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Preface

In spite of ever-increasing research into natural
hazards, the reported damage from naturally-
triggered continues to rise, increasingly dis-
rupting human activities. We, as scientists who
study the way in which the part of Earth most
relevant to society—the surface—behaves,
are disturbed and frustrated by this trend. It
appears that the large amounts of funding
devoted each year to research into reducing
the impacts of natural disasters could be much
more effective in producing useful results.
At the same time we are aware that society,
as represented by its decision makers, while
increasingly concerned at the impacts of
natural disasters on lives and economies, is
reluctant to acknowledge the intrinsic activity
of Earth’s surface and to take steps to adapt
societal behaviour to minimise the impacts of
natural disasters. Understanding and manag-
ing natural hazards and disasters are beyond
matters of applied earth science, and also
involve considering human societal, economic
and political decisions.

In this book we attempt to address this
multidisciplinary problem directly, based on
our experiences in earth science, and also in
attempting to apply earth science to hazard and
risk management in real-life situations. We
acknowledge that other books offer exhaustive
material on natural hazards and disasters, or
manuals on integrated risk management. We
recommend these alternatives for learning the
basics about the many natural processes that
may cause harm to human activity. Also, the
breadth of textbooks devoted to specific natural

hazards such as earthquakes, volcanoes, land-
slides, or floods motivates us to recapitulate
only briefly key points from these works, while
allowing us to focus more on their geomorphic
consequences and implications. The same
applies for the theoretical basics of geomor-
phological processes that are the focus of this
book. Instead, we examine many practical
issues that arise when dealing with potentially
damaging geomorphic processes as a direct
or indirect consequence of natural disasters.
We choose this avenue because we feel that
current textbooks on natural hazards and dis-
asters fail to adopt a holistic and general focus.
We find that little synthesised material com-
prehensively addresses geomorphic hazards
and risks, and their mitigation.

Traditionally, and still to a large extent today,
hazard management consists of constructing
physical works or structural countermeasures
to modify the troublesome and potentially
destructive processes that operate at Earth’s
surface. The engineering profession is tasked
with the design and construction of these
works. Engineering—and in particular hazards
engineering—is essentially a societal profes-
sion, in that engineers carry out their work in
the service of society. When society is threat-
ened or damaged by a natural event, engineers
are paid to solve the problem so that societal
activity can, as much as possible, continue
uninterrupted and unchanged. For millennia,
during which low human population levels
meant overall lower levels of risk, the vul-
nerability and adaptive capacity of society
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to natural hazards may have been different.
Still, engineering was dramatically success-
ful in mitigating hazards: floodplains were
drained, channelised, and settled; sea-walls
kept extreme tides from inundating coastal
flats; and river control works channelised
sediment across inhabited fans.

Today this situation is changing markedly.
Human numbers are continuously increasing
and our species is increasingly modifying the
planet’s surface. Society is becoming increas-
ingly complex and sophisticated and thus less
able to adjust its behaviour; economic pres-
sures reduce wasteful system redundancy; and
society increasingly—and justifiably—expects
the money it spends on risk reduction to pro-
tect it from disasters. Whether contemporary
climate change is the dominant driver of the
observed increase in disaster costs is unclear,
but it is certainly a potentially important
factor that is some extent also the result of
human activity. It is clear that traditional
hazard management strategies have become
inadequate, and their adequacy will decrease
further into the future. A key element of this
situation is that society now is expanding into
areas for which we have little or unreliable
knowledge about the rates of geomorphic
processes. These areas may be prone to large
and commensurately rare events that, owing to
their rarity, are less well described and under-
stood than their more moderate and familiar
counterparts. Such events are more powerful
and harder to design against, so the reliability
of engineering countermeasures is reduced,
which must eventually lead to an increase in
disasters.

In this book we go beyond the view that
natural hazards and disasters have adverse
implications for human assets by definition.
We argue that understanding the forms and
processes of Earth’s surface—encapsulated
in the science of geomorphology—is essen-
tial to assess natural hazards and gauge the
consequences of natural disasters on Earth’s
surface. These consequences involve the often
rapid erosion, transport, and deposition of rock

debris, soil, biomass, human waste, nutrients,
and pathogens, thereby changing or setting the
boundary conditions for subsequent hazardous
processes. We call for a more detailed view on
natural disasters by identifying those processes
in a chain of harmful events that produce most
damage. Often we find that most damage by
earthquakes or storms, for example, is due to
landslides instead of seismic shaking or inten-
sive rainfall. By doing so we acknowledge that
Earth is an intrinsically active—and therefore
hazardous—planet. Occasional intense events
that disturb Earth’s surface are inevitable, and
if society ignores such events, natural disasters
and catastrophes will inevitably and repeatedly
happen.

We acknowledge that there must be a physi-
cal limit to the intensity of a given surface event
that can be controlled reliably by engineering
works, and therefore suggest that structural
works stay within those limits. We partic-
ularly underline several lines of empirical
evidence and reasons that show that struc-
tural interventions may make a disaster-prone
situation worse. We also argue that in many
situations an extraordinarily large or severe
event, although unlikely, can happen, thus
both procedures and structures must be put
in place to reduce the death and damage that
this event can cause. This last point is crucial
and fundamental: the extreme events of nature
cannot be controlled, but they can be avoided
in some cases, and their negative consequences
reduced in many cases. Therefore, to reduce
the impacts of such events, society must adapt
so that their damage is reduced to acceptable
levels. This is our key message.

In pointing out some limitations of tra-
ditional engineering approaches to control
hazards, we refrain from denigrating the engi-
neering profession. One of us was trained and
has practised as an engineer, and we under-
stand and sympathise with the aspirations
of engineering to improve the lot of society.
Nevertheless, we encourage the engineering
profession to seek to know and understand
its limitations, and we encourage engineers
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and geomorphologists to understand how they
can interact with each other, and with society,
to provide better information on threatening
events and the options available to manage the
threats.

Acknowledging that natural hazards are
by definition estimates that involve uncer-
tainty requires that society wilfully adjust its
behaviour to nature’s. This, in turn, requires
that natural systems be adequately known.
We must be able to foresee what sizes and
types of surface changes can potentially harm
human assets (including our natural environ-
ment). And we need to know how to make that
information available and useful to society.
Whether, or to what extent, society acts on that
knowledge depends on its nature and aspi-
rations. We are uninformed, except through
experience, about the nature and aspirations of
society, but recognising that society does have
a nature and aspirations is crucial to the way
that information is acquired and presented.

In attempting to reduce the impact of haz-
ardous surface processes, we must recognise
that two systems interact to create a disaster:
the powerful and complex surface geological

processes of Earth; and the less powerful but
also complex human system, which operates
through society and occupies Earth’s surface.
We have only limited control over nature, and
especially over its rare and highly energetic
processes. However, we increasingly under-
stand the rules by which the natural system
operates, even though that understanding
could lead more often to better predictions.
In contrast, we have in principle a measure of
control over the human system, although we
have little understanding of its operation in
social, cultural, political and economic terms.
However, we believe that by approaching the
problem from an applied geomorphological
perspective, we can shed some light on what
can and cannot be achieved in the way of
hazard mitigation and disaster reduction in a
range of situations in the future. Whether soci-
ety has the will to respond to this illumination
is beyond our influence, but we sincerely hope
that, if future disasters are considered in terms
of the concepts we set out herein, illumination
might give rise to realisation, acceptance and
ultimately action.
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1

1

Natural Disasters and Sustainable Development in Dynamic
Landscapes

1.1 Breaking News

Natural disasters are making the headlines in
the news more and more frequently. Scarcely
a month goes by without a major earthquake,
a volcanic eruption or a huge flood, with dra-
matic footage of fallen buildings, billowing ash
clouds and devastated victims on the evening
news. Thousands of videos and blogs posted to
online portals illustrate in unprecedented and
disturbing detail the destructive forces of earth-
quakes, storms, floods or landslides, together
with their impacts on persons or entire com-
munities. Interactive learning platforms and
serious games offer various immersive per-
spectives on what it means to manage natural
hazards, risks, and disasters. Many universities
offer full-fledged graduate courses specialising
in natural hazards and risk management. The
entertainment industry regularly produces
natural disaster movies that conjure the end
of the world by gargantuan tsunamis or at
least the demise of someone’s favourite city by
an unexpected volcanic eruption. In the real
world, every few years something truly catas-
trophic captivates both public attention and
political opinion for weeks – the Indian Ocean
tsunami, Hurricanes Katrina, Sandy, and
Harvey, the Pakistan floods, the Wenchuan,
Christchurch, and Tohoku earthquakes –
and we contribute willingly to relieving the
suffering of the victims.

The increase in reported disasters seems
alarming and rapidly growing (Figure 1.1).

Most news reports deliver the numbers of
people killed or injured or assets destroyed,
but rarely illuminate in detail the causes, con-
sequences, or whether these losses could have
been predicted, let alone avoided. The statistics
of disasters can be sobering. Natural disasters
claimed more than 31 million lives in the
twentieth century, and more than 4.1 billion
people were affected, which was the world’s
population count in the early 1970s. Estimates
of the overall insured economic losses exceed
US$ 1019 billion (Figure 1.2) (www.emdat.be,
last accessed December 2014). The number
and costs of natural disasters appear to be
rising exponentially, although disaster deaths
have been decreasing in recent decades. The
years from 2000 to 2010 saw more than 1.1
million people killed in natural disasters, and
more than 2.5 billion people affected. Hence,
more than one out of three persons on Earth on
average has had to deal with natural disasters
in some way recently. The financial damage in
the wake of twenty-first century natural dis-
asters has been estimated at US$ 1022 billion,
which is already more than the total damage
of the past century.

Moreover, past estimates of fatalities by
natural hazards such as landslides have prob-
ably been too low (Froude and Petley 2018).
If we want to learn from these losses, we
need adjust them first for growing population,
increasing welfare, economic inflation, and
improvements in engineered infrastructure
and planning for natural disasters (Vranes

Geomorphology and Natural Hazards: Understanding Landscape Change for Disaster Mitigation, Advanced Textbook Series,
First Edition. Tim R. Davies, Oliver Korup, and John J. Clague.
© 2021 John Wiley & Sons Ltd. Co-published 2021 by the American Geophysical Union and John Wiley & Sons Ltd.
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Figure 1.1 The number of reported natural
disasters is on the rise worldwide and seems to
follow a strongly nonlinear trend between 1950
and 2010 (orange bars). This trend mimics the
similar nonlinear growth in the world’s population,
and normalizing for this effect shows that natural
disasters increase much less rapidly (red line). The
percentage of the world’s total population affected
by natural disasters (pink bars) has also been
growing, although with much more variability.
Natural disaster data are from the EM-DAT
database, and population data are from the United
Nations World Population Prospects, The 2012
Revision. https://www.un.org/en/development/
desa/publications/world-population-prospects-
the-2012-revision.html. Data accessed 24 April
2015.

and Pielke 2009). Bangladesh, for example,
has a population of more than 150 million
people who are vulnerable to tropical cyclones,
flooding, and earthquakes. Between the 1960s
and 1980s, the country had the world’s highest
mortality from storm-induced disasters, even
though it was struck by fewer cyclones than
India or Indonesia. However, mortality rates
have dropped since the 1980s thanks to con-
struction of cyclone shelters and improvements

in storm forecasting (Figure 1.3) (Cash et al.
2013).

This and many other observations remind
us that Earth is a dangerous planet to live
on. However, because alternative planets are
currently unavailable, abandoning ship is
hardly an option. Is the continuous increase
in deaths, destruction and misery, and all the
financial costs due to disasters inevitable and
something we must simply suffer from? Or is
there something we can do about it?

