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Climate change associated with global warming is predicted
to occur over the next 100 years as a result of increased atmo-
spheric carbon dioxide (CO,) caused by the burning of fossil
fuels, deforestation, and generation of methane. Ultimately, sea
levels will rise and coastal cities worldwide will be inundated. A
rise of 1 m (3.3 feet) in sea levels could flood 15% of the arable
land in Egypt’s Nile Delta and completely submerge the tiny
islands of the Maldives, currently inhabited by 200,000. Hundreds
of millions of people will also be affected if increased ultraviolet
radiation is delivered to Earth’s surface as a result of stratospheric
ozone depletion caused by continued release of chlorofluorocar-
bons (CFCs).

Although global warming and ozone depletion are threats that
may become more evident in the future, other forms of environ-
mental pollution, such as water and air pollution, have immediate
effects on life today. Massive oil spills, such as the 2010 leakages
in the Gulf of Mexico, make headlines, and adverse health effects
are seen from contamination and smog. Deforestation, particu-
larly in the tropical rainforests, is highly significant. In addition
to its contribution to possible global warming, loss of forested
land increases vulnerability to droughts, landslides, and floods.

ASSESSING VULNERABILITY AND RISK

Not all hazards become disasters. Whether or not a disaster
occurs depends on the magnitude, intensity, and duration of the
event and vulnerability of the community. For example, a severe
earthquake is not a disaster unless it significantly disrupts a
community by creating large numbers of casualties and substan-
tial destruction. Effective disaster risk management requires infor-
mation about magnitude of the risk faced and how much
importance society places on reduction of that risk. Risks are
often quantified in aggregated ways (e.g., a probability of 1 in
23,000 per year of dying in an earthquake in Iran). The impor-
tance placed on the risk for a hazard is likely to be influenced
by the nature of the risks faced on a daily basis. For instance, in
Pakistan, where communities are regularly affected by floods,
earthquakes, and landslides, people use their meager resources
to protect against what they perceive to be the greater risks, such
as disease and irrigation failure. In California, where the risk for
disease is low, communities choose to initiate programs against
natural disasters.

Vulnerability is defined as the conditions determined by the
physical, social, economic, and environmental factors that
increase the susceptibility of communities to the impact of
hazards. Roles of men and women in society are also determi-
nants of how each will be affected by different hazards, and how
they will cope and recover from disasters. Many aspects of vul-
nerability cannot be described in monetary terms and should not
be overlooked. These include personal loss of family, home, and
income, along with related human suffering and psychosocial
problems. Although communities in developed nations may be
as prone to hazards as those living in poorer nations, wealthier
communities are often less vulnerable to damage. For example,
although both southern California and Managua, Nicaragua, are
prone to earthquakes, California is less vulnerable to damage
because of strictly enforced building codes, zoning regulations,
earthquake preparedness training, and sophisticated communica-
tions systems. In 1971, the San Fernando earthquake in California
measured 6.4 on the Richter scale but caused minor damage and
58 deaths, whereas an earthquake of similar magnitude that
struck Managua 2 years later reduced the center of the city to
rubble, killing approximately 6000 people. Similarly, in wealthy
countries, drought and resulting loss of food production and
groundwater are managed by use of food surpluses and treated
water, but drought in poor nations often leads to deaths from
famine, as well as sickness and death from contaminated water
supplies.

DISASTER MITIGATION STRATEGIES

Mitigation is the effort to reduce loss of life and property
from the impact of a disaster by taking action before the next
disaster. Mitigation measures are most effective when all citizens
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understand local risks and make choices to support investments
in long-term community and personal well-being. Where re-
sources for mitigation are limited, they should be directed toward
protecting the most vulnerable elements. Vulnerability also
implies a lack of resources for rapid recovery.

For most risks associated with natural geophysical hazards,
such as volcanic eruptions, tsunamis, and tropical cyclones, little
or no opportunity is available to reduce the hazard itself. In these
cases, emphasis must be placed on reducing the vulnerability of
the elements at risk. However, for technologic and human-made
hazards or slow-onset hazards, such as environmental pollution
and desertification, reducing the hazard is likely to be the most
effective mitigation strategy.

