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ASSESSMENT OF RESEARCH ON NATURAL HAZARDS
AIMS AND METHODS

The Assessment of Research on Natural Hazards is intended to
serve two purposes: (1) it provides a more nearly balanced and comprehen-
sive basis for judging the probable social utility of allocation of funds
and personnel of varjous types of research on natural hazards: (2) it
stimulates, in the process, a more systematic appraisal of research needs
by scientific investigators in cooperation with the users of their find-
ings.

The basic mode of anaiysis is to examine the complex set of
interactions between social systems and natural systems which create
hazards from the extreme geophysical events. The chief hazards investi-
gated relate to: coastal erosion, drought, earthquake, flood, frost,
hail, hurricane, landslide, lightning, snow avalanche, tornado, tsunami,
urban snow, volcano, and windstorms. For each of those hazards the physi-
cal characteristics of the extreme events in the natural system are
examined. The present use of hazardous areas and the variety of adjust-
ments which people have made to extreme events are reviewed. The range
of adjustments includes measures to modify the event, as by seeding a
hurricane; modifying -the hazard, as by adjusting building or land use to
take account of the impact of the extreme event; and distributing the
losses, as by insurance or relief. Taking all of the adjustments into
account, the impact of the hazard upon society is estimated in terms of
property losses, fatalities and injuries, and systemic disruption. An
effort is made to identify the directions of change in the mix of adjust-
ments and in their social impact. As a part of this review, those forces
in the national society which‘shape the decisions about adjustments are
appraised. '

Authorities in the field are consulted through the medium of
Titerature review, workshops on specific hazards, a national conference
which was held in October, 1973, and individual reviews. Where appro-
priate and practicable, simulations of the extreme events and of their



social impacts are carried out. In selected areas scenarios of past and
possible future events and their consequences are constructed.

In the 1ight of this analysis the possible contributions of
research to amelioration of the naticnal condition with respect to each
hazard are assessed. Cach set of adjustments is reviewed in terms of its
potential effects upon national economic efficiency, enhancement of human
health, the avoidance of crisis surprise, the equitable distribution of
costs, and the preservation of envirvonmental options. Evaluation of
particular research activities includes (1) the average sum of social
costs and social benefits from application of a given adjustment in
changing property use, and (2) reduction in average fatalities and casual-
ties. In addition to the direct impacts of extreme events upon society,
account is taken of the costs and benefits which society reaps in seeking
to cope with the hazards, as in the case of costs of insurance or of
control works.

In addition to calculating the average effects of hazard adjust-
ments, an effort is made to estimate the degree to which the occurrence
of a very rare event which has dramatic destructive potentialities, such
as an 8.0 earthquake or a 200-year flcod, would disrupt society.

Estimates also are made of the extent to which the adoption of
an adjustment reduces the options of maintenance of environmental values,
and the degree to which the pattern of distribution ¢f income among
various groups in society may be changed.

Research proposals are appraised in the light of the likelihood
that the research undertaken could yield significant findings, and the
likelihood that once the research is completed satisfactorily, the find-
ings may be adopted and practiced by the individuals or public agencies
in a position to benefit.

The United States as a whole is doing a competent job of dealing
with some aspects of jts natural hazards and & very ragged job of handling
other aspects. The overall picture is one of rising annual property
damage, decreasing loss of 1ife and casualties, coupled with a marked
growth in thé potentiality for catastrophic events. On the whole, the
public costs of adjustments are increasing.

The assessment reveals that very little is known about tne
dynamic relationships among many of the adjustments. It is difficult to
predict with any confidence what the consequence of new Federal invest-
ments o initiatives will be in particular adjustments.

vi



For each hazard a set of research opportunities deserving
special consideration for early adoption is presented. In addition,
three types of research which cut across the various hazards are assessed:
warning systems, land management, and relief and rehabilitation.

Among.the research basic to other aspects of natural hazards
activity are: carefully planned post-audits of certain disasters and of
adjustment measures by interdisciplinary teams; community observations
over time of critical points (recovery policies and administration,
health, mental health, and preventive measures) of change and of the
effects of Federal-state-community interaction; and a clearinghouse
service.

In most research fields it is noted that certain types of
research which have claimed substantial amounts of public support offer
1ittle prospect of effecting a basic change ii the character of the
national hazard situation. In those instances there are new }ines of
emphasis which promise larger returns. Many of these involve more
explicit collaboration of social scientists and natural scientists than
nas been customary in past. Wherever appropriate, the research recommen-
dations include explicit provision for the translation of research
findings into action by individuals or public groups.

To initiate effectively the desirable new lines of research will
in some instances require a readjustment in legislative authority. In
other cases it will require an increase in or reallocation of public funds
for research. Much of it will involve changes in administrative proce-
dures and policies of the responsible funding agencies. In many instancas
the affectiveness of the research will be linked strongly with the reso-
lution of issues of public policy. These issues evolve around national
land use management, financia) assistance to sufferers from disasters,
and the sharing of responsibility among local, state, and Federal agencies
in designing and maintaining community preparedness.
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SUMMARY

Every section of the United States is affected by one or more
of such natural hazards as ccastal and inland flooding, hurricanes, tor-
nadoes , hailstorms and earthguakes. Each year hundreds of Tives are lost
and biltions of dollars in damages occur. In recent years, the number and
severity of natural disasters has increased sharply even though there is
no cothusive evidence that storms and earthquakes are more severe than
in past years. Growth in population size and susceptibility to natural
hazard effects has increased the loss potential.

One approach to the reduction of this trend is the possible
modification of adjustments to these hazards, or the addition of new
adjustments. Major adjustments include warning systems, building codes
and land use management. A number of these adjustments appear to be
feasible for future Toss mitigation, but the possible impact of these
adjustments upon future natural hazard losses 4is difficult to assess. To
make this assessment, there are two requirements. First, the assessment
requires a means of estimating the present Tevel and future trend of
natural hazard losses in the United States using adjustments as they exist
teday.  Second, it needs a vehicle by which the effect of modifying
present or adding new adjustments can be evaluated. The use of past loss
experience does not satisfy these requirements. An alternative approacn
is described, involving simulation techniques, which does provide a means
of making the assessment.

A loss potential index is used to measure the present level and
future trend of natural hazard losses in the United States. In the
analysis, four factors interact to determine this index: natural nazard
generator, local conditions, population-at-risk, and vulnerabiiity. The
natural nazard genarator determines the frequency and severity of earth-
quakes and storms by section of the United States. It ganerates a geo-
graphical severity pattern {maximum wind speed for hurricanes, earthshock
intensity for earthquakes) associated with each geopnysical event. Local
conditions express the modifying effect of local conditions on the
severity pattern. Population-at-risk specifies the number and geographic

xvii
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distribution of persons or buildings exposed to the natural hazards in
various parts of the United States. An 85,000 point grid system is used.
Vu1nerab111ty defines the susceptibiliity of population-at-risk to loss
when an event of given severity occurs. The explicit relationship between
the four factors and the 1loss potential index is used as a vehicie for
measuring the effect of changing current adjustments or adding new ones.

The overlapping and resulting interaction of a geophysical
event's severity pattern with the geographical array of population-at-risk
determines the magnitude of the loss potential associated with the occur-
rence of an earthqueke or storm. This index can vary from very low, when
a weak earthquake or storm affects a sparsely popuylated area of the United
States, to very high, when a severe geophysical event occurs over or near
an urban area. A slight change in the positioning of the severity pattern
relative to the population-at-risk array can drastically change the Toss
potential. When the index is large, it becomes a measure of catastrophe
potential, indicating the likelihood of the production of a natural disas-
ter. Loss potential cannot be determined solely from the use of any one
of the four factors, for instance, the density of population-at-risk in a
region or the seismicity and severe storm climatology of the area. The
interaction of all four factors is needed.

To highlight problems and opportunities inherent in the use of
this approach as a natural hazard assessment device, results of some
applications to a number of natural hazards are given. Four populations-
at-risk are defined: single unit residential buildings; other residential
buildings; non-residential buildings; and population.