Scientific interest in natural hazards and
disasters is similarly growing at exponential
rates. However, the publication count on this
topic is dwarfed by the huge number of arti-
cles on climate change or global warming
(Figure 1.4). This trend is surprising, given
that many scientists accept and stress the
many connections between contemporary
global warming and increasing numbers of
extreme weather events. In 2014, international
publishers released an average of 44 scientific
publications per day(!) with the term ‘climate
change’ in the title or abstract; this is more
than ten times the number of publications
with the term ‘natural disaster’ similarly in the
title or the abstract, and nearly 30 times the
number of publications that mention ‘natural
hazard’ (www.scopus.com). PLoS ONE, cur-
rently ranked as the world’s largest journal, has
published more than 5000 articles on climate
change, but fewer than 300 on natural disasters
since the journal was founded in 2006 (data
accessed 25 April 2015). The term ‘climate risk’
rarely refers to risks, but rather hazards that
respond to changes in Earth’s weather and its
climate system (Moss et al. 2013). This focus
on a seemingly single issue has been criticised
for three reasons: (i) climate change seems
a distant threat to many people in spite of
current publicity and interest in the topic; (ii) a
single focus may hinder an integrative view of
mitigation and adaptation strategies; and (iii)
the culturally and socially diverse views and
perceptions of risk may be insufficiently cap-
tured (Luers and Sklar 2013). More integrative
considerations of climate hazards and risks

https://www.un.org/en/development/desa/publications/world-population-prospects-the-2012-revision.html
https://www.un.org/en/development/desa/publications/world-population-prospects-the-2012-revision.html
https://www.un.org/en/development/desa/publications/world-population-prospects-the-2012-revision.html
http://www.scopus.com
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Figure 1.2 Global overview of (insured) natural disasters by Munich Re. From MunichRe (2018).

might couple biophysical controls and social
values.

Many national and international research
programmes have, for many years, been
funded to investigate and reduce the impacts
of natural disasters. For example, 1990–1999
was declared by UNESCO as the Interna-
tional Decade for Natural Disaster Reduction
(IDNDR), and a concerted, large-scale inter-
national research effort was made to lessen
loss of life, injury, and economic damage from
natural disasters. However, the programme
had little if any effect. Every year, major aid
programmes provide developing countries
with flood protection and soil erosion control
measures. Sadly, the all-too-common result is
subsequent neglect and rapid deterioration,
with little positive effect. The large sums spent
researching and reducing disasters appear to
be having little effect.

This bleak outcome is unsurprising. The
number of people and their assets affected
by disasters is increasing in part because the

total population and the total value of human
assets are rising. As time goes by we have more
people and more to lose, so even if the number
of extreme natural events remains unchanged,
we can expect that life loss and costs will also
increase with time. The rapidly increasing
impacts of disasters only worsen this effect.
Disasters disrupt commerce and this is an
additional cost that also increases with time as
commercial activity increases.

Even without natural disasters increasing in
intensity or frequency, the number of people in
harm’s way and the value of vulnerable assets
and activities are increasing (Figure 1.5). Of
course, it is possible that the number or inten-
sity of disastrous natural events may indeed be
on the rise, either because the Earth’s surface
is rarely in a steady state over periods that
are of interest to humans, or because humans
themselves are generating more weather
extremes by dumping their waste products,
specifically greenhouse gases, into the atmo-
sphere. Among our biggest problems in the
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April 15, 2008

May 5, 2008

Figure 1.3 ASTER satellite
images before and after
Tropical Cyclone Nargis hit
the coast of Myanmar
(Burma) near the Irrawaddy
delta in 2008, killing at least
85 000 people according to
official records. Moreover, the
storm destroyed 783 000 ha
of agricultural land that most
of the local farmers depend
on heavily (NASA Images,
www.nasa.gov).

twenty-first century is air pollution. High
concentrations of fine particulate matter with
a diameter smaller than 2.5 μm may be respon-
sible for some 3.3 million of premature deaths
worldwide in 2010 (Lelieveld et al. 2015).

When we compare the documented increases
of population and global gross domestic prod-
uct, the effect of changing natural hazards
is either minor so far or has been largely
underestimated. From this perspective, the
increase in natural disasters is largely tied to
rapid population growth. As we occupy more
and more of our limited planetary surface,
and occupy these areas for longer times, we
increase the risk of being affected by extreme
natural events that are inevitable. What we call

natural disasters or catastrophes are part of the
dynamics of Planet Earth. Its physical systems
have been behaving in much the same fashion
for millions of years, even after Homo sapi-
ens evolved. We cannot prevent earthquakes,
volcanic eruptions, catastrophic landslides,
hurricanes or blizzards; so it looks like we are
destined to live with our unruly planet for the
foreseeable future.

In 1989, the American geologist and author
John McPhee wrote a fascinating book called
The Control of Nature, in which he recounted
efforts to control Los Angeles debris flows,
the Mississippi River, and an Icelandic lava
eruption (McPhee 1989). The book also high-
lighted some of the aspects to consider

http://www.nasa.gov
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Figure 1.4 The number of scientific publications
recorded in Elsevier’s SCOPUS database
(www.scopus.com) has grown exponentially across
all disciplines over the past three decades.
Publications with ‘climate change’ or ‘global
warming’ in their titles or abstracts far outnumber
publications with ‘natural disaster’ or ‘natural
hazard’ similarly listed. Source: Data from Elsevier’s
SCOPUS database (www.scopus.com). Data
accessed 24 April 2015.

when manipulating all but the minor and
short-lived processes of nature, in spite of the
power and ingenuity increasingly available to
humankind. Readers of that excellent book
gain the impression that, in order to live in
some very desirable places on Earth, soci-
ety has to spend large sums of money on an
everlasting basis maintaining some sort of
protection against disasters. The protection,
moreover, is statistical and thus uncertain, and
so may fail at any time.

This train of logic leads to the rather depress-
ing conclusion that catastrophes cannot
be prevented and will be inevitably visited
on humankind. If, as appears to be likely,

human numbers continue to grow and we
generate more and more commercial activ-
ity, this outcome will be realized. Must we
therefore accept and resign ourselves to the
continuation of these trends, and their con-
sequences – shattered dreams, misery and
desperation? We believe otherwise, hence
this book.

1.2 Dealing with Future
Disasters: Potentials
and Problems

The extremes of nature are too powerful to
control reliably, and research to date seems to
have had negligible effect on natural disaster
reduction (Table 1.1). Also, human exposure
to extreme events must increase with increases
in population and economic activity, as more
people need access to natural resources to sus-
tain their livelihoods. We contend, however,
that by better using our understanding of the
dynamics of the Earth we can design ways in
which society can continue to develop, while
becoming less vulnerable to natural disasters
(Figure 1.6). Here we accept that we can nei-
ther predict nor control fully the high-energy
natural processes that give rise to disasters,
and instead focus on ways in which society can
alter its own behaviour so as to become less
vulnerable, and more resilient, to future disas-
ters. This requires knowing the types of natural
events that can cause disastrous impacts in
specific locations, and it is this knowledge that
we deal with herein.

In recent years society has, to an extent,
accepted this point of view. The days when
civil engineering was defined as some art of
governing the sources and forces of Nature for
sole convenience of man have all but gone.
Nevertheless, the tradition of using engineered
countermeasures to mitigate physical disasters
continues to be the modus operandi of disaster
management in many organizations. Building
structural countermeasures, instead of reduc-
ing disaster costs, can thus leads to increases

http://www.scopus.com
http://www.scopus.com
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Figure 1.5 Map of Nepal including peak ground acceleration derived from U.S. Geological Survey
ShakeMap, landslides mapped by a team from Durham University and the British Geological Survey, and
damage scales of hydropower projects (HPPs). (b) HPP damage and distance from locations where landslide
runout paths intersect the river network. The marker size and numbers refer to HPP distances (in km) from
these landslides. The markers without numbers refer to HPPs without any landslides nearby (>15 km). From
Schwanghart et al. (2018).

Table 1.1 Summary of major volcanic disasters in the twentieth century together with estimates of the
mortality, financial loss, and total number of people affected involved. Note the variety of processes
associated with volcanoes. After Witham (2005). Numbers in brackets give the percentage of events caused
by each phenomenon for each impact.

Phenomenon
Killed
(% of events)

Injured
(% of events)

Homeless
(% of events)

Evacuated/affected
(% of events)

Debris flows/avalanches 741 (2.4) 267 (3.7) 4600 (2.5) 28950 (1.6)
Epidemic 5180 (0.7)
Famine
Gas/acid rain 2016 (14.5) 2860 (6.6) 58138 (3.6)
Volcanic unrest 33000 (2.8)
Other indirect 167 (4.8) 161 (3.7) 1000 (0.4)
Jökulhlaups 300 (0.4)
Lava 664 (4.5) 56 (6.6) 21490 (33.3) 113052 (13.3)
Primary lahars 29937 (12.5) 5022 (5.9) 91400 (12.3) 1078331 (10.5)
Secondary lahars/flooding 797 (7.3) 178 (5.1) 1925 (6.2) 84415 (4.4)
Pyroclastic currents 44928 (13.5) 2762 (15.4) 72481 (23.5) 521859 (11.7)
Seismicity 391 (2.4) 66 (2.9) 1448 (2.5) 165700 (10.1)
Tephra 6047 (29.1) 4321 (43.4) 97513 (22.2) 3 103580 (36.7)
Tsunami (waves) 661 (2.4) 300 (1.5)
Unknown 195 (5.9) 20 (5.1) 600 (1.2) 93581 (5.6)
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Figure 1.6 Structural vulnerability refers to the fraction of damage expected from a given impact; this
building collapsed during strong seismic shaking. (Oliver Korup)
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Figure 1.7 Time series of reported damaging floods colour-coded by flood type in 37 countries throughout
Europe since 1870 in the HANZE database. From Paprotny et al. (2018).

in average annual damage costs. Constructing
impressive and expensive structural coun-
termeasures to deal, for example, with flood
hazards, encourages people to invest heavily in
thus protected areas, in the belief that they are
completely safe (Figure 1.7). When, inevitably,
an extraordinarily large flood occurs, it will
cause more damage than would have been the
case without any countermeasures, because
in that case the investments would have been

much smaller. Structures are mostly built to
control frequent instead of rare events, because
it is the most, and often only, economic way
to do so.

Structural countermeasures also interfere
with natural processes, generating a response
that tries to restore the system to its origi-
nal natural state. Some rivers, for example,
are dammed to generate electricity or pro-
vide water for irrigation or domestic use.
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The impounded water, however, reduces the
gradient of the river channel upstream, while
increasing it below the dam. As a result, local
erosion commonly occurs immediately down-
stream of the structure. The effects of the
dam on the river profile thus extend both up-
and downstream, and river processes work
towards establishing the former longitudinal
profile. Thus nature ‘fights back’, leading to
different and possibly unanticipated system
behaviour that exceeds what countermeasures
were designed for.

The approach we use in this book begins
with accepting that, irrespective of future
technological developments, it is unwise to try
to change the extreme behaviour of natural
systems. For example, even if we succeed for a
time in dampening high flood levels on a river
by repeatedly raising levees, the thus confined
river as a system might react by increasing
local bed aggradation, so that flooding levels
increase commensurately. The normal and
understandable response of a flooded commu-
nity is to demand that the authorities stop the
river from flooding. Often, decision makers
involved are all too willing to try to do so,
because constructing dykes generates both
work and votes. Also, it is statistically very
unlikely that a flood event so large as to defeat
the new engineered works will occur within
the political memory of the community. Thus,
however logical it may be, the approach we
propose is far from a simple process. In a sense,
we know where we are, but where we want to
be is a potentially contentious issue. Even if we
agree as to where we want to be, how we get
there from here in the real world is a problem.

Where do we want to be? The answer to
this question depends on the ultimate goals of
protection and safety from natural hazards that
we collectively desire and are willing to pay
for. How much risk are we willing to tolerate,
both at the personal and societal levels? Do we
wish to live in a society in which the siting of
assets, and commercial and other activities,
are regulated with the intent of restricting
development and occupation of areas known
to be vulnerable to extreme natural events?
An important caveat is that society will put

up with some risk, commonly referred to as
‘acceptable’ or ‘tolerable’ risk. We also want
society to be able to anticipate the effects of
a given disaster and to deliberately adapt its
behaviour so that it can quickly and efficiently
recover from a disaster should one occur. In
many ways these two aspirations are one and
the same, but it is useful to consider them
separately. Importantly, both explicitly accept
that disasters will continue to occur.