Two key aspects of mitigation are risk analysis and risk reduc-
tion. Risk analysis may include hazard mapping and multihazard
mitigation planning. Risk reduction measures include floodplain
management, safety programs, and hazard reduction programs.
Mitigation actions by planning authorities and communities to
reduce vulnerability can be active, in which desired actions are
promoted through incentives, or passive, in which undesired
actions are prevented by use of controls and penalties. Discus-
sion of mitigation options follows.

ENGINEERING AND CONSTRUCTION

Engineering measures range from large-scale engineering works
to strengthening individual buildings and implementing small-
scale community-based projects to incorporate better protec-
tion into traditional structures, such as buildings, roads, and
embankments.

PHYSICAL PLANNING MEASURES

Careful placement of new facilities, particularly community facil-
ities such as schools, hospitals, and infrastructure elements,
plays an important role in reducing the settlement vulnerability.
In urban areas, deconcentration of elements especially at risk
is an important principle. Specific procedures include hazard
mapping and development of a master plan containing land
use control guidelines. Hazard occurrence probabilities can be
extrapolated from historical data and used to create hazard maps
to show regional variation. Hazard mapping can be detailed by
an inventory of people or things that are exposed or vulnerable
to the hazard. In France, a plan called the Zones Exposed to
Risks of Movements of the Soil and Subsoil produces landslide
hazard maps at scales of 1:25,000 or larger that are used as tools
for mitigation planning. The maps portray degrees of risk for
various types of landslides, including activity, rate, and potential
consequences.

ECONOMIC MEASURES

The linkages among different sectors of the economy may be
more severely disrupted than the physical infrastructure. Diver-
sifying and strengthening the economy are important ways to
reduce risks. Within a strong economy, governments can use
economic incentives to encourage individuals or institutions to
take disaster mitigation actions. Increasing emphasis is being
placed on securing contributions from the private sector to disas-
ter risk reduction. Following the Indian Ocean tsunami of 2004,
many beachside hotels in Thailand augmented awareness pro-
grams for clients and local communities and contributed to
strengthening warning systems.

LEGISLATION, MANAGEMENT, AND
INSTITUTIONAL MEASURES

The countries most affected by the 2004 Indian Ocean tsunami
(Indonesia, Sri Lanka, Thailand, and the Maldives) have passed
new disaster legislation that sets out general parameters for pre-
paredness, response, and recovery. The resulting laws stipulate
roles and responsibilities for members of government disaster
systems, such as ministries and municipalities. These govern-
ments have also elaborated standard operating procedures and
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FIGURE 85-1 Elastic rebound in earthquake. A, Forces build up over time. B, Crust deforms. C, Crust snaps.

D, Plates slide.
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FIGURE 85-2 Motion of Earth’s plates causes increased pressure at
faults where the plates meet. Eventually, the rock structure collapses,
and movement occurs along the fault. Energy is propagated to the
surface above and radiates outward. Waves of motion in Earth’s crust
shake landforms and buildings, causing damage. (Courtesy Disaster
Management Center, University of Wisconsin-Madison.)
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Location and Predictability

Most earthquakes (95%) occur in well-defined zones near the
boundaries of the tectonic plates. These areas bordering the
Pacific Ocean are called the circum-Pacific belt. Areas traversing
the East Indies, the Himalayas, Iran, Turkey, and the Balkans are
called the Alpide belt. Earthquakes also occur along the ocean
trenches, such as those around the Aleutian Islands, Tonga,
Japan, and Chile and within the eastern Caribbean. Some earth-
quakes occur in the middle of the plates, possibly indicating
where earlier plate boundaries might have been. These have
included the New Madrid earthquake in 1811 and the Charleston
earthquake in 1816 in the United States, the Agadir earthquake
in 1960 in Morocco, and the Koyna earthquake in 1967 in India.