In the application to earthquakes, the development of the "earth-
quake generator! is described and the reasonableness of the computed
severity patterns is discussed. Loss potential from the simulated
recurrence of the moderate or -severe earthquakes (Richter magnitude 5 or
greater), that are reported to have affected Los Angeles since 1800, was
caiculated for the four populations-at-risk and tall buildings in that
city. In addition, hypothetical earthquakes were simulated along the
major fault zones in California. Three intensity levels were used--
Richter magnitude 6, 7 and 8. Loss potential to the four populations-at-
risk and tall buildings in California was estimated. Results of the appli-
cation are used to point out the research and data requirements needed to
improve the accuracy of the output.
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For the hurricane hazard, the development and applications of
the "wind speed generator” and the "storm surge generator” are discussed
and computed patterns are compared with actual patterns. The simulated
production af natural disasters is illustrated by the overlapping of the
severity patterns of wind and storm surge with densely packed pepulations-
at-risk along the Gulif and Atlantic coastlines. Severity patterns were
calculated for hurricanes of five different intensity categories which
were simulated to pass inland from 30 landfall locations set at intervais
from southern Texas to Virginia.

The effect of modifying old adjustments and adding new adjust-
ments on the level of loss potential is i11lustrated by the application to
the inland flood hazard.

A major problem associated with the use of natural hazard simu-
lation is the lack of information on the wvarious populations-at-risk and
their vulnerability to natural hazard effects. Ancther problem is the
incomplete understanding of the physical relationships in the natural
hazard 1oss-producing mechanism. Incorporation of the results of excellent
work currently being conducted at a number of universities and government
agencies could help to make the output of the natural hazard generators
better approximations of the actual severity patterns. The question "how
good is good enough?” must continually be asked; how close an approxima-
tion is needed for the purposes of the analysis?

One of the opportunities associated with the use of simulation
techniques is that cross-hazard comparisons on a camparable basis can be
made of the Toss potential of various natural hazards, including the
possible frequency and severity of future natural disasters. The impact
of geophysical events can be simulated in any section of the United States
and measures of the relative risk of various natural hazards can be esti-
mated for any location.
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CHAPTER 1

COMPONENTS OF HAZARD

Assessment Needs

To some degree every section of the United States is affected
by one or more of the natural hazards. These hazards include inrland
fiooding, coastal storm surge, hurricanes, tornadoes, hail, windstorms and
earthquakes. Damaging effects are measured each year in terms of nundreds
of lives lost and billions of dollars in property damage. A substantial
portion of these Tosses results from moderate or severe geophysical events
(storms or earthquakes) occuring over or near populated areas of the
United States.

In recent years the number and severity of natural disasters
have increased sharply. One approach to reducing this trend is the
possible modification of adjustments to these hazards, or the additicn of
new adjustments. Major adjustments include warning systems, land use
management, insurance, and relief and rehabilitation. A number of time-
sequenced combinations of these adjustments appear to be feasible possi-
bilities for loss mitigation.

The possible impact of these adjustments upon future natural
hazard losses is difficult to assess. To make this assessment, there are
two requirements. First, the assessment requires a means of estimating
the present Tevel and future trend of natural hazard losses in the United
States using adjustments as they exist today. Second, it needs a vehicle
by which the effect of modifying present or adding new adjustments can be
evaluated.

Some work has been done on developing techniques for estimating
Toss potential at an individual site in terms of a single maximum credible
event. An example is an engineering study of natural hazard effects on a
building at a given ilocation. Information of this type is needed for tne
adjustment of building design and codes. However, for other types of
adjustments it is desirable to have information on the loss-producing



characteristics of hurricanes or earthquakes that are Tess severe but more
frequent than the maximum credible event. Planning must include the
effect of storms and earthquakes with return periods of much less than
once every 100 years or more, which is usually representative of the
maximum credible event.

To approximate the natural hazard loss-producing mechanism,
account must «iso be taken of the fact that a large percentage of the
Tosses does not occur at random times and places in a region. Many losses
from geophysical events can occur simuitaneously to a population-at-risk
spread over an area of hundreds of square miles. For natural hazard
assessment, Tosses must be estimated over the entire area affected by the
event rather than independently at individual sites. Work has recently
been done on estimating the effects an the metropolitan areas of Los
Angeles (NOAA, 1973) and San Francisco {NOAA, 1972) of a maximum credible
earthquake occurring nearby. However, very 1ittle work has been done to
estimate the regional effects of all potentially damaging geophysical
events, Most of the work in this area has been done with evaluations at
individual sites.

The purpose of this report is to describe a method of providing
an order-of-magnitude measure of overall Toss potential associated with
natural hazards (Friedman, 1974). This Toss potential index can be used
to measure the present level and future trend of natural hazard losses 1in
the United States. Four factors interact to determine this index:
natural hazard generator, Tocal conditions, population-at-risk, and vul-
nerabiiity. HNatural hazard generator determines the frequency and
severity of earthquakes and storms by section of the United States. It
generates a geographical severity pattern associated with each event.

The maximum wind speed pattern associated with the passage of a hurricane
and the earthshock pattern associated with an earthquake are examples of
these severity batterns. Local conditions expresses the modifying effect
of local conditions on the severity pattern of a geophysical event.
‘Examples are the effect of urban-versus-rural exposures on wind speeds,
and elevation and proximity to beach areas for storm surge. Population-
at-risk specifies the number and geographic distribution of persons or
buildings exposed to the natural hazards in various parts of the United
States. Vulnerability defines the susceptibility of population-at-risk
to Toss when an event of given severity occurs. Vulnerability of buildings
can vary from one section of the United States to another because of



di fferences in building codes, type, and quality of construction. The
axplicit relationship hetween the four factors and ihe loss potential
index can be made a vehicle for measuring the effect of changing current
adjustments or adding new adjustments.

Loss Potential

The interaction of a geophysical event's sewverity pattern with
the geographical array of population-at-risk determines the magnitude of
the ioss potential associated with the occurrence of an earthquake or
storm. This Toss index can vary from very low, when a weak storm or
earthquake affects a sparsely populated area of the United States, to
very high, when a severe geophysical event occurs over or near an urban
area (Table I-la}. A slight change in the positioning of the severity
pattern relative to the population-at-risk array can change the loss
potential drastically.

Table I-1 illustrates gualitative relationships that can be
established between the four factors and the loss potential index. In
this table, "natural hazard generator" represents the geographical
pattern of severity associated with the occurrence of a geaphysical event.
These overall severity patterns are modified by the effect of "local con-
ditions." The overlapping of these modified patterns with the geographic
array of "population-at-risk" determines the number of persons or strucg-
tures exposed to wind speeds or earthshocks of given severity. The
number of these exposed persons or buildings that actually are affected
and the degree of the effect are determined by the measure of "vulnera-
bility." The index is also a measure of catastrophe potential, indicating
the likelihood of the production. of a natural disaster.

Loss potential cannot be determined sclely from the use of any
one of the factors such as the denseness of the population-at-risk in a
region or the seismicity and severe storm climatology of an area; the
interaction of all four factors is needed. When all four factors are
considered, there are a number of combinations that can produce the same
level of loss potential (Table I-1bj).

Even simplified relationships implied in Table I-1 demonstrate
the difficulties inherent in attempting to transTate past Toss experience
into a measure of present loss potential. First, the natural hazarg
loss-producing process is not reversible. Past loss experience (realized
less potential) results from the particular overlapping of the event's



severity pattern with the then existent population-at-risk and its vulnera-
bility. This particular combination of conditions will not occur again.

TABLE I-1

QUALITATIVE RELATIONSHIPS AMONG THE FOUR FACTORS WHICH COMBINE
TO DETERMINE MAGNITUDE OF NATURAL HAZARD LOSS POTENTIAL

Ta. Combination of Factors that Produce a lLoss Potential
Index Ranging from Very Low to Very High

Factor
Natural hazard generator weak moderate severa
Local conditions good medium . poor
Population-at-risk sparse moderately dense dense
Vulnerability Tow moderate high
Loss potential index very low modarate very high
Ib. Possible Combinations of the Four Factors that Yield
the Same Loss Potential Index
Factor
Matural hazard generator severe moderate  moderate
Local conditions medium poor poor
Popuylation-at-risk moderately dense  dense moderately dense
Yulnerability high ‘ moderate - high
Loss petential index high ' high high
lc. Illustration of Changes Over Time in the Loss Potential
Index Even Though the Natural Hazard Event Does Not
Change in Severity
Factor 1945 1960 1975
Natural hazard generator moderate moderate modevrate
Local conditions medium medium medium
Population-at-risk sparse moderately dense dense
Vulnerability moderate moderate maderate .
Loss potential index Tow moderate high
1d. Differences Between Condition of Factors When Past Loss
Experience and Natural Hazard Simulation is Used for
Estimating the Present Level of Natural Hazard Loss
Potential : :
Factor Past loss experience  Natural hazard simulation
Natural hazard generator held caonstant allowed to vary
Local conditions held constant held constant
-Population-at-risk allowed to vary held constant
Vulnerability allowed to vary held constant



The second difficulty is illustrated in Table I[-1c. An iden-
tical geophysical event occurring in, for example, 1945, 1960 and 1975
would produce different leveils of Toss potential due to the increased
popufation-at-risk in hazard-prone areas such as on the coastal strip of
the Eastern seaboard or in California. The direction of change in the
vulnerability factor over time depends on a number of items. Improvements
over time in materials and type of construction should redyce the loss
susceptibitity of buildings to natural hazard Tosses. However, these
improvements may or may not counteract the effect of increased value-at-
risk and the inflationary cost of repair when demage does occur.