Why is it so difficult to get there from
here? Most economic activity, and the societal
network that supports it, is designed for maxi-
mum short-term profit under ideal conditions
(that is, assuming without any disasters); it
is sophisticated and intricately interlinked to
that end. The result is a highly sophisticated
social – commercial system with a minimum
of ‘wasteful’ redundancy. By its nature, this
system is vulnerable to failure; a single com-
ponent can cause a widespread failure cascade
(Figure 1.8). Examples are the 2008 financial
crisis, the Fukushima nuclear power plant
meltdown following the 2011 Tohoku earth-
quake, and the electricity blackouts during
the 1998 ice storm in Ontario, Quebec and
the northeastern USA. One complication is
that the timescale of strategic thinking in
politics and commerce is rarely longer than
about five years, thus planning for things
that are unlikely to happen in the time frame
relevant to a politician is seen as a waste of
money or votes, even though economic cost –
benefit analyses show that disaster planning
and investments have longer-term financial
benefits. Some of these issues are now well
recognized and spelled out in international
efforts to reduce natural disaster risk, such as
the current Sendai Framework for Disaster
Risk Reduction (https://www.unisdr.org/we/
coordinate/sendai-framework). Persuading
captains of industry, politicians and the public
that a slight reduction in profit in the short
term will lead to large savings in future disaster
costs is a difficult task, in spite of the simple
arithmetic involved. A common response to
such attempts is that ‘technology will find
a way to solve the problem’ (Figure 1.9). A
layperson’s faith in the ability of science to

https://www.unisdr.org/we/coordinate/sendai-framework
https://www.unisdr.org/we/coordinate/sendai-framework
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Figure 1.8 The earthquake hazard cascade in Beichuan, Sichuan province, China, after the Ms 8 Wenchuan
earthquake in 2008. Buildings collapsed or were severely damaged due to the strong ground shaking. The
shaking also triggered several landslides that invaded the town. A large landslide dam upstream of the
town had to be artificially breached, sending floodwaters and sediment through parts of the city. Monsoon
rains mobilized more landslide debris from hillslopes months after the earthquake, triggering a series of
debris flows that caused massive aggradation of up to several meters. (Tim Davies)
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Figure 1.9 The interface between geomorphology and a na-tech disaster – fallout recorded by soil and
river sediments following destruction of the Fukushima nuclear power plant by the tsunami of the 2011
Great Tohoku earthquake. 134+137Cs activity measured in river sediments and in soils. A: Abukuma
catchment; M: Mano catchment; N: Nitta catchment; O: Ota catchment). From Chartin et al. (2013).
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come up with miracle solutions should also be
considered.

We believe that the key to progress in disas-
ter reduction is that we know and accept that
future disasters will occur and that their costs
can be reduced by strategic direction of invest-
ments now. People are aware to varying degrees
that natural disasters happen, although rarely
in any given place. The potential for a disaster
to affect them personally is almost always so
small that inertia overcomes any desire to take
action. People might believe that, after having
experienced a 100-year event, they (and their
community) might be OK for another 99 years.
One opinion about the 2010/2011 earthquakes
at Christchurch, New Zealand, was that they
were ‘maximum credible events’, the impli-
cation being that strong ground shaking has
a known upper limit. The problem goes away
and the teachable moment for society has
been lost.

Among the glimmers of hope is the traction
that the environment and sustainability move-
ments have gained among both the public and
politicians in recent decades. People in some
cases have been willing to pay more for sus-
tainably and ethically produced goods, to sort
rubbish before putting it out for collection, and
to quit smoking in large numbers when the
risks are clear to them. Disaster management is
a key component of sustainable development,
and by demonstrating this connection we
can foster disaster consciousness and disaster
preparedness.

1.3 The Sustainable Society

Many definitions have been proposed for sus-
tainability over the years, but our definition is
straightforward and we think acceptable to all:
an activity is sustainable if it can continue for
a specified time period at a specified intensity
without unacceptable consequences. Applying
this definition to society, the activity of con-
cern is how humans use the Earth’s resources,
including its surface and atmosphere for waste

disposal. The maximum allowable intensity
is the rate of use of resources and waste dis-
posal that meets the sustainability criterion
rather than simply the needs of future gener-
ations, which may be variable and potentially
different from current needs. Unacceptable
consequences could be, for example, lack of
oxygen caused by completely deforesting of
the planet, or the death of grass due to failed
genetic manipulation, or even extinction of
the Sumatran tiger because that eliminates the
need for Sumatran Tiger Safaris Inc., which is
unacceptable to the shareholders and potential
customers. These are the conventional environ-
mental aspects of sustainability. The political
dimension at the national and global scale is
encapsulated by a set of 17 Sustainable Devel-
opment Goals that the United Nations (www
.un.org/sustainabledevelopment) adopted in
2015 as part of the 2030 Agenda for Sustainable
Development:

Goal 1 End poverty in all its forms every-
where

Goal 2 End hunger, achieve food security and
improved nutrition and promote sus-
tainable agriculture

Goal 3 Ensure healthy lives and promote
well-being for all at all ages

Goal 4 Ensure inclusive and quality edu-
cation for all and promote lifelong
learning

Goal 5 Achieve gender equality and empower
all women and girls

Goal 6 Ensure access to water and sanitation
for all

Goal 7 Ensure access to affordable, reliable,
sustainable and modern energy for all

Goal 8 Promote inclusive and sustainable
economic growth, employment and
decent work for all

Goal 9 Build resilient infrastructure, promote
sustainable industrialization and fos-
ter innovation

Goal 10 Reduce inequality within and among
countries

Goal 11 Make cities inclusive, safe, resilient
and sustainable

http://www.un.org/sustainabledevelopment
http://www.un.org/sustainabledevelopment
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Goal 12 Take urgent action to combat climate
change and its impacts

Goal 13 Conserve and sustainably use the
oceans, seas and marine resources

Goal 14 Sustainably manage forests, combat
desertification, halt and reverse land
degradation, halt biodiversity loss

Goal 15 Sustainably manage forests, combat
desertification, halt and reverse land
degradation, halt biodiversity loss

Goal 16 Promote just, peaceful and inclusive
societies

Goal 17 Revitalize the global partnership for
sustainable development

Most of these ambitious goals have direct
ties to how people are exposed or vulnerable to
natural disasters. An often overlooked, unac-
ceptable consequence is that a disaster reduces
societal actions to an unacceptable level. Irre-
spective of its rate of use of resources or how
it cares for waste management, society cannot
be sustainable, by our definition, if a natural
disaster causes an unacceptable reduction of
activity. Thus, resilience to natural and other
types of disasters is both a desirable and nec-
essary attribute of a sustainable society (Klein
et al. 2003). ‘Resilience’ to natural disasters is a
widely-used term that the UNDRR defines as:

The ability of a system, community or soci-
ety exposed to hazards to resist, absorb,
accommodate, adapt to, transform and
recover from the effects of a hazard in a
timely and efficient manner, including
through the preservation and restora-
tion of its essential basic structures and
functions through risk management.

Take note that this definition is one of
many views: Zhou et al. (2009) compiled some
thirty different definitions of resilience, and
Alexander (2013) cautioned against overusing
and overinterpreting this term. Ayyub (2014)
listed seven different views of resilience, and
emphasized the need for objective and repro-
ducible metrics. His proposed approach to
measure resilience assumes that ‘incidents’

(or disasters) occur at a given rate and indepen-
dently of each other, and takes into account the
duration of both the damaging incidence and
the subsequent recovery. Another interesting
feature of this approach is an ageing effect that
specifies that the ability to handle disasters
may decrease with time.

One view is that resilience can be achieved
by disaster risk reduction, that is, reducing
probabilistic risk. For hazards that are likely
to occur frequently in the period targeted for
disaster mitigation measures, reducing risk
may indeed be the appropriate way to achieve
resilience. Yet several studies have pointed
out that this approach may become inaccurate
and, at worst, misleading or ineffective when
applied to rare events (Park et al. 2013; Davies
and Davies 2018). Reducing the disaster risk
from such hazards by trying to reduce further
their probability of occurrence may be neither
noticeable nor pragmatic in terms of measur-
able benefits. The main motivation to increase
resilience is to reduce disaster impacts. While
in some cases this can be done by way of risk
reduction, in other cases probabilistic risk may
be inappropriate.

In the same way, development can only be
sustainable if it is constrained by the require-
ment to avoid disasters and to develop and
follow plans for recovery from foreseen disas-
ters in a timely manner. The key word here is
‘foreseen’. Preparing for unforeseen or unex-
pected disasters may be impractical given the
many uncertainties involved. Nor will society
have had the option to limit its exposure to the
disaster. A crucial factor in sustainability, then,
is the ability to foresee natural disasters.

This foresight relies on the geosciences,
because extreme natural events are geoscien-
tific phenomena and geoscientific research is
required to find out what they are, where they
can occur and how big they might be. A disaster
requires a community at risk, thus foreseeing a
disaster also requires an understanding of the
characteristics and mechanisms that make this
community disaster prone. Scientists who are
identifying a disaster-prone community only
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make the first step. What is also required is
that the disaster be foreseen, that is recognized
and accepted as a pending reality, so that the
community can choose whether and how
to adjust its organization and behaviour to
reduce the risks to acceptable levels. Reducing
disaster impacts thus requires that communi-
ties become aware of potential disasters, and
that requires a combination of geoscience and
social science knowledge that is understood
and accepted by communities. In this book
we emphasize the role of geoscience and of
geoscientists in this endeavour.

1.4 Benefits from Natural
Disasters

Documenting past and likely future conse-
quences of natural disasters is but the first
step in developing solutions to many of the
problems we are facing in the twenty-first cen-
tury. The wish to strengthen adaptive capacity
is a key strategy in the multi-faceted discus-
sion about the connections between climate
change, climate risks, and natural disasters
(Moss et al. 2013). Yet communication among
the many research communities concerned
with climate change and natural hazards must
be improved to better coordinate findings
and develop joint strategies. Strengthening
resilience against natural disasters is one pos-
sible avenue for improving this cooperation
(Klein et al. 2003). Climate change is likely
to undermine or destroy the livelihoods of
millions of people. Resettlement of ‘climate
refugees’ is far from a future scenario, as it has
already begun in many places. In Vietnam,
for example, more than 200 000 people have
been resettled away from the nation’s major
river delta as the sea level has been rising,
and a similar fate awaits the 380 000 inhab-
itants of the Maldives, as these islands will
probably vanish with rising sea level by the
end of the twenty-first century (López-Carr
and Marter-Kenyon 2015). A resilience-based
approach to engineering systems and solutions

of difficult natural problems (Park et al. 2013)
offers a complement to the current risk-based
paradigm (see Chapter 18).

The saying that adversity creates opportunity
holds for natural disasters. Despite the long
list of adverse and harmful consequences of
natural disasters, some positive aspects are
easily neglected when speaking of death tolls,
financial damages, and long-term losses in
disaster-struck regions. From the geological
perspective, earthquake-induced uplift creates
new land, including areas where flat terrain is
precious. For example, most of the downtown
area of New Zealand’s capital of Wellington is
situated on a shore platform that was raised
out of the sea during the 1855 Wairarapa
earthquake.

Volcanic ash can enrich soil layers with
nutrients and form andosols. Enhanced plant
growth is a direct benefit of this natural fertil-
ization. However, thick ash cover completely
seals the underlying soil, effectively sterilizing
the ground surface such that agricultural use is
impossible for several years to decades. Some
volcanic eruptions may be beneficial for tree
growth if elevated atmospheric aerosol inputs
scatter sunlight; detailed studies of tree rings
added after 23 major pyroclastic eruptions in
the past 1,000 years, however, show that nega-
tive short-term cooling effects likely outweigh
the positive effects of sunlight scattering,
at least in in Northern Hemisphere forests
(Krakauer and Randerson 2003). Volcanism
has many other benefits, such as the provision
of hydrothermal energy, which is the reason
Iceland’s capital of Reykjavik has a natural
floor-heated pavement.

From an ecological perspective, for example,
many ecosystems are prone to episodic distur-
bances. Species can adapt to, or even depend
on, these disturbances. Wildfires can destroy
living vegetation, but also clear the ground for
new plants and promote germination. Case
studies that balance in detail the negative and
positive consequences of wildfires sometimes
offer surprising insights, for example that
wildfires may also improve the habitat quality
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of certain species of salmon by changing the
delivery of fine sediment and wood to streams
(Flitcroft et al. 2016). Dust storms are a major
source of terrestrial sediment and nutrients,
and partly fertilize oceans and remote islands.
Saharan dust provides nutrients to the Amazon
rainforest. The airborne transport of biogeo-
chemical materials may have helped to boost
the biodiversity of remote island chains, such
as the Hawaiian archipelago, and highlights
how wind-driven dust transport is prominent
in global biogeochemical cycles (Okin et al.
2004). Much of the iron-rich mineral dust
entering the oceans, however, is unavailable
for marine biota, and fertilizing effects are at
best local, at least as far as marine biological
productivity is concerned (Doney 2010).