Earthquake prediction was a constant preoccupation for early
astrologers and prophets. Some signs of earthquake noted by
observers were buildings gently trembling, animals and birds
becoming excited, and well water turning cloudy and smelling
bad. Although some modern scientists claim the ability to predict
earthquakes, the methods are still controversial. In fact, no earth-
quake has ever been precisely predicted. Rather, probabilities are
calculated. For example, over the next 30 years, there is a 67%
chance of an earthquake in the San Francisco Bay area. Earth-
quakes that have not been predicted include the 1995 earthquake
in Kobe, Japan, which killed more than 5000 people, and the
2011 Tohoku earthquake. The high probability of a devastating
earthquake in the Kathmandu Valley had long been discussed.
The Gorkha earthquake (7.8 magnitude) in Nepal of April 2015
released some of the tectonic strain; nevertheless, considerable
seismic pressure still exists in the region.



P waves

FIGURE 85-3 A, Propagation of seismic waves in an earthquake. Surface waves vibrate the ground hori-
zontally (B and C) and vertically (D and E).

Fortunately, mechanical observation systems make it possible
to issue warnings to nearby populations immediately after detec-
tion of an earthquake. Reasonable risk assessments of potential
earthquake activity can be made with confidence based on the
following:

Knowledge of seismic zones or areas most at risk, gained

through study of historical incidence and plate tectonics

Monitoring of seismic activity by use of seismographs and

other instruments (the U.S. Geological Survey monitors
global seismic activity through 2150 seismic stations)

Use of community-based, scientifically sound observations,

such as elevation and turbidity of water in wells and radon
gas escape into well water

TABLE 85-1

The island of Hispaniola, shared by Haiti and the Dominican
Republic, has a history of destructive earthquakes. In January
2010, a magnitude 7.0 earthquake occurred approximately 25 km
(16 miles) west-southwest from the capital city Port-au-Prince at
a depth of 13 km (8.1 miles). Two years before this, scientists
had detected signs of growing stresses in the fault that forms a
boundary between the Gonave microplate and the Caribbean
plate to the south, specifically the Enriquillo-Plantain Garden
fault system, which includes much of Haiti. They warned Haitian
officials that the fault was capable of causing a 7.2 magnitude
earthquake, only slightly stronger than the actual 7.0 earthquake
that eventually occurred. Unfortunately, 2 years is little time to
prepare for such an event in a country like Haiti, which endures

Modified Mercalli Intensity Scale of 1931

Scale Description

I Not felt except by very few persons under especially favorable circumstances.

Il Felt only by a few persons at rest, especially on upper floors of buildings. Delicately suspended objects may swing.

1l Felt quite noticeably indoors, especially on upper floors of buildings, but many people do not recognize it as an earthquake.
Standing motor vehicles may rock slightly. Vibration similar to passing of truck. Duration estimated.

Y During the day felt indoors by many but outdoors by few. At night some awakened. Dishes, windows, doors disturbed; walls make
creaking sound. Sensation resembles heavy truck striking building. Standing motor vehicles rocked noticeably.

V Felt by nearly everyone; many awakened. Some dishes, windows, etc., broken. A few instances of cracked plaster. Unstable objects
overturned. Disturbances of trees, poles, and other tall objects sometimes noticed. Pendulum clocks may stop.

VI Felt by all; many frightened and run outdoors. Some heavy furniture moved; a few instances of fallen plaster or damaged chimneys.
Damage slight.

Vil Everybody runs outdoors. Damage negligible in buildings of good design and construction, slight to moderate in well-built ordinary
structures, considerable in poorly built or badly designed structures. Some chimneys broken. Noticed by persons driving motor
vehicles.

VI Damage slight in specially designed structures, considerable in ordinary substantial buildings with partial collapse, great in poorly

built structures. Panel walls thrown out of frame structures. Fall of chimneys, factory stacks, columns, monuments, and walls. Heavy
furniture overturned. Sand and mud ejected in small amounts. Changes in well water. Persons driving motor vehicles disturbed.

IX Damage considerable in specially designed structures. Well-designed structures thrown out of plumb, greatly in substantial
buildings with partial collapse. Buildings shifted off foundations. Ground cracked conspicuously. Underground pipes broken.

