con-

sidering the different assumptions made in the 2 models (e.g., regional versus global,

different footprints). Nevertheless, future studies should explore the different sources of

discrepancy and their impact on risk quantification.

3 An illustrative scenario: a Tunguska-type event over the New York
metropolitan area

Considering the 1908 Tunguska event, one might ask what the losses would have been if,

instead of occurring over the Siberian forest, the airburst had occurred over one of the most

important economic hubs and populated cities in the world. The following scenario con-

siders the occurrence of an event with an impact footprint similar to the one shown in

Fig. 1 (i.e. 10 Mton point source explosion at a 5,000-m height) over the New York

metropolitan area, which is the most populous metropolitan area in the United States and

also one of the most populous in the world. The bulls-eye footprint is centered at 40.73�N;

73.99�W over central Manhattan, as shown in Fig. 5. The footprint of the 1908 event

(Serra et al. 1994) is also indicated for illustration. Property and human losses are esti-

mated using the vulnerability curves defined previously and not the weighted averaged

vulnerability value used in the US Tunguska-impact model.

The property exposure dataset [2008 RMS� Industry Exposure Database (Risk Man-

agement Solutions 2008)] is aggregated at the ZIP Code resolution level throughout the

New York metropolitan area for both commercial and residential properties (Fig. 5, top).

For the population exposure, we use the 2005 LandScanTM dataset (LandScanTM 2005) at

the original resolution of 3000 by 3000 latitude/longitude grid (Fig. 5, bottom). Table 2 lists

the different property and population concentrations per overpressure range as well as the

expected losses. While we estimate that this ‘‘nightmare’’ scenario would lead to *USD

1.5 trillion of property loss, *3.9 millions of fatalities and *4.7 millions of injuries, such

event is almost impossible and should only be considered as an illustrative example. If we

consider that this scenario-event can occur anywhere over the New York metropolitan area,

which measures 17,400 km2, its return period would be *30 million years (based on a

1,000 years return period on Earth).
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Fig. 5 An illustrative ‘‘extreme event’’ scenario—a Tunguska-type event over the New York metropolitan
area. Top: property exposure (buildings and contents) (Risk Management Solutions 2008). Bottom:
population exposure (LandScanTM 2005). Losses are computed based on the location of the bulls-eye
footprint (centered at 40.73�N; 73.99�W). The 1908 Tunguska footprint is shown for illustration only
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4 Discussion

As discussed in details by Kovacs and Hallak (2007), an assessment of the costs of

asteroid/comet impacts requires many assumptions and the probabilistic risk model pro-

posed in the present paper has several limitations, as explained below.

First, the losses determined for the New York metropolitan area scenario-event are

much higher than the maximum losses expected on the tail of the EP curve in the proposed

model for the continental United States. It shows that all aspects of the risk due to

Tunguska-type airbursts are not implemented here, with the tail of the EP curves (Fig. 4)

being underestimated. A next step would be to use a Monte Carlo simulation to define

stochastic events that occur randomly in space instead of inside specific grid cells and by

directly using the bulls-eye footprint instead of the weighted averaged damage ratio. Such

approach would help better defining the EP tail and improve the resolution of the risk.

Second, the assumption that Tunguska-type impacts can be treated as point source

explosions (e.g., Ben-Menahem 1975) is reasonable for the purpose of this work, but some

recent models consider that such events are more analogous to explosive line charges

(Longo 2007 and references therein). In such models, the cosmic object momentum carries

energy to lower altitudes, and thus a smaller explosive yield is required to produce the

phenomena associated with the 1908 event for instance (e.g., Boslough and Crawford

2008). However, sophisticated models are computationally intensive, and more realistic

models taking into account 3-D topography are still to be generated (Boslough and

Crawford 2008). Therefore, models based on point source explosions appear to remain the

best alternative for risk assessment at the present time.

Third, the uncertainty associated with the vulnerability of buildings and populations to

airbursts is high. There is no historical event and therefore no data (e.g. insurance claims)

to directly calibrate and validate vulnerability curves. As indicated above, information

from nuclear tests is used in this analysis, and although this assumption is reasonable, the

MDR value defined for the model as a function of overpressure (Table 1) is a rough

estimate, which could vary by several 10 s of percent. Moreover, no distinction between

building types is made in the present model. One could consider a set of vulnerability

functions corresponding to different construction types and other significant parameters.