Natural climatic oscillations such as the
El Niño–Southern Oscillation (ENSO) also
provide some benefits. El Niño phases tend
to suppress the development of Atlantic trop-
ical storms. The strong 1997–1998 El Niño
resulted in a net benefit of $20 billion to the
United States’ economy because of the reduced
number of land-falling hurricanes and the
unusually warm winter in the Midwest. How-
ever, this decrease in Atlantic tropical cyclone
activity coincides with an increase in typhoons
in the eastern and central Pacific.

Contemporary warming has also increased
net primary production in many areas of the
world because higher temperatures lower some
of the constraints on plant growth. Nemani
et al. (2003) concluded that the observed
increase of 6% in the global net primary pro-
duction between 1982 and 1999 is the result
of warmer temperatures. Rainforests in the
Amazon seem to have benefitted in particular
from this warming, which was accompanied by
lesser cloud cover and higher solar irradiation.
Overall, however, the Intergovernmental Panel
on Climate Change (IPCC) has concluded that
primary agricultural production on a global
scale will be negatively impacted by warming,
so these benefits to productivity are likely to be
offset towards an ultimately negative outcome.

Floods on the Nile River are a classic example
of how entire civilisations depend on regular
water and nutrient supply by rivers. Some of
these floods have been disastrous, and so has
been their absence:

The first Old World civilizations, along
the Huang He, Indus, Nile, Tigris and
Euphrates rivers were almost entirely on
alluvium. They were ‘hydraulic’ [...] or
‘potamic’ in the sense that they were in
relatively dry environments and farming
depended on natural inundation or con-
trolled irrigation from river water. [...]
Floods also brought nutrient-rich sedi-
ments. This provided the potential for a
prosperous agriculture and for organised
societies to develop urban cultures in
which deified rulers, writing, and artistic
creativity flourished. (Macklin and Lewin
2015)

Several large floods on the Yangtze River and
other major rivers of the world have increased
primary productivity in near-coastal oceans
by enhancing the growth of phytoplankton.
However, river-borne sediment plumes can
flush excess agricultural fertilizers and trigger
algal blooms that lead to hypoxia (Gong et al.
2011). The boosts to microbial and algal growth
are short lived and localized, and represent
peaks in productivity that decimated marine
food webs fail to take care of (McCauley et al.
2015). Tropical cyclones may episodically flush
coastal lagoons, causing short-lived spikes in
particulate suspended matter, water opacity,
and nutrient loads leading to eutrophication
(Jennerjahn 2012).

Landslide, moraine, and volcanic dams, if
stable for millennia or longer, may impound
valuable freshwater resources, particularly in
semiarid or arid mountain belts (Strom 2010).
These lakes also attenuate floods, thus provid-
ing some level of flood protection downstream
until they become infilled with sediment.
Landslides into naturally dammed lakes, how-
ever, may set off destructive displacement
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waves that overtop the dams and initiate catas-
trophic incision. Some natural dams serve
as foundations for hydropower stations. The
lakes behind natural dams may eventually
become infilled, providing flat fertile land for
cultivation in otherwise steep terrain.

People also adapt to disasters and try to
make the best out of the situation they face,
especially if few other options, like leaving the
area, are available. Farmers in the steeplands
of Papua New Guinea, for example, have long
taken advantage of landslides, which modify
the properties of soil and the topography of
hillslopes, for agricultural use. For example,
they plant carefully selected crops and mixed
gardens on deposits of shallow rotational
landslides (Humphreys and Brookfield 1991).
Agriculture may have developed as early as
9000 years ago in the highlands of Papua
New Guinea, and evidence from sediments in
swamps and caves points at rates of soil erosion
that were lower for most of this period than
that following contact with Europeans:

It is a remarkable fact that traditional
swidden and wetland agriculture operated
in the ecologically fragile highlands of
Papua New Guinea for over 8000 years,
eventually supporting almost a million
people, without serious environmental
degradation. This situation only changed
when indigenous environmental relations
were disrupted, firstly with the intro-
duction of a new exotic domesticate –
the sweet potato – and secondly with
the advent of the twentieth-century cash
economy. (Roberts 2014)

This observation is at odds with the docu-
mented effects of agricultural practice on soils

and sediment flux in other regions, so that we
caution against making generalized statements
regarding these intimate links between land
use, vegetation, soils, and geomorphology.
Nevertheless, the lesson from the highlands
of Papua New Guinea also demonstrates how
important and useful it is to obtain detailed
local records of past geomorphic activity in
response to human disturbances.

Aims of this book This is an advanced text-
book. We assume that readers are already
familiar with the basics of geomorphology
or Earth sciences in general. Our objective
is to raise your awareness that natural
disasters are inevitable and result in far
more than deaths and economic loss. We
have assembled a variety of lines of inde-
pendent evidence that show that natural
disasters also cause substantial geomor-
phic changes that range from catastrophic
reshaping of landscapes to very high fluxes
of water, sediment, and biogeochemical
constituents that continue to impact peo-
ple long after a given disaster has passed
(Figure 1.10). We therefore also emphasize
the indirect and intangible losses caused
by natural disasters. Measuring such losses
requires detailed knowledge of underlying
geomorphic processes and the response
times of processes that impact landscapes.
We are convinced that geomorphology – a
rapidly evolving and increasingly interdis-
ciplinary field – is essential for sustainably
managing future natural hazards, risks,
and disasters. We share the view that
fostering a quantitative understanding of
landscape and landscape-scale processes
is an important unfilled niche in the global
environmental change debate.
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Figure 1.10 Pulsed sediment transport can damage infrastructure. Dealing with the problem requires
understanding of sediment delivery mechanisms, sediment volumes, duration, and spatial reach. Top left:
Bridge destroyed by a lahar, Chile. Top right: Cascade of check-dams and sediment retention basins in a
mountain stream near Nikko, Japan. Lower left: Collapsed sediment retention basin in a steep mountain
watershed, Taiwan. Bottom right: A series of check-dams filled with sediment, Taiwan (all photos by Oliver
Korup).
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1.5 Summary

(i) We can never be free of disasters because
of the dynamic nature of the Earth’s sur-
face and the continuing growth of human
numbers.

(ii) The extreme dynamics of natural systems,
which are responsible for disasters, can-
not be controlled, thus disaster impacts
can only be reduced if society adapts to
nature.

(iii) Reduction of disaster impacts is a
crucial component of sustainable devel-
opment.

(iv) Developing community resilience to dis-
asters requires accepting that disasters are
inevitable; otherwise resilience is seen to
be unnecessary.

(v) Political time frames are so short that
politicians often ignore the inevitability
of disasters. Therefore, the community,
which has the power to select its polit-
ical representatives, must accept the
inevitability of natural disasters and insist
on appropriate action.

(vi) Developing disaster resilience also means
effectively communicating geomorphic
information to the community at risk.
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2

Defining Natural Hazards, Risks, and Disasters

2.1 Hazard Is Tied To Assets

A natural hazard occurs at the interface
between human activities or assets and natural
processes operating at, above, or below the
Earth’s surface. Some of the most energetic
of these processes are caused by forces within
the Earth, mainly in the crust and upper
mantle. Such processes include earthquakes
and volcanic eruptions resulting from tectonic
plate motions. The other family of processes
is driven by forces acting on and above the
Earth’s surface. These processes result from
gravitational forces and the resulting fluxes
of wind, water, and ice that erode, transport,
and deposit sediment and its biogeochemical
constituents. The main agents that drive these
transfers are landslides, windstorms, rivers,
waves, and glaciers. The spectrum of natural
hazards also includes biological processes. We
might regard locust swarms, famine, outbreaks
of bird or avian flus, or the spread of other dis-
eases as natural hazards. In this book, however,
we focus mostly on abiotic natural hazards that
have the potential to harm humans and the
environment, including health, life, infras-
tructure or natural resources. Importantly, the
notion of hazard is irrelevant without any lives
or other human assets at stake.

This use of the term ‘hazard’ is independent
of how slow or rapid the possible negative
process is. Droughts are the single natural
hazard that affects the most people worldwide,

and may take weeks to months or years to
develop and then ease. Yet the onset and ter-
mination of a given drought takes some effort
to identify simply because it is a gradual phe-
nomenon linked to potentially slow decreases
in regional water availability or increases in
water demand. Likewise, the magnitude of
a drought can be problematic to measure.
Temperature alone is meaningless without
considering the regional water balance or the
preceding trends in temperature. Water deficits
may be defined in different ways, depending on
water demand, and also on what plant species
are being grown. Similarly, the movement of
sediment throughout river systems is much
slower than that of water. Rivers are natural
conveyor belts for disturbances, and transmit
these disturbances both upstream and down-
stream. Sedimentary hazards such as rapid or
catastrophic channel sedimentation or rapid
incision can have detrimental effects on river
traffic, bridges, hydropower schemes, or water-
gates. In the same slowly progressing manner
as drought, the motion of such sedimentary
hazards can be slow and may require months
or even years before impacting river reaches
upstream or downstream reaches of the initial
disturbance. The same principle applies to
other natural hazards such as sea-level rise,
gradual coastal erosion, and soil degradation.
These are examples of slow-onset, chronic
or elusive natural hazards. Other examples
include the long-term exposure to toxic Earth

Geomorphology and Natural Hazards: Understanding Landscape Change for Disaster Mitigation, Advanced Textbook Series,
First Edition. Tim R. Davies, Oliver Korup, and John J. Clague.
© 2021 John Wiley & Sons Ltd. Co-published 2021 by the American Geophysical Union and John Wiley & Sons Ltd.
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materials that may occur in rock outcrops or
be dispersed by rivers, wind or other natural
processes (Skinner 2007). Even if causes and
effects of slow-onset hazards can be catas-
trophic, their origin and onset may remain
vaguely defined.

Taking yet another angle, Finkl and
Makowski (2013) suggested classifying natural
hazards based on how the public perceives
them:

[…] hazards can be categorized as appar-
ent or obvious (undeniably in the public’s
eye), incipient or cryptic (unseen to the
public eye and intermittent in frequency),
and misunderstood or uncomprehended
(public is unaware through a low level of
consciousness)

The essential anthropocentric aspect of nat-
ural hazards distinguishes naturally occurring
processes without potential for harm from
those that can inflict damage. We adopt this as
a straightforward working definition before a
more comprehensive discussion about whether
natural hazards still link to fully natural pro-
cesses. Along similar lines, a debate revolves
around whether humans have left a globally
detectable imprint in the geological record. Yet
most of this dispute focuses on suitable geolog-
ical markers that would formalize and justify
a new geological epoch that some propose to
name the ‘Anthropocene’. Natural disasters
have featured surprisingly little in this debate,
although some scientists argue that natu-
ral disasters are far from natural, given that
many allegedly natural processes have a large
human footprint. River flooding, for example,
has remained a major natural hazard in cen-
tral Europe despite (or because of) widespread
river training and regulation works. These
protective works, together with widespread
building and infrastructure development, have
altered runoff and discharge regimes such that
many floods are partly human made (Criss
and Shock 2001). Deforestation in many parts
of the world has so reduced the stability of soil

such that landslides or wave erosion by tropical
cyclones have been exacerbated. So how ‘nat-
ural’ are the natural hazards and disasters that
we have to deal with? In this book, we use a
broad definition of natural hazards and disas-
ters, while acknowledging the growing effect of
humans on the severity of disasters. We never-
theless distinguish natural hazards and disas-
ters from technological or purely human made
ones such as oil spills, dam failures, ground
subsidence following mining, and so on.

2.1.1 Frequency and Magnitude

Car-sized boulders frequently tumbling down
a steep slope in a remote mountain valley can
be a risk only if someone is around at least
some of the time, or if some assets are located
in that valley. If a handful of mountaineers
enters the valley every year, the risk becomes
nonzero: someone might be in the wrong place
at the wrong time, but in mountaineering such
objective risks are considered and accepted as
a matter of course. The risk may be minute,
but it is real and nonzero by definition, as
humans put themselves at risk by venturing
into areas where the level of geological activity
is nonzero. Building a busy highway through
the same mountain valley will considerably
increase the risk to people, and constructing
a big hotel in the runout path of the boulders
can be a bad idea, given that people should
know that boulders could tumble down the
hillslope in the future because such past events
are documented by boulders lying around.