When past experience is used as a proxy measure of present loss
potential, the natural hazard events which happened to occur in the
sampled period of years are held constant in the extrapolation. Population-
at-risk and vulnerability, however, vary with time within the sampled
period, as illustrated in Table I-1. To obtain a more realistic measure
of present loss potential, these conditions should be reversed. Population-
at-risk and vuylnerability should be held constant at current levels, while
the natural hazard generator is allowed to vary by producing geophysical
events (Table I-1d). Generation of these events and their associated
severity patterns, irregularly placed in time and space, should of course
be consistent with the long-term seismicity or severe storm climatology of
the particular geographical area being examined. We are interested in the
effect of a recurrence of the 1906 San Francisco earthquake on the current
population-at-risk and its current vulnerabiliily, not on the 1306
population-at-risk and its vulnerability to loss at that time.

The relationships in Table I-1 are highly oversimplified. For
example, the four factors are assumed to be caonstant tnrougnout the geo-
graphical area that is affected, and a uniform overlapping of the patterns
is supposed. In reality, the size, shape, orientation and intensity
gradient in the event's severity pattern are not uniform over a geographi-
cal area. Local exposure conditions and population-at-risk can also vary
greatly within a region. Even vulnerability is not constant throughout.
In addition, the overlapping of the event's patternvwith the geographical
array of population-at-risk varies, depending upon the severity pattern's
irregular shape, size and positioning relative to the usually non-uniform
geographical array of population-at-risk. Consequently, the illustrative
relationships in Table I-1 must be refined and quantified in corder to be
useful in producing estimates of present and future natural hazard loss
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potential. Figure I[-1 is a plot of the overlapping of the earthshock
severity pattern of a California eartnquake with the geographical array
of population-at-risk. It is the interaction of patterns of this type
that must be duplicated.

An approximation of the loss-producing mechanism shown in
Table I1-1 has been made through the use of a mathematical modeling of
apparent relationships among the four factors and the loss potential
index. Models have been constructed to produce a geographical pattern of
severity associated with the occurrence of earthquakes or hurricane winds
and storm surge (Friedman, 1972). Models for generating the geographical
severity patterns of squall line storms (tornadoes, hailstorms, thunder-
storm winds) and winter windstorms are under construction.

Population-at-Risk

One of the key elements required for the modeling is an approxi-
mation of the population-at-risk. The geographicail distribution of
properties is obtained by using a grid system.

An essential element involved in the application of a single
computerized system for assessing Toss potential of more than one natural
hazard is definition of the grid network used for representing the geo-
graphical distribution of population-at-risk. Civil divisions {state,
county, standard metropolitan areas, census track, city block, and ZIP
code divisions) present varving amounts of difficuliies because of their
non-uniform sizes and shapes. Ideally, the area of the grid elements
.Should be small compared to the size of the severity pattern associated
with each hazard, and the grid elements should be uniform in shape to
eliminate regional biases in loss estimation. The possible magnitude of
these biases is not known. To reduce the effect of these size and shape
irregularities upon the estimation of loss potential, a rectangular grid
network was chosen for the test system described in this report. In
actual practice, it would be much simpier to use a network based, for
instance, upon census tracts so that population-at-risk information could
be extracted directly from U. 5. Bureau of the Census tapes. The yse of
a rectangular grid system which is ideal for the geographical évaluation
"of natural hazards requires the laborious task of gathering population-at-
risk information by hand using an atTas and hard copy census tabulations
for input into computer mémory for each grid area.
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FIGURE I-1

OVERLAPPING OF THE FARTHSHOCK SEVERITY PATTERN OF A CALIFORNIA
EARTHQUAKE WITH THE GEOGRAPHICAL ARRAY OF POPULATION




A rectangular grid system addressed in terms of uniform incre-
ments of latitude and longitude has been developed. Size of the individual
grid areas depends upon the application. For a study of the earthquake
hazard in the San Francisco Bay area, a system of grid areas of less than
one-half of a square mile (.01° latitude by .01° Jongitude) was used. For
general studies of the natural hazards in various parts of the United
States, a system of grid areas of one-tenth of a degree longitude by one-
tenth of a degree latitude is utilized.

Jue to the convergence of the meridians, the grid areas vary in
stze from approximately 44 square miles in southern Florida to 32 square
miles along the narthern border of the United States. The magnitude of
possible inaccuracies introduced by use of grid arzas that are not uniform
throughout the United States is reduced because natural hazards usually do
not affect an area covering more than about ten degrees of latitude, and
the effect of the convergence of the meridians has been built into the
natural hazard generators which produce a computed geographical pattern of
severity associated with a hurricane or earthquake. Tne size and shape of
these patterns change from scuth to north to account for the meridian
convergence.

Approximately 85,000 grid areas are needed to represent the land
area of the contiquous Torty-eignt states. Population characteristics
such as number, type, value, exposure, and vulnerability are stored in
memory for each grid area. Two components of pcpulatioﬁ—at~risk are used:
number of persons, and number and value of one-family dwellings. Currently,
information from the 1970 Census on a population-at-risk of 203,000,000
persons and property-at-risk of 47,000,000 one-family dwellings is being
allocated to the grid areas in the computer system.

Vulnerability Relationships

The magnitude of the calculated loss potential is directly
related to the vulnerability of the exposed population-at-risk. For
example, the degree of vulnerability of dwellings measured relative to
wind speed or earthshock severity is determined from claim records,
engineering studies and other information that may be available. For
other types of buildings, vulnerability relationships are different andg
may require an on-site engineering inspection. Casualty and social impact
curves also are used as input.



A two-stage vulnerability relationship for dwellings has been
found to be useful. First, the range and expected percentage of the
exposed structures that would be damaged in a small geographical area by
a given wind speed or earthshock is determined. Except for extremely
severe geophysical conditions, only a percentage of dwellings in the area
will be damaged because of differences in damage susceptibility due to
age, type, quality of construction, and degree of exposure, In the second
part of the relationship the range and expected amcunt of potential loss
is calculated 1f the structure is one of those that is damaged. The range
of possible damage amounts is related to the severity of the event. When
winds are 150 miles per hour, the range and frequency distribution of
possible damages are different from the damage possibilities when winds
are only 50 miles per hour.

Natural Hazard Generator

Mathematical models have been constructed which produce a geo-
graphical pattern of severity with properly spaced contours that are
consistent with the size, shape and configuration of observed patterns
associated with hurricanes and earthquakes. Severe storm climatology and
seismicity of various sections of the United States are used to provide .
tracks and intensity of past hurricanes, and epicenter locations and mag-
nitude of past earthquakes.

Informgtion from the physical sciences is used to relate the
size and shape of the geographical pattern of maximum wind speed associ-
ated with the passage of a hurricane to input measures of storm intensity
(central barometric pressure), storm size, storm speed, and direction and
curvatura of storm path relative to the coastline. Effect of friction and
loss of energy source in causing hurricane winds to decrease as the stormm
moves inland is included in the model. Variations in the input parameters
change the computed severity patterns. For earthquakes, isoseismal
patterns of earthshock intensity are related to commonly available infor-
mation on earthquake magnitude (Richter Scale), location, orientation of
fault zone, and hypocenter depth.