Finally, a sophisticated model would need to account for loss amplification due to

secondary perils, which result from an airburst, such as tsunamis, earthquakes, or fires. As

discussed by Gusiakov (2007), with no object directly hitting the surface of the ocean, only

very weak tsunamis can be generated. However, estimates are based on man-made

explosions, and the real impact from Tunguska-type airbursts remains unknown at the

present time. Moreover, there is a debate about a possible impact crater at the Tunguska

Table 2 Property (buildings and contents) (Risk Management Solutions 2008) and population (Land-
ScanTM 2005) exposures and expected losses for the illustrative scenario of a Tunguska-type event over the
New York metropolitan area

Overpressure
range

Property exposure
(in USD billion)

Population
exposure

Property losses
(in USD billions)

Fatalities Injuries

20 ? psi *450 *1,000,000 *450 *980,000 *20,000

5 ? psi *950 *5,500,000 *665 *2,750,000 *2,200,000

1 ? psi *1,500 *7,000,000 *450 *140,000 *2,450,000

Total *2,900 *13,000,000 *1,565 *3,870,000 *4,670,000

Nat Hazards (2011) 56:869–880 877

123



site (Gasperini et al. 2007, 2008, 2009; Collins et al. 2008), which adds even more

uncertainty on the potential of ‘‘Tunguska-generated’’ tsunamis. Although the 1908

Tunguska event caused a medium-sized earthquake, it is unclear how ground shaking

would significantly increase losses compared to the shock wave. Fires, however, could

potentially increase losses. Historically, there is precedent for fires following earthquakes

to cause much larger losses than those due to ground shaking (e.g. following the 1906 San

Francisco Earthquake and the 1929 Great Kanto Earthquake). Risk assessment of earth-

quake and fire perils is common practice (e.g., HAZUS-MH). It is worth noting that Carusi

et al. (2007) discusses in detail the social implications of Tunguska-type airbursts and that

business interruption is also likely to increase economic losses.

It is important to note that the proposed model is specific to Tunguska-type airbursts

(i.e. objects of similar size that explode in the atmosphere), but the role of smaller and

larger events should be considered in a more robust model. For smaller events, frag-

mentation along the trajectories of bolides, which leads to the formation of strewn fields

(e.g. Simon et al. 2004), would need to be assessed. For much larger events, impacts on a

global scale would need to be assessed too. To be fully comprehensive, one should con-

sider both airbursts and crater-forming events. A cosmic body similar in size to the

Tunguska object could, instead of exploding in the atmosphere, remain intact and create a

crater, such as Meteor Crater in Arizona. The associated footprint can be computed with

web routines such as Crater (Melosh and Beyer 1998). With irons less likely to be dis-

rupted in the atmosphere than stony objects, event rates could be defined for the model

based on the distribution of meteorites, knowing that irons correspond to approximately

5% of all meteorite falls. A simple logic-tree approach could be used to define different

families of stochastic events.

5 Conclusions

We proposed a realistic probabilistic risk model for Tunguska-type events to compute

expected property and human losses in the continental United States. Although the present

model may appear simplistic, most of the limitations can be overcome through the reali-

zation of a more sophisticated model. Nevertheless, the lack of historical events still makes

the exercise difficult, especially for the development of vulnerability curves.

While the accuracy of a risk assessment model is important, so is the importance of

understanding the management of the risk. On the insurance side, comprehensive, multi-

peril, or all-risk insurance policies cover all risks that are not specifically excluded,

meaning that a Tunguska-type event is generally covered by this type of insurance. It is

unclear whether, on any current contractual grounds, insurers would exclude damage

caused by such a peril. While the modest premiums appropriate to be charged for the risk

would be uniform across all land areas (although a tsunami premium may also need to be

added for coastlines), it seems unlikely that insurers would add this charge explicitly to

their pricing models. At the same time, an insurer should be aware (similar to managing

earthquake risk), even at the extremely low probabilities determined here, that having a

portfolio concentrated in a single city creates a greater probability of ruin for an impact

than a well-distributed portfolio.

Loss statistics for natural disasters demonstrate a dramatic increase in losses since 1950.