Such a qualitative perspective may be intu-
itive and easy to understand, but is often of
limited value. A more quantitative approach
involves expressing natural hazards as prob-
abilities of potentially harmful processes. The
probabilities are generally specified for an
area and interval of interest; for example, we
estimate a 10% chance that a given length of
mountain road will be damaged by falling
boulders in any given year. This probabilistic
approach has several advantages over a purely
qualitative one. For example, probabilities
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allow us to put numbers to uncertainties about
future events, such as how likely it is that New
Orleans will be hit by a tropical cyclone of
category V – the strongest category that Hur-
ricane Katrina attained in 2005 – once again
in the twenty-first century. Similarly, proba-
bilities also allow us to express in numbers
how likely it is that an asteroid of 100 metres
or more in diameter will hit central Europe
by the time you reach the end of this chapter
(Figure 2.1). Weather forecasts on the TV or
radio might predict a 60% chance that it will
rain on the following day, sometimes referring
to this prediction as the ‘probability of precip-
itation’ or even ‘risk of rain’. Yet the method

and idea behind forecasting rain is slightly
different from the probability predictions pro-
vided above. Getting a bit wet in the rain is
likely to have less impact on you than having
your house flooded by a storm surge or being
struck by a falling asteroid. Nevertheless, the
objective of assessing risk is to determine the
expected damage. We use the term ‘expected’
here in a statistical sense, so that we treat risk
as the sum of all possible damage outcomes,
each weighted by its probability of happening
within a given study area and period.

Sticking with the example of forecasting
rain, another key question is: ‘How hard will
it rain?’ We are interested in the magnitude
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Figure 2.1 Map of damage on the ground due to the 2013 Chelyabinsk meteorite, Russia. Solid orange
circles indicate locations of reported damage; grey circles indicate no damage. Solid red circles show the
most damaged villages in each district, as reported by the government. Contoured greyscale shows
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and intensity of a potentially negative outcome.
Natural hazards researchers reserve the term
‘magnitude’ mostly for physical measures of
the size, strength or energy of a natural phe-
nomenon. Examples include the maximum
wind speed of a storm, the maximum height of
a tsunami wave, or the seismic energy released
during an earthquake (Figure 2.2). Many
of these magnitudes can be either measured
directly or estimated from the geological record
based on the assumption that bigger events
leave larger and longer lasting signatures. But

even some of the bigger events in recorded
history have only indirectly or inaccurately
measured magnitudes such as wind speed or
earthquake magnitude. In 1960, for example,
seismic stations in Chile were damaged,
and failed to record the maximum magni-
tude of what has been the largest (M ∼9.5)
so far documented earthquake in human
history (Kerr 2011). A useful approach to
reconstructing the approximate magnitude
of previously poorly-documented events is to
use the spatial pattern of observed impacts or
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resulting damage as a proxy. The underlying
idea is that overall damage generally decreases
away from the source of the disturbance. Here
the concept of Intensity offers empirical or
experience-based measures of the effects of a
given event. An example is the Modified Mer-
calli Intensity Scale for earthquakes, which is
based on a series of hierarchically structured
phenomena that may be observed during earth-
quakes, ranging from subtly swinging lamps
to falling chimneys through to widespread
destruction. Other proxies for intensity include
the number of houses swept away during a
tornado or the length of road buried by a
landslide.

Looking more closely at how the magnitude
of many geological and meteorological pro-
cesses on Earth varies, we find an interesting
tendency. Events with lower magnitudes are
much more frequent than those with larger

magnitudes. Regardless of whether we are
studying earthquakes, tropical storms, land-
slides or floods, we find a strikingly systematic
relationship between the abundance and the
magnitude of events. This relationship is
inverse and distinctly nonlinear, and often
extends over several orders of magnitude in
both frequency and magnitude. Rare, but large
events are in the right-hand tails of these dis-
tributions, and include, for example, 1000-year
events that people seldom tend to think about,
or forget, during their everyday lives simply
because they are so rare that few people have
experienced them. However, these rare events
do occur, and are among the most destructive
events in human history (Figure 2.3). Some
extreme events are more frequent than the
trends predict. These ‘dragon-king’ events
appear to result from dynamic systems when
an event occupies the entire space in the

2
0

th
 c

en
tu

ry
 (

se
e 

in
se

t)
1000

100

N
u

m
b

er
 o

f 
si

g
n

if
ic

an
t 

ea
rt

h
q

u
ak

es
 p

er
 c

en
tu

ry
C

u
m

u
lative fatalities (×

 10
6)

1900

0
5
0
0
0
0
0

1
0
0
0
0
0
0

C
u
m

u
la

ti
v
e
 f
a
ta

lit
ie

s

C
u
m

u
la

tiv
e
 to

ta
l p

e
o
p
le

a
ffe

c
te

d
 (x

1
0

6)

1
5
0
0
0
0
0

1920

Earthquakes Volcanic
eruptions

(total effects)

Volcanic
eruptions

1940

Year

1960 1980 2000

0
1

2

10

5

0

3
4

5

10

1

–2000 –1000 1000 20000

YearBC AD

Figure 2.3 Number of significant earthquakes per century for the past 4000 years (crossed squares), and the
cumulative minimum number of associated fatalities (black line) (US National Geophysics Data Center). All
events recorded here caused at least US$ 1 million damage, claimed more than 10 lives, had a magnitude
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earthquakes during the twentieth century compared to those caused by 491 eruptions (Whitham, 2005); the
total number of people affected by the eruptions is also shown. From Korup and Clague (2009).
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system that generates it. They are the very rare
and large events that lurk beyond systematic
frequency-magnitude relationships that we
reconstruct from many previous observations
(see Chapter 5).

The inverse relationship between frequency
and magnitude has an important advantage for
use in hazard appraisals. If cast in mathemat-
ical form – as a probability distribution that
assigns weights to each possible magnitude –
we can conveniently estimate the long-term
frequency of future events of a given magni-
tude or larger. Empirical frequency-magnitude
curves form the basis for probabilistic hazard
estimates and risk analyses. The underly-
ing and often rather simplistic assumption,
however, is that the patterns of frequency
and magnitude of previous events are valid
for the future and for the area of interest: we
assume that the data are stationary. We can
easily question this assumption. With regard
to hydrometeorological hazards, and using a
phrase from the investment community, ‘past
performance is no guarantee of future return’;
changing climate is by definition imposing
non-stationarity on time series of floods,
storms, and sea-level rise. Geologists and geo-
physicists emphasize that how often volcanoes
erupt can vary over decades and centuries.
The presumption that mantle convection and
tectonic plate movements are constant over
periods that are of interest for decision making
is convenient, but needs testing. The key thing
to remember is that these probabilities can be
seen as statistical measures that tell you how
likely something is to happen. Ultimately, it is
a question of when – instead of if – a natural
disaster will occur. It is important to under-
stand that statistics mostly predict what we
expect to happen on average and with the least
uncertainty, and over a long enough period
that the probabilities will approximately
match the frequency of observed events;
yet these predictions can never inform us
exactly what events will occur in a short time
period, nor when the next major event will
happen.

So strictly speaking, probability-based esti-
mates of occurrences of natural hazards based
on historical or geological data are only valid
for a specified area and period of time, that is
the study area and time from which data have
been derived. This is mainly because the neces-
sary completeness and detail of the geological
archives required for reconstructing former
events and computing their probabilities are
limited. Also, the frequency-magnitude char-
acteristics of specific processes differ between
regions because of differences in climate,
tectonic activity, anthropogenic interference
(think of dams or other structural hazard coun-
termeasures), and land-use practices. Extrapo-
lating natural hazard estimates beyond a given
study area and time horizon is possible, but
the resulting predictions become increasingly
unreliable the farther we extrapolate empirical
data. Such extrapolations contain uncertainties
that may lead to misestimates of risk.

2.1.2 Hazard Cascades

Natural hazards may occur singly and also in
cascading fashion. Many natural disasters have
resulted from a chain of coupled hazardous
processes, when things have gone from bad to
worse, also involving human made disasters
in the chain of events. The 2011 Tohoku-Oki
M9.0 earthquake in Japan triggered a huge
tsunami that devastated hundreds of kilome-
tres of coastline along the eastern seaboard of
Honshu, and disabled the generators of the
nuclear power plant at Fukushima-daichi, trig-
gering a partial melt down. Risk researchers
have proposed the term ‘na-tech’ disaster to
describe this functional link between disasters
that are partly natural and partly technological.
To account for this mixture, the probabilities
of future occurrences of such hazard chains
can be combined in what are known as ‘event
trees’. These systematically link the probabil-
ities of harmful events occurring conditioned
on the likelihood of preceding events.

The strategy of assigning probabilities to
natural hazards becomes problematic where
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we need to account for far-reaching and
long-lasting impacts that often elude local haz-
ard assessments. Volcanic eruptions, tsunami
or dust storms originate from point sources,
but their impacts may be hemispheric or even
global. The 2010 eruption of the Icelandic
volcano Eyjafjöll started as a local event. How-
ever, the wind-driven dispersal of its ash plume
resulted in widespread disruption to air traffic
in northern and central Europe, because of
the apparent risk that volcanic glass poses
to the operation of aircraft jet engines. The
ash plume also reached much higher into the
atmosphere than for any other known eruption
of comparable volume (Gudmundsson et al.
2011). Airlines lost hundreds of millions of
dollars due to flight groundings and cancel-
lations, and the inconvenience to passengers
was unprecedented. The volcanic eruptions
themselves were considered minor compared
to those documented in Icelandic history, yet
they caused a major breakdown of the sophis-
ticated international airline traffic network,
which turned out to be highly vulnerable to
such disruption.

The 2004 Indian Ocean tsunami affected
the coasts of 15 countries, and killed more
than 283 000 people. While most persons
died in Banda Aceh, Indonesia, close to the
earthquake epicentre, tens of thousands of
additional deaths could have been avoided,
given that the tsunami needed up to eleven
hours to cross the Indian Ocean. Tsunamis
are a good example of hazard chains as they
always require an external trigger, such as
an earthquake, volcanic eruption, landslide
or asteroid impact, that rapidly displaces the
water column, thus producing the waves.
In rivers, several types of floods may occur
‘out-of-the-blue’ without any preceding rain
due to the sudden failure of natural dams
along rivers. These natural impoundments
may result from landslides, glaciers or lava
flows. Incidentally, many of the world’s largest
known floods have resulted from natural dam
breaches instead of intensive rainstorms or
snowmelt.

2.2 Defining and Measuring
Disaster

A natural disaster is a particularly destruc-
tive outcome of one or several processes that
disturb the Earth’s surface. Natural disasters
occur when large numbers of people are killed
and injured or when economic assets are
damaged or destroyed during an event. For
the most grave of these disasters, some pre-
fer using the term ‘natural catastrophe’. The
amount of damage and loss of life involved in
natural disasters affects anything from many
communities to whole nations, rather than
a group of persons. According to the United
Nations Office for Disaster Risk Reduction
(UNDRR) a disaster is:

A serious disruption of the functioning
of a community or a society causing
widespread human, material, economic
or environmental losses which exceed
the ability of the affected community or
society to cope using its own resources
(UNDRR, 2016).

From this definition it becomes clear that a
natural disaster causes more than just immedi-
ate material damage; it further affects how peo-
ple deal with its aftermath. The current (2017)
definition that the UNDRR offers is:

A serious disruption of the functioning of a
community or a society at any scale due to
hazardous events interacting with condi-
tions of exposure, vulnerability and capac-
ity, leading to one or more of the following:
human, material, economic and environ-
mental losses and impacts. Annotations:
The effect of the disaster can be immediate
and localized, but is often widespread and
could last for a long period of time. The
effect may test or exceed the capacity of
a community or society to cope using its
own resources, and therefore may require
assistance from external sources, which
could include neighbouring jurisdictions,
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or those at the national or international
levels. (www.preventionweb.net)

Scientists, planners, and decision makers
may have differing views of what constitutes
a natural disaster. For example, the Euro-
pean Union Solidarity Fund (EUSF, https://
ec.europa.eu/regional_policy/EN/funding/
solidarity-fund/), a financing instrument ‘to
respond to major natural disasters and express
European solidarity to disaster-stricken regions
within Europe’ uses a strict definition for pro-
viding relief funds to ‘Member States’ following
a disaster. EUSF provides support in case the
‘…total direct damage caused by the disaster
exceeds €3 billion (at 2002 prices) or 0.6% of the
country’s gross national income, whichever is
lower.’ Neighbouring member states affected
by the same disaster can also receive aid, even
if the amount of damage is below the specified
threshold.