Local Conditions

The geographical patterns obtained from natural nazard genera-
tors have smooth, requiar-shaped contours. The superposition of local
conditions causes these computed patterns to become irregular in shape,
size, and contour spacing. For earthquakes, the effect of local ground



conditions on earthshock severity is approximated. For windstorms the
measure of Tocal conditions is the degree of exposure to high winds such
as urban-versus-suburban or rural environments. Calculated and observed
intensity patterns are compared whenever possibie. Computer-derived
patterns are good approximations of observed patterns when the effects of
local conditions are included.
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CHAPTER Il

SIMULATION OF LOSS POTENTIAL

Approach

Given location, intensity and other pertinent characteristics of
a simulated geophysical event, a geographical severity pattern is computed
(Figure 1I-1). Due to the uniqueness of each event, it 1s almost impos-
sible to duplicate exactly all observed severity patterns with a computer-
derfved version. The rationale for using computed patterns'is that,
although the patterns cannot exactly duplicate actual patterns, they can
be made to represent the observed inherent physical constraints and limits
on size, shape, and contour spacing as related to the intensity of a geo-
physical event. For example, past observations of earthshock patterns
exhibit general consistencies in severity pattern properties which are
common to all earthquakes. Computerized medels are based upon these
consistencies. There are variations from the most commonly observed
dimensions but this variability can be statistically accounted for in tne
mathematical models.

Simulated interaction of the four factors yields a measure of
the event's loss potential based upon its physical characteristics and
positioning relative to the geographical array of population-at-risk.

This evaluation of the loss potential of each individual natural

hazard event is different from the frequently used approach of measuring
natural hazard risk at a given geographic Zocation. Thom (1968) has
presented maps of the return period of high winds in the United States,
including winds associated with Gulf and East Coast hurricanes. Alger-
missen {196%) developed a seismic risk map of the United States in terms
of a measure of earthshock severity. To use either set of maps it must be
assumed that the risk at one location is independent of the risk at
surrounding locations. Because of this implicit Tack of spatial correla-
tion it is not possible to reconstruct the loss potential of each of the
many individual geophysical events that, when accumulated over a long

H
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FIGURE II 1

EXAMPLE QF THE CALCULATED PATTERN OF MAXIMUM WIND SPEEDS ASSOCIATED WITH
THE PASSAGE OF A HURRICANE ACROSS THE SOUTHEAST COASTLINE (Maximum wind

speed is plotted as a single digit number on the chart. For example, a

"7 denotes a computed windspeed which lies between 70 and 79 miles per

hour. Effects of Tocal exposure conditfons are not incorporated in the

wind speed pattern given in this exhibit.)
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period of years, produce a measure of risk at each individual location.
In addition, risk is measured in physical terms {windspeed cor earthshack
intensity) rather than as a Joss potential.

Figure 11-2 graphically illustrates the relationship between the
event's severity pattern and the geographical distribution of population-
at-risk in determining the Toss potential of the event. In this figure
the intensity of the event, including modification by local conditions,
is plotted against the affected population-at-visk and its vulnerability.
The diagonally trending curves represent idealized contours of loss poten-
tial. A weak storm or earthquake which affects a sparsely populated area
produces a very Tow value of loss potential {iowar Teft section of the
graph). At the other extreme, a severe event over a densely populated
area yields a very high loss potential which could lead to a natural
disaster (upper right section of the graph).

The occurrence of a maximum credible event can be represented by
a vertical line on the extreme right side of tne chart. Loss potential of
this most severe event clearly depends upon the size and vulnerability of
the affected population-at-risk. Examples of possible levels of lass
potential are given by points A, B and C, which lie on the vertical line.
A simulation modeling approach to natural hazard assessment presents the
opportunity to measure loss potential from the multitude of possible
combinations of the overiapping a geophysical event's severity pattern
with population-at-risk, represented by points anywhere on the Figure II-2
graph, for exampie, points D, E, F or G.

Frequency of Geophysical Events

A means for determining the loss potential when an event of given
characteristics occurs has been cutlined in the previous sections. To be
useful in specifying the present and future trend in Toss potential the
frequency of events by intensity and geographic Tocation must be included.
Frequency has been incorporated into the analysis in two ways. First, a
recurrence of past events is simulated. Secondly, events are generated
by intensity, lccation and intervening time intervals consistent with
available information on the sejsmicity or severe storm climatology of the
region of the United States under study.

13



Affected population - at - risk with given vulnerability

FIGURE II-2

GRAPHICAL REPRESENTATION OF THE RELATIQONSHIP BETWEEN THE

LOSS POTENTIAL INDEX AND THE FOUR FACTDRS]
large
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Natural Hazard
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representing maximum /|
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Generated severity pattern of gegphysical event
modified by local conditions

]Loss potential of a maximum credible event is given by a point
somewhere on the vertical dashed line. The computer simulation approach
produces a loss potential index in terms of a multitude of possible com-
binations of the four factors represented by any point on the chart.
Examples are points A through G. Hatched Jines represent the area in
which there is a high likelihood of the production of a natural disaster.
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Specification of Present Level and Future Trend

The present level in Joss potential of the natural hazards in
the United States, such as earthquakes and hurricanes, is determined by
holding the population-at-risk and vulnerability at current levels and
simulating the effect of an occurrénce of natural hazard events on the
exposed population.

Future trends in loss potential are obtajned oy applying differ-
ential growth factors to the geographical pattern of the populaticn-at-
risk, depending upon the assumptions regarding future growth in various
parts of the region. Time changes in vulnerability are also specified.

A year-by-year time simulation is then performed. Geophysical events are
generated at irregularly spaced intervals within the sampled period of
years, which may be of specified length, for instance, twenty years. A
number of these twenty-year sequences are computed to provide a measure
of the statistical variabiliiy inherent in the time-related sequencing of
the simuiated events.

Measuring Effects of Changing Adjustments

Relationships between loss potential and the four factors are
changed to approximate the effect of adding new adjustments or modifying
existing ones. The geographical distribution of population-at-risk is
altered to reflect the effect of changing land use regulations; the hypo-
thesized effect of weather modification is obtained by changing the
character of the storm generatcr medel; modification of vulnerability
relationships is used to represent construction and building code changes.
Insurance, which by itself does not alter Toss potential, affects the
distribution of the output of the system--the agqregated loss potentfal.
This distribution fiow is incorporated into the model. The relative
influence of changes in the various adjustments on loss potentials is
shown by the time-sequencing of them over the simulated periods of 20-
year lengtn.

Apptication
Of fi{fteen major natural hazards*, a number of them represent

geophysical phencmena which can affect population-at-risk spread over a

*Snow avalanche, coastal erosion, drought, earthquake, flood,
frost, hurricane, landsiide, severe squall-line storms (tornadees, wind,
hat?, lightning), urban snow, volcanc, windstorms.
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large geographical area in & short period of time. Currently, computer
simulation techniques are being applied as an assessment tool to these
hazards which include earthquakes, hurricanes (wind and storm surge),
severe squall-Tine storms (tornadoes, wind, hail) and large-scale wind-
storms. A somewhat different approach has been taken on the simulation
of the inland flood hazard. The 85,000 unit computerized grid system
reprasenting the Jand area of the United States was not used for evaluating
the magnitude of the flood hazard. The apprcach that was taken {s des-
cribed in a later section.

In making these applications, the objective has been to keep the
mathematical models as simple and fliexible as possiblie and still be able
to obtain useful {nformation on the workings of the actual natural hazard
mechanisms by the use of these rough mathematical approximations. No
attempt has been made to further complicate the models in order to extract
the usually small amount of useful additional information that a compli-
cated model might yield over a simple one. The present state of knowladge
does not warrant the construction of highly complicated models with a great
gmount of detail because there is a lack of pertinent input data and
information on the intricate refationships among variables that combine to
determine the magnitude of natural hazard losses.

16



CHAPTER IIT

EARTHQUAKES

Development of Original Model

During the development of the joint insurance industry/Federal
government National Flood Insurance Program, simulation techniques were
used in assessing the magnitude of the flood hazard to dwellings in the
United States (Friedman and Roy, 1966; Kaplan, 1972). Upon completion of
the flood work in 1967, the possibility of applying similar techniques to
an evaluation of the earthguake hazard to United States dwellings was
discussed.

Results of feasibility studies carried out over the next year
and a half at Tne Travelers Insurance Company were reported by Friedman
and Roy (196%). It was conciuded that a simple mathematical generator
could be constructed which, atong with the use of an index of local ground
conditions, could produce realistic geographical patterns of earthshock
severity. Modified Mercaili intensity units were used to represent earth-
shock intensity in the 1969 earthquake model. Size, shape and contour
gradient of the computed patterns were good approximations of observed
Modified Mercalli isoseismal patterns for various combinations of earth-
quake magnitude (Richter Scale), epicenter lccation, hypocenter depth, and
fault zone type and orientation. This possibility of producing reatistic
isoseismal patterns using a mathematical model was recently confirmed by
Evernden, Hibbard and Schneider (1972).