X Some well-built wooden structures destroyed. Most masonry and frame structures with foundations destroyed; ground severely
cracked. Rails bent. Landslides considerable from river banks and steep slopes. Shifted sand and mud. Water splashed (slopped)
over banks.

Xl Few, if any, (masonry) structures remain standing. Bridges destroyed. Broad fissures in ground. Underground pipelines completely
out of service. Earth slumps and land slips in soft ground. Rails bent greatly.

Xil Damage total. Practically all works of construction are damaged greatly or destroyed. Waves seen on ground surface. Lines of sight

and level are distorted. Objects are thrown upward into the air.
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widespread poverty and lacks resources for preparedness and
mitigation. A legacy of poor building standards has increased
vulnerability and cannot be easily remedied.

Earthquake Hazards

Earthquakes produce many direct, and sometimes indirect,
effects. Landslides, flooding, and tsunamis are considered sec-
ondary hazards and are discussed later in this chapter.

Fault Displacement and Ground Shaking. Fault displace-
ment, either rapid or gradual, may damage foundations of build-
ings on or near the fault area or may displace the land, creating
troughs and ridges. The March 2011 Tohoku earthquake off the
coast of Japan was the fifth strongest on record (9.0) and moved
the entire island of Honshu 8 feet eastward. Ground shaking
causes more widespread damage, particularly to the built envi-
ronment. The extent of the damage is related to the size of the
earthquake, closeness of the focus to the surface, buffering
power of the area’s rocks and soil, and type of buildings being
shaken. The Northridge, California, quake in 1994 was one of
the most costly, producing $44 billion in damage, due to the
position of the event directly below a population center.

Aftershocks may cause further damage and may recur for
weeks or even years after the initial event. The Kashmir earth-
quake (also known as the Northern Pakistan earthquake) occurred
on October 8, 2005, and registered 7.6 on the moment magnitude
scale. Affecting three countries, this earthquake killed more
than 90,000 people. Between October 2005 and February
2006, there were more than 978 aftershocks of magnitude 4.0 or
above.

Ground Failure and Soil Liquefaction. Seismic vibrations
may cause settlement beneath buildings when soils consolidate
or compact. Certain types of soil, such as alluvial and sandy soils,
are more vulnerable to failure. Liquefaction is a type of ground
failure that occurs when saturated soils lose strength and collapse
or become liquefied. During the 1964 earthquake in Nigata,
Japan, the ground beneath earthquake-resistant buildings became
liquefied, causing the buildings to lean up to 45 degrees from
vertical. Most of these buildings were later jacked upright and
reoccupied. In the 2001 earthquake in the Bhuj area of Gudjarat,
western India, many reservoir dams were damaged because of
water-saturated alluvial foundations.

Lateral Spreads and Flow Failure. Lateral spreads involve
the lateral movement of large blocks of soil as a result of lique-
faction in a subsurface layer. During the 1964 Alaska earthquake,
more than 200 bridges were damaged or destroyed by lateral
spreading of flood plain deposits toward river channels. In the
1906 San Francisco earthquake, major pipelines were broken by
lateral spreading, hampering efforts to fight fires. In 1989, the
Marina District in San Francisco, built on soft landfill, was dam-
aged by lateral spreading from the Loma Prieta earthquake.

Flow failure, in which either a layer of liquefied soil rides on
top of another layer or blocks of intact material ride on top of
liquefied soil, can be catastrophic. Some of the most damaging
flow failures have occurred underwater in coastal areas, carrying
away large sections of port facilities and generating large sea
waves. Some flow failures on land have been as much as a mile
in length and breadth, such as those induced by the 1920 earth-
quake in Gansu, China, which killed 200,000 people.

Landslides and Avalanches. Slope instability may cause
landslides and snow avalanches during an earthquake. Steepness,
weak soils, and the presence of water may contribute to vulner-
ability from landslides. Liquefaction of soils on slopes may lead
to disastrous slides. The most abundant types of earthquake-
induced landslides are rockfalls and rockslides, usually originat-
ing on steep slopes. The Kashmir earthquake of 2005 was
characterized by numerous landslides that blocked access by
assistance organizations to people in high mountain areas. The
Nepal earthquake of April 2015 triggered avalanches on Mt
Everest, killing 19 members of various climbing expeditions at
the south base camp, the highest death toll in 1 day related to
Everest climbing.