We may argue about the usefulness and
shortcomings of this and similar, purely mon-
etary, definitions of natural disasters. For
instance, imagine the case of a natural disaster
such as a drought that would affect millions
of people but cause little material damage.
Nevertheless, defining quantitative criteria or
thresholds for natural disasters is essential
for supporting agencies and governments in
deciding whether to provide support. Further-
more, quantitative criteria are indispensable
for creating databases or inventories of nat-
ural disasters. Being able to reliably record
damage from natural disasters is a prerequisite
for any meaningful subsequent data analysis.
Consider, for example, the NOAA National
Geophysical Data Center, which maintains a
global catalogue of ‘significant earthquakes’
(http://www.ngdc.noaa.gov). To be included
in this database, an earthquake must meet at
least one of the following criteria:

• >US$1 million damage
• >10 fatalities
• Magnitude >7.5
• Mercalli Intensity >X, or
• Triggered a tsunami.

These criteria mainly address two major
disaster-related outcomes (mortality and
financial loss), which appears reasonable.
Only the last criterion regarding the tsunami
needs a lower limit, given that small tsunami
might have maximum wave heights of only a
few centimetres! Multiple and well-balanced
criteria for natural disasters are useful, but
require commensurately more effort should
we wish to include information of past events
in large disaster databases.

2.3 Trends in Natural Disasters

Scientists have compiled many natural disaster
databases to study trends of recurrence and
damage. The most frequently used database
seems to be EM-DAT (https://www.emdat
.be/), an online catalogue created and main-
tained by the University of Leuven, Belgium.
Many databases have a national or regional
scope, but it is encouraging to see that most
of these data are becoming publicly available
(Paprotny et al. 2018). The records in these
and many other databases show a distinct
increase in the number of reported natural
disasters in recent years. This increase appears
to have been linear during the past three
or four decades (Figure 2.1), but it is nearly
exponential when the time series is extended
back to the beginning of the twentieth century.
This observation might make us think that the
world has become a place less safe with respect
to hazardous natural processes. However, the
increase in reported natural disasters reflects
several tightly linked developments.

For one, our ability to report and communi-
cate natural disasters grew rapidly throughout
the twentieth century. Consider the time it
took to report a tropical flood disaster in the
early 1900s compared to today, when a large
fraction of the population has immediate
access to radio, television, mobile phones,
cameras, and the Internet. Hence some of the
observed increase in natural disasters is tied
to improved communication, and thus partly

http://www.preventionweb.net
http://www.ngdc.noaa.gov
https://www.emdat.be/
https://www.emdat.be/
https://ec.europa.eu/regional_policy/EN/funding/
https://ec.europa.eu/regional_policy/EN/funding/
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reporting bias. Moreover, the world population
and the infrastructure to sustain it have grown
widely during the past century, meaning that
more people than ever before are exposed to
natural hazards. At the time of writing, more
than 7.4 billion people live on Earth, having
more than doubled their number during the
past five decades. This increase tracks the
rise of reported natural disasters during the
twentieth and early twenty-first centuries.

Accordingly people have had to move into
many coastal, hilly, or mountainous areas that
were formerly regarded as too inaccessible or
too dangerous to populate. In such circum-
stances it is easy to imagine that the potential
for damage and injury, and thus disasters,
will rise even if the frequency and magnitude
of hazardous natural processes do not. The
financial costs of disasters inevitably increase
as economic growth increases. Since economic
growth is, for some reason, the sine qua non of
modern civilization, increasing disaster costs
appear to be built in to our economic system.
What remains unknown, however, is the num-
ber of uninsured losses that rarely make their
way into disaster statistics.

The global trend of increasing natural
disasters on record poorly reflects regional pat-
terns however. For example, natural disasters
between 1970 and 2010 caused a dispropor-
tionately high number of deaths in Africa,
whereas numbers were lower in Asia and
America (Bank 2010). In terms of insured
financial losses, the eastern United States
and many mid-income countries have been
impacted the most, Africa the least. This
trend is emblematic of the observation that
fatalities from natural disasters are usually
highest in poorer countries, while damage
costs from natural disasters are rising most
rapidly in the more affluent nations, whereas
fatalities are mostly higher in poorer countries.
Earthquakes claimed 3.3 million lives, and
were the most deadly disasters during the
1970–2010 period, on all continents except for
Africa. Regional studies allow more detailed
insights regarding earlier decades. In Turkey,

for example, at least 90 000 people have lost
their lives in 76 earthquakes since the begin-
ning of the twentieth century, and about seven
million people were affected in total; the asso-
ciated direct losses amounted to at least US$ 25
billion (Erdik 2013). Still, losses may have been
comparable in earlier times. Two large earth-
quakes in Antioch (today’s city of Antakya in
southern Turkey) in 115 AD and 526 AD may
have claimed more than 500 000 lives alone,
mainly in large cities located close to major
active faults. The 1923 M7.9 Kanto earthquake
destroyed much of Tokyo, claiming 105 000
lives. That greater Tokyo metropolitan area is
now the largest on Earth with an estimated
population of 36 million who are at risk from
strong earthquakes (Sato et al. 2005).

A similar trend of increasing seismic events
and their impacts is documented in the NOAA
National Geophysical Data Center catalogue of
‘significant earthquakes’, and by a database on
twentieth century volcanic disasters. Accord-
ing to the NOAA database, the number of
these earthquakes (defined as we presented
above) per century in the past 4000 years has
risen by three orders of magnitude. Without
any supporting evidence whatsoever that the
Earth has seen a commensurate increase in
the rate of tectonic activity over this period,
the observed increase arises more likely from
better reporting and more detailed knowl-
edge about younger events instead of higher
earthquake activity. The farther we look back
in time, the more incomplete and biased the
record of past natural disasters becomes. To
address this problem, archaeoseismologists
use the tools of both seismology and archae-
ology for teasing information on prehistoric
earthquakes from the way that buildings were
damaged by seismic shaking (Sintubin 2011).

2.4 Hazard is Part of Risk

We can express a hazard by the probabil-
ity that a harmful event will occur. Impact
describes the damage from that event, while
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risk describes the product of the impact and its
probability. The notion of ‘disaster risk reduc-
tion’ summarizes efforts to lessen the loss of
life and damage caused by natural disasters.
The UNISDR (www.unisdr.org/we/inform/
terminology) holds that

The word risk has two distinctive conno-
tations: in popular usage the emphasis is
usually placed on the concept of chance
or possibility, such as in the risk of an
accident; whereas in technical settings the
emphasis is usually placed on the conse-
quences, in terms of potential losses for
some particular cause, place and period.

The UNDRR revised this definition after the
Third United Nations World Conference on
Disaster Risk Reduction in Sendai, Japan in
2015. This revised version defines risk only in
the context of disasters. Accordingly, disaster
risk is

The potential loss of life, injury, or
destroyed or damaged assets which could
occur to a system, society or a community
in a specific period of time, determined
probabilistically as a function of hazard,
exposure, vulnerability and capacity.

This definition interprets risk unequivocally
as the product of probability of occurrence and
consequence (Figure 2.4).

Putting numbers to risk involves several
factors, which together constitute the risk
equation. Among the several variants of this
equation (Jonkman et al. 2003) we prefer the
following because its components are easily
understood:

R = H × V × E × A (2.1)

where R is risk, H is hazard, V is vulnerability,
E are the elements at risk, and A is risk aversion
(Figure 2.5). Hazard is a dimensionless proba-
bility of occurrence, and refers to a fixed period
such as any given year. Vulnerability denotes
the percentage of the maximum possible loss

given a specified impact. A vulnerability of
0 means completely exempt from damage,
whereas 1 means total destruction or loss. The
elements of risk enter the risk equation as
values that we can measure in either mone-
tary terms or human lives. The factor of risk
aversion is concerned with how persons or
groups perceive different risks, and is similar
to a volume knob in the risk to emphasize
or tone down the overall expected losses in
Eq (2.1). Thus, if including risk aversion in this
equation, we refer to R as perceived risk. The
risk from natural natural hazards is therefore a
measure of the expected loss from an event of a
given size (Figure 2.6). This anticipated annual
loss is often expressed in monetary value, using
for example units [US$ yr−1] or [€yr−1]; some
risk applications, however, explicitly concern
mortality rates or the expected number of lives
lost per unit time.

2.4.1 Vulnerability

Modern risk research recognizes many differ-
ent types of vulnerability (Adger 2006). Among
some of the most investigated is structural vul-
nerability, which refers to potential damage to
buildings, bridges, roads, and other engineered
infrastructure by direct or indirect impacts.
Socioeconomic or demographic vulnerability
concerns the loss potential of nations, groups
of people, or gender. Economic vulnerability
involves monetary losses from natural disasters
including losses from reduction of commerce
until normality returns. Social vulnerability
entails potential loss of societal functionality
of all types. One example was the frequent
looting in the aftermath of Hurricane Katrina,
but the spectrum of impacts of societal damage
is vast. Gender and status in social groups can
play a crucial role. Drawing on three decades
worth of data from 141 countries, Neumayer
and Plümper (2007) argued that girls and
women were on average more vulnerable to
natural disasters and had a higher disaster
mortality than boys and men, largely because
of their everyday socioeconomic status, and

http://www.unisdr.org/we/inform/terminology
http://www.unisdr.org/we/inform/terminology
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Figure 2.4 Three hypothetical landslide scenarios (A, B, and C) with different return periods. Each scenario
includes an intensity map (e.g. impact pressure). Each element at risk (lower left) is characterized by type,
location, and replacement cost. The vulnerability of each element at risk is determined using a vulnerability
curve for that particular type of structure and the scenario hazard intensity. A risk curve (lower right) shows
the temporal probabilities of the three scenarios plotted against loss. Losses are determined by multiplying
the vulnerabilities by the replacement costs for all exposed elements at risk. After defining a number of
points, a risk curve can be drawn. The area under the risk curve represents the annualized losses. From
Corominas et al. (2014).

despite their generally higher life expectancy.
Socioeconomic and demographic vulnerability
may have chiefly contributed to reported losses
from natural hazards in developing countries
in particular (Alcántara-Ayala 2002). However,
social vulnerability to natural disasters has also
been changing in countries such as the United
States by becoming more variable between
regions in the past few decades, and mostly
reflecting changes in urban density, race and
ethnicity, and socioeconomic status (Cutter
and Finch 2008).

Social media have emerged rapidly as a form
of rapid communication, and may have mea-
surable impacts on vulnerability to natural dis-
asters. Alexander (2014) summarized some of
the basic functions of social media in disasters
and crises. Social media:

• Have a listening function and allow sin-
gle persons and groups to democratically
express their views and opinions.

• Allow monitoring a situation with a mul-
titude of inputs that should also ideally be
capable of correcting false information.
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Figure 2.5 ‘Risk’ is commonly defined as the product of the four factors: hazard, vulnerability, elements at
risk, and aversion. Understanding and characterization of each of the four factors requires expertise from
different scientific fields, consequently studies of ‘risk’ are inherently multidisciplinary.

Figure 2.6 Regional model of risk from tropical cyclones in China. (a) Vulnerability of people and property
at risk. (b) Storm surge hazard. (c) Storm surge risk for coastal countries and districts. Levels of vulnerability
hazard and risk are normalised and range from 0 to 1. From Gao et al. (2014).

• Can be integrated into emergency planning
and crisis management, for example if peo-
ple are being warned of states of emergency
or pending disasters.

• Can promote crowd-sourcing projects and
collaborative development such as real-time
mapping of damage in disaster areas.

• Create social cohesion, a sense of belong-
ing to a specific community, promote

therapeutic initiatives, and support vol-
untary organization.

• Further causes by launching appeals for
donations or other kinds of support.

• Aid research by providing large amounts
of social network data, e.g. for regional,
national or worldwide ‘sentiment analyses’.

We might add that social media can also
influence vulnerability by spreading untested,
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inaccurate or false information. Such ‘fake
news’ may give a false impression of a natural
hazard, risk, or disaster. Environmental or
ecological vulnerability refers to irreversible
losses in natural resources. The concept of
ecosystem services, which comprise, among
others, things such as access to clean water,
the protection and hydrological functions of
natural forests, and the functioning of the food
web, also aims to measure losses from natural
disasters. The many other types of vulnerability
require close attention, depending on the type
of risk in question.

Resilience measures the extent to which
people, communities, assets or economies
are capable of recovering from external
disturbance and concomitant losses, while
maintaining their functionality, and avoiding
catastrophic damage (Figure 2.7). The term
is borrowed from mathematics (Adger 2006),
and has a similar connotation in ecology,
where it deals with how ecosystems respond
to disturbances. In the case of engineering
systems, Park et al. (2013) see resilience
as a set of recursive processes that involve

sensing, anticipation, learning, and adaptation.
Although their analysis referred specifically to
engineering systems the concepts are readily
applicable to societal systems.