Population-at-risk was defined as the total number of single
family dwellings in the San Francisco metropolitan area. Vulnerability
relationships used in the feasibility study were derived from damage
experience of a number of past earthquakes. A brief description of the
characteristics of the 1969 earthquake moded 15 given in the following
sections, along with some results of an application of the model to an
evaluation of the catastrophe potential of earthquakes in the San
Francisco metropolitan area (Friedman, 1969) and in the Los Angeles
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metropolitan area (White and Haas, 1975).

For the first time, a large number of strong motion earthshock
measurements were made at a dense network of nearby observation points
during a moderately strong earthquake (1971 San Fernando earthquake).
These newly published data, along with results of recent research studies,
have provided the basis for modification of the 1963 earthquake model,

The objective of the updating is to express the computed patterns of
earthshack severity in more meaningful physical terms such as spectral
acceleration, velocity, duration and wave length of the earthshocks.

When the original model was being developed, the Modified
Mercalli intensity unit was the only earthshock index that was available
in sufficient enough detail for a generator to be based upon it. The
Modified Mercalli intensity unit taken by itself is a poor index of earth-
shock severity because it is based upon a qualitative and nonstationary
mixture of earthquake effects on people {lower part of scale), buildings
{middle of scale) and geology (upper part of scale). A description of it
is given in Appendix A. 1In the 1969 earthquake model, the measure of
earthshock severity is a continuous scale which runs parallel to the
Mercalli Scale. It is assumed that fractions of the severity unit have a
physical significance. An increasing degree of severity is represented,
for instance, by readings of 6.5, 6.7 and 7.1 on this continuous scale.

The Modified Mercalli Scale is discrete. The use of a con-
tinuous unit that parallels the Mercalli Scale reduces somewhat the detri-
mental effects that would be inherent in a direct use of Mercalli inten-
sity categories as measures of severity. In addﬁtion, the measure of
earthshock severity, no matter how it is defined, is used in the simula-
tion analysis as a connecting variable between the input {physical
characteristics of the earthguake--magnitude, Tocation, depth) and the
output (number of buildings or persons exposed, number affected, and
degree of the effect). It does not have to be explicitly used in the
output. Inadequacies in the index as a measure of earthshock severity can
be adjusted for in the vulnerability relationships which relate potential
damage to degree of earthshock severity.

A discussion of the construction and use of the updated earth-
quake model is given at the end of this chapter.
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1. Earthshock Severity at a Given Location

Construction of the original earthquake model was based upon the
determination of relationships between the size, shape and gradient within
the geographical pattern of earthshock severity, with the following
factors:

(1) Magnitude of the earthquake (Richter Scale). This
is a measure of the amount of energy released.

(2) Distance of the locality from the earthguake's epi-
center. Earthshock intensity normally decreases
with an increase in distance from the epicenter for
low magnitude earthguakes.

(3) Orientation of the locality relative to the fauit
zone. For earthquakes of moderate or great magni-
tude, surface faulting stretches out along the fault
zone in most of California. Earthquake magnitude
is related to the Tength of faulting (NOAA, 1972):

Length Earthguake Total
faultin magnitude surface displacement
{miTes) (Richter) (horizontal movement)
15 to 20 6.0 3 feet
40 to 50 7.0 5 feet
200 to 300 8.3 20 feet

(4) Depth of the hypocenter. Radiation of vibrational
energy upward to the earth's surface is affacted by
the depth of the energy source. If the hypocenter
is deep, energy reaching the earth's surface s
spread over a large area and is not very intense at
any given point on the surface. 0On the other hand,
when the hypocenter is near the earth's surface, the
radiated energy fs distributed over a smalier surface
area. Intense motion along the faulted area decreases
rapidly with distance from the fault zone. Earth-
quakes in California are usually of shallow depth.

(5) Duration of the earthshock. length of faulting
determines the duration of the earthshocks. In this
sense, duration is related to magnitude of the earth-
quake because both measures are dependent upon fault
length. The damage producing potential of earthguakes
is dependent upon both the earthshock severity and
the duration of the intense shaking. The severity
of the earthshock probably reaches & maximum when
earthquake megnitude is about 6.5 [Richter). For
earthquakes of larger magnitude, the earthshock
intensity does not fncrease much above the severity
level of a 6.5 earthquake. However, the duration of
intense earthshaking is greater and the avea affected
by the intense ground mction is large because of the
distribution of intense motion along the iength of
the faulted zone. The increased duration of intense

19



motion at a given locality is caused by the addition
of time increments required for vibrational waves

to reach the locality from various points along the
fauTted zone. Duration of a large earthquake may

be as much as one minute because of the great length
of the faulted zone.

(6) Geolagy of the jntervening area between the Tocality
and the earthquake's faulted zone. Geojogical for-
mations through which the seismic waves must pass
can amplify or dampen these waves.

(7) Local conditions. Certain types of local ground
conditions can amplify or dampen the earthshock inten-
sity. The influence of lccal ground conditions upon
the severity of ground motion is still an open ques-
tion. There is reported evidence that the effect of
certain types of Tocal ground conditions is deter-
ministic, that is, the sarthshock at a given site
will be modified in the same way each time an earth-
quake of given physical characteristics~-magnitude,
depth, Tocation--recurs {Richter, 1959; Medvedev,
1962). However, recent studies suggest that there
may be a range of responses due to local ground
conditions at each Tocation. 1In this case, eartn-
shocks associated with a recurrence of an earthgquake
of identical physical characteristics would not
necessarily be affected in exactly the same way by
the local ground conditions. An index of local
ground conditions would be an indicator of a fre-
quency distribution of possible responses rather
than an indicator of a single deterministic response
such as a fixed amount of amplification.

Available information on these factors and their interrelation-
ships was used to construct the generator. An explicitly stated set of
assumptions tying these factors together was assembled which appeared to
be consistent with the currently accepted ideas among sefsmologists
regarding the earthquake mechanism and resultant ground motions.

2. Construction of Earthquake Generator

Size, shape and spacing of isoseismic contours in the computed
patterns on bedrock, as related to the magnitude and depth of an earth-
auake, were based upon information given in a number of sources (Slemmons,
et al., 1965, Isacks and Oliver, 1964; Gutenhberg and Richter, 1942 and
1956; Medvedev, 1962; Fuyrumotc, 1966; Richter, 1959; U. S. Department of
Commerce, 1967). Figure III-T 91lustrates some of the relationships
graphically. On a bedrock surface, the size and shape of the computed
pattern changes from small and circular for low magnitude earthguakes to
Targe and eliiptical for high magnitude cnes. The degree of elliptical
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distortion of the isopleths is greatest near the faulted area so that
there is a differential change from the outer contour., wnich is the level
of perceptibility (Modified Mercalli I}, to inner contours near the
faulted zgne.

Depth of the hypaocenter, the level at which the energy is
released, is assumed to have an influence upon the overall size of the
computed isoseismal patterns. An earthquake of shallow depth produces a
surface pattern of small size with a tight gradient of earthshock
severity. An earthquake of great depth vesults in a large-sized surface
pattern with generally less intense earthshocks (see Figure III-1}. The
depth factor can be used as a scaling factor on the size of the earthshock
pattern. Alternatively, the "felt area" which is reported for early
earthquakes has been made a proxy measure of depth.

3. Effect of Local Conditions

The computed earthshock patterns on bedrock are represented by
smooth contours with either circular or elliptically shaped isopieths,
depending upon the assumed magnitude of the earthquake (see Figure 11I-2a).
A comparison of these smooth synthetic patterns with observed irregular
shaped isoseismal patterns indicated that the effect of other factors such
as Tocal conditions had to be introduced into the model in order to
improve the reasonableness of the computed patterns. Based upon informa-
tion that was available in 1968, tne effect of local ground conditions was
introduced as a simple, deterministic factor in the model. Material pre-
sented by Richter (1959) and Medvedev (1962) formed the basis for this
"local ground condition" index.

It was assumed that local ground conditions could result in the
addition of an increment of intensity to the intensity computed for bed-
rock. To quantify this factor, ground conditions were indexed for the
entire state of California. As a first approximation, a geology map of
California was used as a basis for the index determination (California
Division of Mines and Geology, 1966; Jenkins, 1965). An index of five
Tevels was constructed:

Index Ground Condition

bedraock
maderately firm
sandy ground
alluvial

moist fill

Gl = oo —
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FIGURE III-I

SIZE AND SHAPE OF THE GEOGRAPHIC PATTERN OF EARTHSHOCK SEVERITY
RELATED TO PHYSICAL PROPERTIES OF AN EARTHQUAKE FOR A COMMON TYPE
OF FAULTING MECHANISM
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Each of the five index numbers represents a different equation
in the computer program for calculating Tocal ground condition increments
to be added to the bedrock intensity. For bedrock conditions the index is
equal to one (the local ground condition affect is negiigible) and the
increment to be added is zero. Magnitude of the increment to be added
depends upon soil conditions and relative position of the locality within
the isoseismal pattern. When the increment is added, the intensity
patterns become irregular and begin to simulate the observed isoseismal
patterns. Figure I1I-1 illustrates how the computed pattern becomes
irragularly shaped when effects of local ground conditions are super-
imposed upon the bedrock pattern. The use of this simple index produces
synthetic isoseismal patterns which are much closer in shape and size to
observed patterns than the bedrock patterns.