This increase is driven by a concentration of population and property in urban areas, the

development of highly exposed coastal and valley regions, and the complexity of modern

societies and technologies (Smolka 2006). This shows that the risk associated with
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asteroid/comet events can only increase through time and that more research to understand

these extremely rare events should be encouraged.
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Collins GS, Artemieva N, Wünnemann K, Bland PA, Reimold WU, Koeberl C (2008) Evidence that Lake
Cheko is not an impact crater, Terra Nova, 20. doi:10.1111/j.1365-3121.2008.00791.x

Gasperini L, Alvisi F, Biasini G, Bonatti E, Longo G, Pipan M, Ravaioli M, Serra R (2007) A possible
impact crater for the 1908 Tunguska Event, Terra Nova, 19. doi:10.1111/j.1365-3121.2007.00742.x

Gasperini L, Bonatti E, Longo G (2008) Lake Cheko and the Tunguska Event: impact or non-impact?, Terra
Nova, 20. doi:10.1111/j.1365-3121.2008.00792.x

Gasperini L, Bonatti E, Albertazzi S, Forlani L, Accorsi CA, Longo G, Ravaioli M, Alvisi F, Polonia A,
Sacchetti F (2009) Sediments from Lake Cheko (Siberia), a possible impact crater for the 1908
Tunguska Event. Terra Nova, 21. doi:10.1111/j.1365-3121.2009.00906.x

Glasstone S, Dolan PJ (1977) The effects of nuclear weapons, United States Department of Defense and
Energy Research and Development Administration, Washington

Gusiakov VK (2007) Tsunami as a destructive aftermath of oceanic impacts, comet/asteroid impacts and
human society, an interdisciplinary approach. Springer, Berlin, pp 247–263 Chapter 14

Harris A (2008) What spaceguard did. Nature 453:1178–1179
HAZUS-MH. Available at http://www.fema.gov/plan/prevent/hazus/
Kovacs P, Hallak A (2007) Insurance coverage of meteorites, asteroid and comet impacts—issues and

options, comet/asteroid impacts and human society, an interdisciplinary approach. Springer, Berlin,
pp 469–478 Chapter 28

LandScanTM (2005) Global Population Database, Oak Ridge, TN: Oak Ridge National Laboratory.
Available at http://www.ornl.gov/landscan/

Longo G (2007) The Tunguska event, comet/asteroid impacts and human society, an interdisciplinary
approach. Springer, Berlin, pp 303–330 Chapter 18

Longo G, Di Martino M, Andreev G, Anfinogenov J, Budaeva L, Kovrigin E (2005) A new unified catalogue
and a new map of the 1908 tree fall in the site of the Tunguska Cosmic Body explosion, asteroid-comet
hazard, Institute of Applied Astronomy Russian Academy of Science, St Petersburg, Russia,
pp 222–225

Melosh HJ, Beyer RA (1998) Crater. Available at http://www.lpl.arizona.edu/tekton/crater.html
Office of Technology Assessment (1979) The effects of nuclear war, NTIS order #PB-296946
Risk Management Solutions (2008) RMS� U.S. Industry exposure database and industry loss curves user

documentation 2008
Serra R, Cecchini S, Galli M, Longo G (1994) Experimental hints on the fragmentation of the Tunguska

Cosmic Body. Planet Space Sci 42(9):777–783
Shoemaker EM (1983) Asteroid and comet bombardment on the Earth. Annu Rev Earth Planet Sci

11:461–494

Nat Hazards (2011) 56:869–880 879

123

http://dx.doi.org/10.1111/j.1365-3121.2008.00791.x
http://dx.doi.org/10.1111/j.1365-3121.2007.00742.x
http://dx.doi.org/10.1111/j.1365-3121.2008.00792.x
http://dx.doi.org/10.1111/j.1365-3121.2009.00906.x
http://www.fema.gov/plan/prevent/hazus/
http://www.ornl.gov/landscan/
http://www.lpl.arizona.edu/tekton/crater.html


Simon SB, Grossman L, Clayton RN, Mayeda TK, Schwade JR, Sipiera PP, Wacker JF, Wadhwa M (2004)
The fall, recovery, and classification of the Park Forest meteorite. Meteorit Planet Sci 39:625–634

Smolka A (2006) Natural disasters and the challenge of extreme events: risk management from an insurance
perspective. Phil Trans R Soc 364:2147–2165

Stokes GH (2003) Study to determine the feasibility of extending the search for near-earth objects to smaller
limiting diameters. Report of the NASA NEO Science Definition Team, http://neo.jpl.nasa.gov/
neo/report.html

880 Nat Hazards (2011) 56:869–880

123

http://neo.jpl.nasa.gov/neo/report.html
http://neo.jpl.nasa.gov/neo/report.html

	Risk assessment of Tunguska-type airbursts
	Abstract:
	Introduction
	Probabilistic risk model
	An illustrative scenario: a Tunguska-type event over the New York metropolitan area
	Discussion
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