How do we measure vulnerability? The
empirical approach involves careful analyses
of the records of damage following a natural
disaster of a specific magnitude or intensity.
The number and magnitude of insurance
claims afford a good, if relative, overview
of the damages incurred, as do detailed
accounts in historic archives, newspapers,
or field observations of structural damage.
Field-based mapping of damage to buildings
and infrastructure is a key method of estimat-
ing empirically the damage from a natural
disaster, and expressing this damage as a frac-
tion of the total value of the object considered.
The ability of a natural event of specific type
and magnitude to damage specific structure
types is often described by stage-damage
curves or ‘fragility curves’ (Figure 2.8) (Gokon
et al. 2014). For example, a tsunami two metres
high will cause damage amounting to half
of the value of a highway bridge made of

DisasterPerformance

“as new”

Estimated

performance

with aging

effects

Residual

performance (Qr)

Time

Target

tf trti

P
e

rf
o

rm
a

n
c
e

 (
Q

)

0

0

Tr = Time to recovery
Tf = Time to failure
Ti = Time to incident 

Disruption duration ΔTd
Recovery duration ΔTr
Failure duration ΔTf

Failure event definitions:
  Brittle
  Ductile

f1
f2

Recovery event definitions:
  Better than new
As good as new
As good as old

  Worse than old

r1
r2
r3
r4

f1
f2

r2

r3

r4

r1

Performance

after recovery

Figure 2.7 Definitions of resilience metrics in the context of the performance of a built structure (for
example, a dyke, road, or bridge) before, during, and after a natural disaster. Modified from Ayyub (2014).



�

� �

�

32 Geomorphology and Natural Hazards

1.0 1.0 1.0

0.8 0.8 0.8

0.6 0.6 0.6

0.4 0.4 0.4

0.2 0.2 0.2

0.0 0.0 0.0

0 0 02 2 104 4 206 6 308 8 4010 10 50 6012 14

D
a

m
a

g
e

 p
ro

p
o

rt
io

n

D
a

m
a

g
e

 p
ro

p
o

rt
io

n

D
a

m
a

g
e

 p
ro

p
o

rt
io

n

Flow depth (m) Current velocity (m/s) Hydrodynamic force (kN/m)

Fragility function Fragility function Fragility function

Interpretation Interpretation Interpretation

Figure 2.8 Fragility functions for buildings in the area impacted by the 2009 Samoa earthquake and
tsunami. Left: Maximum flow depth. Middle: Maximum current velocity. Right: Maximum hydrodynamic
force. Modified from Gokon et al. (2014).

concrete with its deck 2.5 m above mean water
level. Most physical impacts attenuate with
increasing distance from the source, so it is
valuable to determine both the magnitude and
the local intensity of a given event. Numerical
modelling offers new and nondestructive ways
to simulate physical damage to structures as
a function of prescribed impact forces and
stresses, for example how a bridge of known
geometry and material properties will respond
to the estimated impact forces of flood debris.
The underlying concept of balancing resist-
ing and impacting forces can also be used
to approximate, for example, the flood-water
velocities that a person can withstand without
being swept away (Milanesi et al. 2015).

Measuring vulnerabilities that concern non-
structural or immaterial values calls for a
different set of methods. Interviews, question-
naires, online surveys, or bulk socioeconomic
indicators can be used to estimate vulnera-
bilities related to income, financial coping
capacity, awareness, preparedness, and many
other aspects. Such data can be collected for
individuals or groups, and require techniques
from empirical political and social research.
Peduzzi et al. (2009) used as many as 32 socioe-
conomic indicators for estimating human
vulnerability, including data on gross domestic
product, inflation of food prices, percentage
of urban population, mortality rate among
children, and illiteracy rate. Besides these
long-established metrics, newer ones such as

the average number of cell phones per capita
might add information about how well people
can connect with each other and share news
during and after a natural disaster. Whether
people have access to this information might
influence communication and decisions dur-
ing such crises, and hence influence the
vulnerability of people (Table 2.1).

2.4.2 Elements at Risk

Vulnerability is intimately linked to the num-
ber and values of the elements at risk, which
include human health and safety, property,
the environment and financial interests. We
first consider human health and safety and
then turn to the built environment. In western
society, human health and safety generally
take precedence over all other elements. As
an example, the Swiss Federal Office of the
Environment (www.bafu.admin.ch) proposes
the following hierarchy of elements at risk
relating to industrial activities:

1) human life
2) personal injury
3) surface water pollution
4) groundwater pollution
5) agricultural land usability
6) material losses.

An important issue for risk assessment is
whether the risk to human life is voluntary,
that is within one’s control (e.g. smoking or

http://www.bafu.admin.ch
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Table 2.1 Summary of vulnerability ranges and recommended values for death from landslide
debris in similar situations, Hongkong. From Dai et al. (2004)

Case
Vulnerability of person
Range in data

Recommended
value Comments

Person in open space
1. If struck by a rockfall 0.1–0.7 0.5a) May be injured

but unlikely to cause death
2. If buried by debris 0.8–1.0 1.0 Death by asphyxia
3. If not buried 0.1–0.5 0.1 High chance of survival
Person in a vehicle
1. If the vehicle is
buried/crushed

0.9–1.0 1.0 Death is almost certain

2. If the vehicle is damaged
only

0–0.3 0.3 Death is highly likely

Person in a building
1. If the building collapses 0.9–1.0 1.0 Death is almost certain
2. If the building is
inundated with debris and
the person buried

0.8–1.0 1.0 Death is highly likely

3. If the building is
inundated with debris and
the person not buried

0-0.5 0.2 High chance of survival

4. If the debris strikes the
building only

0-0.1 0.05 Virtually no dangera

a) Better considered in more detail, i.e. the proximity of person to the part of the building affected by
sliding.

sky diving), or involuntary and thus outside of
one’s control (e.g. being struck by lightning or
being killed in a train crash). Risks from nat-
ural disasters are considered involuntary risks,
and society has a lower tolerance for invol-
untary risks than voluntary ones. Any risk
assessment must also consider whether it con-
cerns a single person or a group of persons. The
terms ‘individual risk’ or ‘group risk’, ‘political
risk’, or ‘societal risk’ refer to this distinction.

Estimating the values of and direct damages
to the built environment is more straightfor-
ward. Experts can readily assess, with some
uncertainty, the monetary value of a building,
road or pipeline. However, losses may also
be defined in a broader sense. For example,
the United Nations Framework Convention
on Climate Change (UNFCCC) treats losses
and damage as ‘the actual and/or potential

manifestation of impacts associated with cli-
mate change in developing countries that
negatively affect human and natural systems’
(James et al. 2014). Additional costs arise in
the wake of a natural disaster, including:

• Societal impacts, including personal stress,
injury or loss of life, disruption to lifestyle,
and demands on social and medical services.

• Economic impacts, including business
interruptions, damage to property and
other infrastructure, loss of income, loss of
income generators such as productive land,
interruption of commerce, and clean-up
costs,

• Environmental impacts, including pollution
(sewage, chemicals, debris), loss of cultural
values, loss of habitats, modification of envi-
ronments.
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These costs are indirect, because they are
secondary and arise from loss of industrial
or agricultural activity or trauma and cannot
easily be compared to material costs. Indirect
losses will need more time to estimate, as
many of them arise from consequences that
unfold in the weeks to months or years after
a disaster. Yet these indirect losses may be
high if key structures are damaged or lost. The
disruption of lifelines, notably traffic arteries,
communication lines, power and pipelines or
critical infrastructure (hospitals, power plants,
water reservoirs, and bridges) often entails
lower direct material damage than the indirect
damage resulting from services that are in
desperate need, but unavailable, during a state
of emergency. Similarly, the destruction of a
factory causes material loss, but also loss of
production, delivery, work places, and jobs.
Loss of industrial productivity may reverberate
through communities long after the disaster.
Reinsurance groups such as the SwissRe use
the value of working days lost in the case of
disasters, estimated from a global index and
normalized by the national economy of the
home country, to rank the exposure of the
world’s largest cities to earthquakes, storms,
tsunamis, and floods (www.swissre.com). The
spread of diseases following natural disasters
because of contaminated water (Chen et al.
2012) likewise creates indirect costs, as do
immediate disaster assistance and clean-up.
Studying the impacts of weather-related disas-
ters nation by nation, Lesk et al. (2016) found
that droughts and extreme heat waves reduced
cereal production by nearly 10% between 1964
and 2007. On average, developed countries
suffered 8–11% more losses than developing
ones. The authors argued that this trend partly
reflected the reliance of wealthier nations on
larger monocultures, fewer strategies to diver-
sify crops and minimize risk, and the seasonal
timing of droughts.

Disaster costs are trickier to estimate for
values of cultural or heritage structures such
as museums, theatres, and parks. Destruction

of such assets results in both material and
immaterial losses such as cultural identity.
Such losses are referred to as intangible losses.
Psychological trauma and loss of personal
memorabilia are among the most important
intangible losses of natural disasters (Bartels
and VanRooyen 2011). Other intangible losses
include those to ecosystem services and iconic
landmarks. Some intangible losses can be
approximated by assigning monetary values to
their role in intact ecosystems. For example,
Chambers et al. (2007) estimated that Hurri-
cane Katrina’s total damage to vegetation was
equal to a total biomass loss of 92–112 Mt C,
or about 50–140% of the net annual US carbon
sink. This ecological damage can be seen in
terms of national and international trading
in carbon certificates. When fully consider-
ing the consequences on ecosystems, many
direct and indirect benefits also arise from of
extreme natural events, for example, creation
of new nutrients and soil, flushing of rivers
of pollutants, replenishing wetlands, creation
of new land created by uplift during earth-
quakes, and creation of fertile volcanic soils
and many others.

Coming back to the idea of risk as an eco-
nomic value inevitably leads to the question
of how to treat people as elements at risk in
the risk equation. Can the value of a human
life be measured? Direct losses such as injury,
impairment or loss of life can be expressed
in numbers, but is it possible and ethically
justifiable to assign a price tag to a person’s
existence? Indeed every health or life insurer
does just this. When applying for such insur-
ance, you are likely to be asked to fill in a
questionnaire about certain aspects of your
health, for example whether you are a smoker,
whether you drive a motorcycle or whether
you like surfing, paragliding or extreme moun-
tain climbing. In essence, these questions are
used to gauge your personal vulnerability.
Essentially all insurers, transport authorities,
and other agencies concerned with risk man-
agement regularly assign a value to health

http://www.swissre.com
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or life. As an example of life value, highway
agencies in Switzerland and New Zealand cost
traffic-related deaths at about 2.5 million Swiss
francs and 4.2 million NZ dollars, respectively,
when carrying out cost–benefit analyses of
roading projects.

Several methods tackle the problem of deter-
mining the monetary value of health and life
(Jonkman et al. 2003). One approach is to
estimate the ‘value of a statistical life’, an eco-
nomic measure that takes into account aspects
of wage and risk during a given occupation
(Viscusi and Aldy 2003); we refer interested
readers to the economics literature for a more
in-depth coverage of this topic. This economic
metric is commonly based on a person’s will-
ingness to pay for added safety and security,
and their willingness to accept risk. The will-
ingness to pay expresses the person’s readiness
to invest a specific amount of money to acquire
a specified amount of added safety or security
from a threat, in this case a natural hazard.
In contrast, we can measure the willingness
of a person to accept a higher level of risk, for
example in moving closer to the flank of an
active volcano.

2.4.3 Risk Aversion

Quantitative risk assessment is reliant on
putting numbers to the probability of occur-
rence, the vulnerability, and the elements at
risk (Eq 2.1). Some assessments focussing on
perceived risk include another factor in the
risk equation – risk aversion. This is a measure
of the psychological perception of risk from
natural disasters, and incorporates aversion
to rare but potentially very destructive events.
Risk aversion can be understood by consider-
ing the notion that 300 people killed in road
traffic over a year is generally less disturbing
to the public than 300 people killed in a single
airplane crash. Note that if 300 people died
in a single traffic accident the public reaction
would also be extreme. Although great efforts
are made to reduce that number in either case,

the loss is exactly the same, but most people
would perceive the latter as more grave and less
acceptable (especially if the event had been
anticipated). Another example of how risk
aversion may change rapidly is Germany’s pol-
icy change with respect to nuclear power in the
aftermath of the 2011 Tohoku earthquake and
the partial meltdown of the Fukushima nuclear
power plant in Japan. Seen objectively, the haz-
ard of an accident at any of Germany’s nuclear
power plants remained unchanged after the
earthquake in Japan. The only factor in the risk
equation that changed was that of risk aver-
sion. Suddenly nuclear power seemed more
risky than before. Human perception of natural
hazards, risks, and disaster is prone to biases,
so that much research focuses on objectively
measuring how people perceive risk. Aversion
can also result from knowing too much or too
little about a given risk. Consider the blank
spots on maps of natural hazards and risks:
Are these spots safe places or simply places we
do not know about (Osuteye et al. 2017)?