4, Frequency and Magnitude of Future Earthquakes

To apply the earthquake hazard model, assumptions must be made
about Jocation and magnitude of future earthquakes. The state of knowledge
regarding causes of earthquakes is such that a number of alternative sets
of assumptions are needed. Possible alternative assumptions are:

(1) The location of future earthquakes of various mag-
nitudes will follow the same pattern of earthquakes
chserved in the historical past, for example, in
the past 168 years in San Francisco. The Tikeli-
hood of an exact recurrence of past earthguakes is
very smail.

(2} Future earthquakes of various magnitudes are Tikely
anywhere along the major fault zones, and future
occurrences are independent of past occurrences.
This alternative is not likely.

{3} The location of future earthquakes of higher mag-
nitudes is dependent upon the Tocation of high
magnitude earthquakes in the recent past. Frequen-
cies of larger earthquakes are probably not inde-
pendent in either time or space. Occurrence of a
targe earthquake on a segment of fault Tine may
decrease the likelihood of another large earthguake
in the vicinity for a period of years, discounting
occurrence of aftershocks. The greater the magni-
tude, the greater the time-space dependence. Earth-
quakes sufficiently intense to cause damage usually
occur in fault zones. Moderate earthquakes (Richter
4 or 5} may be distributed at random along the fault
zone. Earthquakes of Tower magnitude (3 or less) may
be associated with minor seismic features not connected
with fault zones (Allen, et of., 1965).
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The third alternative, based upon a memory in both time and space, is the
most likely (Friedman, 1973; Lomnitz, 1974).

Application of Earthquake Model to San_Francisco

To test the models, isoseismal patterns of Jarger earthquakes
that have affected the San Francisco Bay area in the past 168 years {since
1800) were calculated. This is eguivalent to using frequency alternative
number one mentioned in the previous section. Actual detailed isocseismal
patterns for these early earthquakes are not available. The Earthquake
History of the United States tabulated by the U. S. Coast and Geodetic
Survey (1956) was used to estimate the magnitude {epicenter intensity),
Tocation, and depth (felt ar=a) of the past earthquakes that affected San
Francisca.

For those early earthquakes where no epicenter intensity was
listed in the Earthquake History, an estimate was obtained from Descrip-

{Townley and Allen, 1939). Rossi-Forel intensity units used prior to 1931
were converted to Modified Mercalli units for early earthquakes.
Earthshock intensity patterns were computed for earthguakes that
occurred since 1800, had an epicenter intensity of VI or greater {Modified
Mercalli), and were near enough to affect the San Francisco Bay area.
Intensity patterns were computed for 700 earthguakes that occcurred in
central or northern California and Nevada in the historical past. Eighty
earthquakes satisfied the above conditions. Computed isoseismal patterns
of the remaining 20 earthquakes indicated that these earthquakes would not
have been felt in the Bay area. This was substantiated by actual records
of these earthquakes. Two grid systems were used to measure the effect of
local ground conditions:
(1) Specification of the isoseismal pattern using indices
of Jocal ground conditions representative of tenth-
of-a-degree latitude and longitude grid areas covering

the state of California. There are 4300 of these grid
areas each covering an area of about 36 square miles.

(2) Specification of detailed isoseismal patterns in the
San Francisco Bay area. Somewhat less than half of
the area is Tand. A total of 3500 grid points were
used to cover this land area. One hundred and twenty-
nine grid areas represented the 45.4 square mile area
of the City of San Francisce. Each grid point repre-
sented a one-third of a square mile area. An index
of Tocal ground conditions was assigned to each area
using a geologic map {Jenkins, 1965).



The purpose of the Targe grid application was to compare the
overall size, shape and isopleth spacing of simulated isoseismal patterns
with available information on actual patterns. The small grid application
was to determine if the model could produce a realistic pattern over a
system of small size grids.

Computed isoseismal patterns were compared with information on
observed patterns, when available. Results of the comparisons were
encodraging. The model worked equally well for earthquakes of Tow,
moderate and high magnitude.

Figure III-2b is based on a computer printout of the iscseismal
pattern associated with the 13906 earthquake. €ross hatching covers the
area affected by severe earthshocks. This area stretches along the San
Andreas fault zone from extreme Northern California to south of Monterey
Bay. Effects of alluvial ground conditions extend the severity contours
into the Central Valley of California. The observed isoseismal pattern
for the 1906 earthquake based on a map by Richter (1958) is given in
Figure I1I-2c. Although intensities were measured on a different scale
(Rossi-Forel), shapes of the simulated and actual patterns are similar.

In both patterns, an extension of severe earthshock intensities extends
into the Central Vailey. Simulated isoseismal contours for lower inten-
sities are much more irregular in shape than the actual contours--it is
not khown if smoothness of contours in the “actual" pattern was caused by
lack of data or if irregularities in the simulated patterns are physically
meaningful.

Actual fsoseismal patterns are not available for early earth-
quakes. However, these pattems can be simulated if one is willing to
accept assumptions upon which the model is based. An example is the great
earthquake that occurred at Fort Tejon in California on January 9, 1857.
The simulated isoseismal pattern is given in Figure III-3, A large area
representing extensive structural damage potential surrounds the epicenter.
Areas of possible moderate damage extend in pockets from the Imperial
Valley northward to near San Francisco. The light damage area extends
north to Redding. A reported intensity of YI (Rossi-Forel)} is close to a
computed V (Modified Mercalli) intensity at Sacramento neariy 175 miles
from the epicenter. At Visalia, 60 miles from the epicenter, a reported
VIII (Rossi-Forel)} is of the same order of magnitude as a simulated VITI
{Modified Mercalli}. Reported intensities were obtained from information
compiled by Townley and Allen (1939).
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EARTHQUAKE IN SOUTHERN CALIFORNIA
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1. Validity of Model

Usefulness of results derived from the earthquake model depends
upon how accurately simulated earthshock severities approximate actual
intensities fTor a large number of earthquake occurrences where intensity
is measured on the Modified Mercalli scale. Designing a meaningful test
of "goodness-of-fit" is a difficuit task because actual intensities have
génerally been reported in the past as a single value for each city, while
simulated severities suggest a range of values due to differences in local
ground conditions within each city. To provide a rough measure of the
degree of correspondence between simulated earthshock severity and actual
intensities, a simple comparison has been used.

0f the 80 earthquakes that were simulated on the small grid,
actual reported intensity for the City of San Francisco was available on
60 earthquakes. Reported intensities were obtained from Townley and
Allen (1939), and U. S. Department of Commerce (1933-1970). A measure of
goodness-of-fit was cbtained by counting the number of times that reported
intensity for the City of San Francisco was within the simulated range
(Table III-1).

In 46 of the 60 earthquakes (77%), reported intensity was within
the computad range. Note that the percentage of earthquakes in which the
reported intensity was within the computed range is greatest when reported
intensity is high, that is, when potential for structural damage is
greatest. Deviations of reported intensity from the computed range are
not as important when the level of intensity is below the threshold value
of damage potential. The relationship between reported intensity and
computed severity was checked in four other Bay area cities. The results
were approximately the same as given in Table III-1 for the City of San
Francisco.

On the basis of various comparisons between the computed and
actual patterns, 1t was concluded that the earthquake model could preoduce
realistic synthetic geographical patterns of earthshock severity. The
next step was to apply these computed patterns to a population-at-risk.
Potential Toss resulting from a recurrence of these past earthquakes could
then be estimated using vulnerability of the population-at-risk to Toss.
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TABLE III-]
COMPARISONS OF ACTUAL AND SIMULATED INTENSITIES

Number of times

Reportad intensity reported intensity

in San Francisco Number of was within range of
(Modified Mercalli) earthquakes simulated severities Percentage
YII or greater 6 3] 100%
Vi 8 7 83
Vv 18 14 78
ik 18 14 78
II1 or less 10 5 50

60 46 77%

2. Population-at-Risk and Tts VYulnerability

The geographical distribution of single unit owner-occupied
dwellings in California was defined as the population-at-risk. In the
large grid system (individual grid area of about 36 square miles), there
were about 625,000 dwellings in the San Francisco Metropolitan area, using
1860 U. S. Bureau of the Census data. The system of small grid areas
(individual grid areas of about 1/3 square mile) covered the 45 square
mile area of the City of San Francisco. In 1960 there were 110,000
single-unit dwellings within the city limits.