Tsunamis. Tsunamis may be generated by undersea or
near-shore earthquakes and may break over the coastline with
great destructive force. The Indian Ocean tsunami of December
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2004 that devastated Banda Aceh, Indonesia, was generated by
an earthquake occurring 240 km (149 miles) off the coast of
Sumatra at the boundary between the Indian and Burmese tec-
tonic plates in the Sumatra-Andaman subduction zone. A second
earthquake of 8.7 magnitude occurred along the same fault in
March 2005, but this event produced a much smaller tsunami
(4 m [13 feet] versus 9 m [30 feet] in height). The December 2004
earthquake ruptured a longer segment of the fault and occurred
in much deeper water, creating a larger movement of the sea
floor.

Fires. One of the most destructive consequences of an
earthquake is fire, particularly in urban centers. Great postearth-
quake fires played a major role in the destruction of Lisbon,
Portugal, in 1755 and San Francisco in 1906, and caused consid-
erable damage in Kobe, Japan, in 1995. The million wooden
buildings in Tokyo pose a major risk of fire if an earthquake
strikes, as is predicted to occur in the next few decades.

Typical Adverse Effects

Ground shaking can damage human settlements, buildings, infra-
structure elements (particularly bridges), elevated roads, railways,
water towers, water treatment facilities, utility lines, pipelines,
electricity-generating facilities, and transformer stations. After-
shocks can do great damage to already weakened structures.
Significant secondary effects include fires, dam failures, and
landslides, which may block waterways and cause flooding.
Flooding may also be caused by seiches (back-and-forth wave
actions in bays) or by failures in dams and levees. Damage
may occur to facilities that use or manufacture dangerous materi-
als, resulting in chemical spills. Communications facilities may
break down. Destruction of property may have a serious impact
on shelter needs, economic production, and living standards of
the affected community. Depending on their level of vulnerabil-
ity, many people may be homeless in the aftermath of an
earthquake.

The casualty rate is often high, especially when earthquakes
occur in areas of high population density, particularly when
streets between buildings are narrow, buildings are not earth-
quake resistant, the ground is sloping and unstable, or adobe or
dry stone construction is used, with heavy upper floors and roofs.

Casualty rates may be high when quakes occur at night
because the preliminary tremors are not felt during sleep and
people are not tuned in to receive media warnings. In the
daytime, people are particularly vulnerable in large unsafe struc-
tures such as schools and offices. Casualties generally decrease
with distance from the epicenter. As a rule of thumb, quakes
result in three times as many injured survivors as persons killed.
The proportion of dead may be higher with major landslides and
other secondary hazards. In areas where houses are of light-
weight construction, especially with wood frames, casualties are
generally much fewer, and earthquakes may occur regularly with
no serious, direct effects on human populations.

The most widespread acute, serious medical problems are
broken bones. Other health threats may occur with secondary
flooding, when water supplies are disrupted (earthquakes can
change levels in the water table) and contaminated water is used
or water shortages exist, and when people are living in high-
density relief camps, where epidemics may develop or food
shortages exist.

In the aftermath of the Colombia earthquake of January 1999,
which most heavily affected the city of Armenia, the death toll
was 1185 and 160,000 people were left homeless, most in urban
areas. In Armenia, where 60% to 70% of homes had been
destroyed, movement was restricted by fallen debris and unem-
ployment rose from 12% to 35%. People were living in unsatisfac-
tory shelters made with plastic sheeting. Many migrated from the
area to other places that could not absorb them. Although the
international response to aid Colombia was strong, the over-
whelming need continued to pose problems. Five weeks after
the earthquake, supplies of food, clean drinking water, and
shelter materials were still urgently required. Hygiene and sanita-
tion services and essential medicines were desperately needed.
Social services were required to work toward normalizing the
lives of victims, especially children. In Gujarat, India, where