How people perceive hazards and risks
in their immediate surroundings can also
determine how readily they adapt (Uprety
et al. 2017). In a study of perceptions of flood
risk among some 1000 homeowners in the
Netherlands, Botzen et al. (2009) found that
differences in responses were consistently in
line with independently derived risk levels,
such that people living closer to rivers were
more aware of the possibility of harmful floods
than those living farther away. Yet homeown-
ers living in areas that were unprotected by
dykes or other structural measures tended
to underestimate the flood risk, similarly to
residents who were poorly informed about the
underlying causes of these risks. Surprisingly,
older and more highly educated people also
appeared to be less aware about floods. In
particular, people who lived on floodplains
behind dykes felt that they were safe from
flooding. Such perceptions arise partly from
how specialists and decision makers com-
municate technical terms about risk to the
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public. Scientists routinely use technical terms
such as the 100-year flood, but many peo-
ple fail to understand what this term means
(Michel-Kerjan and Kunreuther 2011).

2.4.4 Risk is a Multidisciplinary
Expectation of Loss

The preceding definitions of natural hazard,
vulnerability, the elements at risk, and risk
aversion show that risk is a multidisciplinary
metric. Risk expresses how much loss we
expect statistically for a specified region and
period. Given the different factors in the risk
equation, it should come as little surprise
that evaluating risk from natural disasters
is an exercise that is thoroughly inter- and
trans-disciplinary (Figure 2.9). While esti-
mating probabilities of specific hazardous
events lies within the realm of the natural
sciences, including the geosciences, mathe-
matics, and physics, determining vulnerability
and elements at risk is among the key tasks
in engineering, economic, social, and ecolog-
ical sciences. When risk aversion is included,
psychological, planning, and political sci-
ences must be involved. Risk has become a

multidisciplinary metric and thus calls for
effective collaboration across the board. That
is why most modern disaster risk estimates
and country risk profiles are based on many
compound metrics trying to characterize
the natural, socioeconomic, demographic,
and environmental setting (Peduzzi et al.
2009).

Several risk indices circumvent the need
to compute directly the expected number of
fatalities or monetary values lost per year via
the risk equation. The World Risk Report 2012
(www.WorldRiskReport.org), for example,
proposed a global risk index that combines
social, economic, ecological, and physical
parameters that address four compound met-
rics of exposure, susceptibility, coping capacity,
and adaptive capacity. These result in an index
for ranking the world’s nations according to
the risk they face from natural disasters. This
ranking placed the island nations of Vanuatu,
Tonga, and the Philippines among the three
most ‘risky’, owing to their proximity to the
ocean, and thus exposure to tropical cyclones,
sea-level rise, and flooding. The world risk
index thus goes beyond the conventional risk
equation by considering and synthesizing
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Figure 2.9 The top ten most frequently occurring word roots in papers reviewed from six disciplines
(climatology, earth science, ecology, engineering, hydrology, social science). Words in bold occur in more
than one column; each is represented by a different color to aid in visualizing similarities across the
disciplines. The histograms show the frequencies of occurrence of these top ten word roots, normalized by
the total number of papers examined in that discipline. From McPhillips et al. (2018).

http://www.WorldRiskReport.org
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composite indicators of exposure to natural
hazards, projected impacts of climate change,
and vulnerable societies.

2.5 Risk Management and the
Risk Cycle

Generally speaking, the purpose of risk analy-
sis is to determine the probability that a specific
hazard will cause specific harm (Salvati et al.,
2010). By analysing risk we pave the way for
designing measures to manage risk. These
measures are a toolkit for reducing impacts
from natural disasters to an acceptable level,
which is the ultimate goal of risk management.
The aim of any risk management is to reduce
risk, i.e. the expected damage from an event
(Figure 2.10). This approach applies equally
to natural disasters, financial crises, the struc-
tural integrity of nuclear power plants, or

medicinal applications. In terms of the risk
equation, we could consider reducing any
to all of its factors, so that we reduce risk to
an acceptable or tolerable level. Now, should
we concentrate on reducing the probability
that a damaging event will happen, should
we instead work on reducing vulnerability,
or should we try to modify the burden of
loss? Smith and Petley (2009) refer to these
three options as protection, mitigation, and
adaptation, respectively:

• Protection involves actively interfering with
the physical and chemical processes that
may cause harm. The aim is to reduce the
frequency, magnitude, or impact of these
processes. Physical protection measures
often rely on engineering solutions such
as river dykes, sediment retention basins,
tsunami sea walls, and rockfall nets, which
all directly interfere with the hazardous
process.
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Bründl et al. (2009).



�

� �

�

38 Geomorphology and Natural Hazards

• Adaptation offers a counterpart to physical
protection, and aims at making people less
vulnerable to natural disasters. Ways to
achieve this include early warning systems,
evacuation drills and routes, retrofitting for
earthquake-safe buildings, or delineating
hazard zones in land-use planning.

• Mitigation builds on the idea to distribute or
share the expected or actual losses from nat-
ural disasters; this generally works either via
insurance measures or direct financial aid,
respectively.

Risk management is a process involving two
major stages (Bründl et al. 2009). Firstly, risk
analysis is concerned with the mathematical
derivation of a given set of risk values accord-
ing to a specified risk equation. Secondly, risk
evaluation involves assessing computed risk
values against the background of personal and
societal risk perception and of risk acceptabil-
ity in terms of deaths and costs. The latter

is often approached by way of cost–benefit
analysis (CBA). We tend to systematically
under- or overestimate certain risks, and this
cognitive distortion enters risk assessments.
Yet risk analysis and evaluation are only parts
of the management process; risk treatment is
also needed.

On average, only a few percent of the annual
humanitarian assistance is allocated to preven-
tion, yet each dollar invested in risk reduction
saves multiples in economic losses from disas-
ters. One way to improve how we use disaster
funds is to coordinate better the investments
in prevention, intervention, and recovery. This
approach is referred to as the risk cycle, and
prevention, intervention, and recovery refer
to the phases before, during, and after a given
natural disaster (Figure 2.11). We would think
that the best risk management strategy would
pay attention to and support these three phases
of the risk cycle in proportion to their return in

Risk assessment

Mitigation/prevention

Preparation

Event
Rescue/
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Information/
instructions

Immediate
assistance

Assessment
of damage

Ongoing assistance

Restoration of infrastructure
and services

Reconstruction/
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Economic and
social recovery

Ongoing
development

Mitigation/
prevention

Risk
assesment

Figure 2.11 The risk cycle. Sustainable management of natural hazards and risk is based on strategies that
address prevention, intervention, and recovery. These three stages coincide with the time before, during, and
after a natural disaster. All of these strategies require adequate attention and funding. Modified from Health
Systems Info (http://healthsysteminfo.blogspot.com/ 2010/12/disaster-management-in- general.html).

http://healthsysteminfo.blogspot.com/2010/12/disaster-management-in-general.html
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reduced injury and costs. However, more and
more risk managers have begun to realize that
the prevention strategy in particular deserves
more attention, given that the return on this
sort of investment might be greatest. Improved
disaster preparedness can be achieved through
inexpensive and simple means such as inform-
ing, training or educating people. Knowing
what to do during an earthquake saves lives,
and training people to react accordingly can
be made easy via warning signs, films or safety
drills.

Dealing with natural hazards and disasters
almost always has some political dimension.
The following two end-member examples
highlight how some of the consequences have
played out at the community and international
levels. In Switzerland every community is
required by law to produce maps showing
natural hazards. The maps are based on a
unified system that identifies the intensity
(high, medium or low) and probability (high,
medium, low or very low) of each potentially
harmful process. Many of the data for this clas-
sification come from detailed field mapping
of ‘silent witnesses’. These are landforms and
landform elements that contain information
about the type, intensity, and likely timing
of former events that might be damaging if
they happened again. Probabilities are based
on return periods, which are average times
it takes for a process of a given magnitude
to recur. Quantitative threshold values, such
as impact force, flow depth or velocity, are
useful for defining the appropriate categories
in the classification. An intensity–probability
matrix helps delineate three different zones
that are legally binding for the construction of
buildings.

In contrast, at the international level the
2004 tsunami in the Indian Ocean spurred
important legislated initiatives, although the
action mandated by the legislation at the inter-
national level is considerably less in evidence.
Nevertheless, action plans such as the Hyogo
Framework for Action designed for the decade
from 2005 to 2015, followed by the 15-year

Sendai Framework for Action in 2015, helped
raise awareness and prompted basic mitigation
efforts.

2.6 Uncertainties and Reality
Check

It is essential to measure and communicate
the inevitable uncertainties that arise in any
risk assessment. Recall that quantitative risk
analysis uses probability to express uncertain-
ties. These uncertainties are either epistemic
or aleatoric. Epistemic uncertainties arise
from the reductionist nature of models that
attempt to portray, reduce, and thus insuffi-
ciently represent, reality. They involve things
unknown to us but things that we believe
we can learn by doing more research. For
example, the most sophisticated numerical
rock-fall runout model may produce very real-
istic results, but the model will be unable to
replicate every minute detail of a block’s path
across the ground.

Aleatoric or statistical uncertainty occurs
in most physical experiments that we carry
out. It refers to random processes that we
can cast in quantitative terms, although their
eventual outcome will remain unknown to
us. For example, consider an experiment in
which we try to simulate rock fall by letting
a tennis ball fall along an inclined plane of
specified angle and roughness from a fixed
initial height. If we repeated this experiment
thirty times, we would find that in each of
these runs the tennis ball comes to rest at a
slightly different location because of minor
irregularities on the inclined surface or the
tennis ball itself. Similarly, radioactive decay of
elements can be measured by quantities such
as the half-life, which is the time needed for
the number of radioactive atoms to reduce to
half of the original value. We can predict how
many atoms will decay during this interval
on average. Yet which atoms will decay next
remains elusive. This process may only appear
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random to us because we lack the knowledge
or tools to accurately predict the timing of each
isotopic decay. Hence the distinction between
epistemic and aleatoric uncertainties depends
on how well we believe that we can learn
more about the underlying unknowns in the
future.

Putting numbers to these uncertainties is an
essential, but also the most engaging, part of
any hazard or risk analysis. In the geosciences
we derive most knowledge about prehistoric
disasters from geological archives instead of
direct instrumental readings, so that we have
to account for uncertainties when we recon-
struct past disasters (Figure 2.12). Hence, the
inferred timing of past events is as accurate as
the dating method we apply, and their mag-
nitude and intensity are as accurate as we are
able to infer from the resulting sediments and
landforms. But even when detailed instrumen-
tal data are available, hazard and risk products
such as maps remain prone to change; they
become obsolete and need refinement because
of climate and land-use change, legacy effects
of precursory natural disasters, changes in
administrative regulations for dealing with

natural resources, increases in knowledge, and
so on. Therefore, it is essential to decide on a
meaningful lifespan of hazard and risk prod-
ucts, or to define a timespan over which the
hazard and risk predictions remain accurate
and reliable.

The 2011 Tohoku earthquake has stimulated
a discussion of how realistic the forecasts
of Japanese seismologists have been during
the past several decades. Most of the dam-
aging earthquakes in Japan over the past 30
years have happened in or near areas that
were thought to have rather low or moderate
seismic risk (Geller 2011). Furthermore, the
12 deadliest earthquakes between 2000 and
2011 had intensities that exceeded predictions
by the Global Seismic Hazard Assessment
Program (GSHAP) (Bela 2014). The Japanese
Meteorological Agency is in charge of regularly
issuing probabilistic ground-motion predic-
tions of this type, and each revision draws on
new data collected by a dense seismograph
network. It is important to review the practice
of natural hazard and risk mitigation regu-
larly, because one or several factors in the
risk equation may have changed since the last
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