Yulnerability was based upon damage-versus-earthshock severity
relationships derived from Toss experience to dwellings in the 1957 San
Francisco earthquake, the 1952 Kern County earthquake, and the 1933 Long
Beach earthquake. MNo attempt was made, because of lack of data, to
classify by type of dwelling construction, such as frame versus brick or
the existence of a brick chimmey. To give an example of the type of vul-
nerability relationship used, an earthshock severity of 6 would result din
15% of dwellings in a grid area damaged with a loss of 1% of value-at-risk
per damaged dwelling. In addition to the most likely percentage, the
ranges of percentage of dwellings damaged and percentage of value lost as
refated to the level of earthshock severity experience were also used.

The effect of a recurrence of each of the earthquakes that
atfected San Francisco since 1800 was simulated under these assumptions
and the loss potential calculated. Of the 80 moderate or severe earth-
quakes that affected the San Francisco area in the past 158 years, 54
recurrences would have produced damages in the City of San Francisco and
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65 would have caused damages somewhere within Metropolijtan San Francisco.
In the City of San Francisco, 30 of the 54 damaging earthquakes, when
taken together, accounted for only 1% of the total damage. Most damages
result from infrequent occurrences of severe earthquakes which are Jocated
near enough to densely populated areas to produce a natural disaster.

If losses resulting from the damaging earthquakes are summed and
the percentage contribution of each earthquake to the total damage is
calculated, a large percentage of the total losses would be attributed to
four earthquakes as shown in Table III-2.

TABLE IiI-2

PERCENTAGE CONTRIBUTION OF THE FOUR MOST DAMAGING EARTHQUAKES
TO TOTAL ACCUMULATED DAMAGES FROM THE RECURRENCE
OF ALL EARTHQUAKES IN THE 168-YEAR PERIOD

Earthquake City of San Francisco Metropolitan San Francisco
1906 San Francgisco a4% 33%
1838 San Francisco z24 21
1868 Hayward 12 17
1836 Sen Francisco Bay 6 13
Total 86% 84%

The four earthquakes account for about 85% of the total simulated
damages. If these rare severe earthquakes were spread equally over the
past 168 years, one would occur about every 40 years. However, the time
interval between occurrences is highly variable. In fact, two of the four
earthquakes occurred within two years of one another, and three of the
four within a period of 32 years.

Major earthquakes are usually followed by a series of after-
shocks with predictable frequency characteristics {Lomnitz, 1966}.
Locations of the epicenters of aftershocks de not necessarily follow the
fauit line, but are spread at random in a geographical pattern sometimes
at & considerable distance from the original epicenter. Damage can occur
from aftershocks because the epicenter of an aftershock may have a great
proximity to exposed structures, and structures damaged by the initial
shock, if not repaired, may fail during subsequent earthshocks. This
happened during the 1952 Kern County earthquake. Aftershock patterns
have been simulated in the computer analysis. Allen, et al. {1965) points
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oyt the fallacy of attempting to specify the seismic hazard solely on the
basis of the location of active faults or past epicenters.

3. Use of Loss Potential Information

Computer-derived loss potential data is applicable to insurance
as one of the adjustments to the natural hazards (Friedman, 1969}.
Insurance is one means of protection against the earthquake hazard., To
provide protection, actuaries must find answers to two basic guestions:
(1) How much premjum should be charged each year to

cover long-term average annual earthquake caused
losses?

{2) How much of a reserve should be established %o

cover losses in a year when a major earthquake
occurs near a populated area.

To answer these questions, two kinds of information are needed.
The first is a measure of extent of the geophysical hazard as given by
frequency and magnitude of earthquakes. The second kind is the type,
geographical distribution, and susceptibility to damage of structures to
be covered by insurance. Information for a long serias of years is needed
to esteblish adequately the magnitude of the geophysical hazard. If a
short period of years is used, chance occurrence {or non-occurrence) of a
strong earthquake within the series of years could hignly bias estimates
of hazard severity. On the other hand, information on characteristics and
vulnerability of structures to be insured must be current. The loss
potential data provides some of the background information needed for
answering the actuarial questions.

Regarding the first question, the effect of using damage experi-
ence derived from a shert time interval to estimate the long-term earth-
quake hazard is shown in Table I1I-3, which 1ists the average annual
damage-per-dweliing obtained by simulating the recurrence of earthquakes
that criginally occurred in each of the eight 20-year periods between 1808
and 1967.
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TABLE II1-3

AVERAGE ANNUAL DAMAGE-PER-DWELLING BASED UPON SIMULATED
DAMAGES ASSOCIATED WITH RECURRENCE OF EARTHQUAKES
THAT ORIGINALLY QCCURRED IN EACH 20-YEAR PERIOD

Dwellings in

Dwellings in the Metropolitan
20-year period City of San Francisco San Francisco

1948-1967 $ 4.20 $ 2.00
1928-1947 .30 .80
1908-1927 1.60 .70
1888-1907 79.90 38.70
1868-1887 12.00 16.30
1848-1867 10.20 6.30
1828-1847 48.70 32.70
1808-1827 .60 .40

168-year period $19.70 $11.70

An average annual damage-per-dwelling of $4.20 is indicated if
simulated damages associated with recurrence of earthquakes that were
recorded between 1948 and 1967 are assumed to be a measure of the long-
term earthquake hazard to dwelling properties. For dwellings spread
throughout the San Francisco area, the average annual damage based upon
tne same 20-year period was $2.00. Possible reasons for tne lower damage
rate in Metropolitan San Francisco are:

{1) Geographical spread of exposed structures reduces

the average annual damage.

(2) Difference between effects of using an index of
local ground condition Lo represent a 36 square-
mile grid and use of an index for each 1/3 square-
mile grid area.

{3) The earthquake risk is greater in the City of San
Francisco.

In the City of San Francisco, the average annual damage varies
from 30¢ per dwelling on one 20-year period to $80 per dweliling in another
20-year period. The average annual damage in Metropolitan San Francisco
based on 20-year averages, ranges from between 40¢ and nearly $40 per
dwelling. As mentioned previously, chance occurrence {or non-occurrenca}
of a severe earthguake can highly bias estimates of the Tong-term earth-
guake hazard to dwelling properties, using small sampies of years.
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The long-term average annual damage-per-dwelling based upon the
168-year period (1800-1968) is $19.70 in the City of San Francisco and
$]l.70 in Metropolitan San Francisco. An estimate of the magnitude of the
earthquake hazard using the period from 1928 to 1947 would have wnder-
estimated the long-term expected damage by a multiple of 60 in the City of
San Francisco. If the period from 1888 to 1907 had been used, the long-
term expected damage would have been overestimated by a multiple of four.
This extreme variability emphasizes the need tc use a long period of years
for estimating magnitude of the earthquake hazard. The simulation approach
provides a means of translating a long record of seismological data
(earthquake location and intensity) into a measure of hazard in an insur-
ance context.

Random rearrangements of year of occurrence of the 80 earthguakes
during the 160-year period could produce 20-year averages which are much
above, equal to, or much below the long-term average. Simulation tech-
niques can assist in estimating the long-term annual damage by providing
long series of damage 'experience,” based upon various possible sequenced
combinations of earthquakes that occurred in the nistorical past (fre-
gquency alternative number one discussed in a previous secticn) or possible
future sequences based on a time and space memory {frequency alternative
number three).

Regarding question number two, if actual damages each year
exactly equaled the average long-term expected damages, estimation of
long-term average damage would be the only reguirement. However, for
geophysical hazards in general and the earthquake hazard in particular,
annual damages vary widely from year to year. For an insurance operation,
measures of both average and annual variebiliiy of loss are needed.

The concentration of damages to a few infrequently occurring
events gives critical importance to the insurance reserve problem. When
the rare but severs earthquake occurs near a populated area, actual
damages can exceed the average annual damage by many times. Average
damage-per-dwelling associated with the four most severe earthquakes in
the historical past in the San Francisco area is expressed in Table I1II-4
as a multiple of average annual damage-per-dwelling. An amount 73 times
larger than the average annual damage-per-dwelling would have been
required toc cover losses associated with a single event--the 1906 earth-
quake. In other words, it would have taken 73 years of annual average
damage-per-dwelling to cover Josses from a single occurrence if a proper
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estimate of the long-term average annual loss were available. However, if
the magnitude of the hazard had been estimated from damage experience of
the most recent 20-year period, the 1906 earthquake would have caused
losses 339 times the estimated annual damage-per-dwelling.

TABLE III-4

DAMAGE-PER-DWELLING IN NATURAL DISASTERS AS A MULTIPLE
OF AVERAGE ANNUAL DAMAGE-PER-DWELLING BASED ON
ALL EARTHQUAKES IN SAN FRANCISCO

Recurrence of City of San Francisco Metropolitan San Francisco
earthquake of (110,000 dwellings in (625,000 dwellings in
comparabTe intensity detailed grid) large grid)
168-year 20-year 168-year Z0-year
average average average average
1906 73 times 339 times 56 times 326 times
1838 40 184 35 202
1868 19 90 28 163
1836 10 45 21 126

Measures of both annual average damage and annual variability in
damages are needed in risk evaluation involving rate and reserve calcula-
tions. Examples of other factors needed are (1) effect of taxation on the
accumulation of a reserve over a number of years, and (2} effect of infla-
tion on structure value and cost of repair in future earthquakes. These
factors can be built into the computer program to study characteristics of
an insurance cperation needed to cover the earthguake hazard.

Catastrophe Potential of Los Angeles Earthquakes

Natural hazard simulation has been utilized as one means of
determining the present level and future trend of natural hazard losses in
the United States for various mixes of adjustments (White and Haas, 1975).
Loss potential to a number of different populations-at-risk has been cal-
culated for various hazards, including earthquakes. The purpose of the
application to the earthquake hazard was to determine if there was suffi-
cient information currently available which could be synthesized by simu-
latign techniques to produce useful estimates of loss potential. If
results indicated that currently available information was not sufficient,
a secondary purpose was to outline research and data needed eventually to
produce more realistic loss indicators.
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For this application, the original earthguake model was used to
estimate the loss potential to a number of different popu]afions—at-risk
from a recurrence of each of the moderate and severe earthquakes that were
reported to have affected the greater Los Angeles area in tha past 200
years. The impact of hypothetical earthquakes was also calculated.
Methods of evaluating the effect of possiblie future sequences of earth-
quakes were then reviewed. Population-at-risk was defined in terms of:

(1) Single unit residential buiidings
(2] Other residential buildings

(3) Non-residential buildings

{4) High-rise buildings

(5) Population

An estimate of the vulnerability of buildings to earthquake-
induced damage was obtained from damage experience of the 1371 San
Fernando earthquake. Casualty curves were based in part upon relation-
ships presented in the San Francisco and Los Angeles studies by NOAA
(1972, 1973}. Results of the analysis were expressed in terms of loss
potential given either as an absolute measure {number of buildings
affected) or as a relative measure (ratio of Tosses for a particular
earthquake to losses associated with the most severe earthguake). The
following sections outiine the assumptions underTying the applications,
the results of the analysis, and informational needs to produce a more
realistic estimate.

1. Generation of Severity Patterns

Appendix B contains a listing of moderate or severe earthquakes
(estimated to have been of magnitude 5 or greater on the Richter Scale)
that affected the Los Angeles area in the past 200 years. This tabulation
i5 based upon data in Tabte I of the NOAA's Los Angeles report (1973).
Forty-two earthguakes are listed. Two additional earthquakes of an esti-
mated 4.8 Richter magnitude were included for comparative purposes.

Epicenter location, Richter magnitude, fault type and orienta-
tion, and hypocenter depth were used to denote the physical properties of
each earthquake. A depth of 10 kilometers was used for, those past earth-
quakes that do not have an estimated depth. The size of the "felt area"
was taken as a proxy measure of depth for several of the earthquakes for
which observed isoseismal patterns were available,

Comparisons were made between the computed and ohserved earth-
shock severity patterns whenever possible. An example of tnese patterns
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is given in Figure III-4 for the most recent highly damaging California
earthgquake-~-the 1971 San Fernando earthquake. HNote that in this case we
have restricted the simulation to the California grid points.

Although relatively smooth contours were drawn in the earlier
versions of the dbserved isoseismal patterns published in United States
Earthquakes (U. S. Department of Commerce, 1933-1970), including the San
Fernando earthquake, improved techniques for plotting observed isoseismal
patterns of very recent earthquakes imply a much greater local variation
in Modified Mercalli intensity than was suggested in the early smooth con-
toured versions of these patterns. An illustration of the new plotting
routine is shown in Figure I1I-5a which represents the observed isoseismal
pattern associated with the Point Mugu earthquake of February 21, 1973
{U. 5. Department of Commerce, 1973). The computed pattern of the 5.7
magnitude earthguake is given .in Figure 11I-8b. lLarge local variations in
the earthsnock severity pattern are aiso characteristic of the calculated
pattern.

2. Reasonableness of Calculated Patterns

Modified Mercalli intensity observed in downtown Los Angeles is
avajlable for 24 of the 44 earthquakes in NOAA's Los Angeles repart.
Table ITI-5 provides a comparison between these observed and calculated
vaiues for downtown Los Angeles.

TABLE III-b

COMPUTED EARTHSHOCK SEVERITY VERSUS OBSERVED MODIFIED MERCALLI
INTENSITY IN DOWNTOWN LOS ANGELES FOR 24 PAST EARTHQUAKES

Computed Earthshock Severity

1 2 3 4 5 6 7 8

Observed | ] 0 0 0 0 0 0 0
Modified 11 0 Q 0 0 0 0 0 0
Mercally III 0 0 1 1 1 ] 0 0
Intensity IV 0 1 2 1 0 0] 0 0
v 0 0 1 0 3 1 4 0

VI 0 Q 8 0 1 7 0 0

VIT ) 0 1] 0 0 1 3 0

VIIT ) 0 0 0 0 0 [ Q
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in 64% of the cases, the computed severity equalled the observed Modified
Mercalli intensity. In 88% of the cases, the computed severity was within
pius or minus one unit of the observed intensity. The closeness-of-fit is
roughly comparable to that given in Table III-1 for San Francisco earth-
quakes and indicates the level of inherent consistencies among earthquake
severity patterns approximated by the generating model. These consisten-
cies in size, shape, and gradient of the severity pattern for various com-
binations of earthquake location, magnitude, fault orientation and hypo-
center depth do provide some information through the use of a simple modei
in specifying the character of the earthshock severity pattern as it is
defined in this study, The question is whether the unique qualities of
each earthquake, which prevent a completely deterministic specification of
the severity pattern, are large enough to negate the usefulness of the
model's output.

The closeness~of-fit illustrated in Tables III-1 and III-5 is not
good enough to be used by an earthquake engineer . in the analysis of a
specific building at a given site. However, when loss potential is based
upon the overlapping of the irregularly shaped geographical pattern of
earthshock severity with the geographical array of population-at-risk
spread haphazardly over an area of hundreds of square miles, the possi-
bility of obtaining a deterministic solution is very small and the need to
resort to a statisticai approach is great. This is the reason why simula-
tion techniques have been applied. There are too many unknowns and pos-
sible unanticipated interrelationships to use anything but statistical
methods. Consequently, the estimation of loss potential must be based
upon the integrated effect of a number of earthquakes, rather than on the
loss-producing characteristics of any one earthquake in the sample.
Deviations around the most Tikely value are measurable if a large group of
garthquakes is considered. Not much significance should be assigned to
the results from any one earthquake taken from the sampled sequence.

Even though local ground conditions measured from a geologic map
have been shown recently to have very Tittle explicit pnysical basis, the
incorporation of the Tocal condition index does contribute additional
information to the earthshock severity pattern over that given by a bedrock
pattern. The patterns based upon the inclusion of local ground conditions
are much closer in shape, size and gradient to observed patterns than are
those obtained using the bedrock patterns.
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3. Population-at-Risk

A number of different populations-at-risk were considered¢ in the
analysis for Los Angeles earthquakes.

a. Single unit residential buildings:

The number and geographical distribution of single unit residen-
tial buildings are approximated hy the allocation of 4,700,000 buildings
in the 1970 U. S§. Census to the 4300 grid areas in computer memcry repre-
senting the land area of California. The median value of dwellings by
county was aiso aliocated to each area.

b. Other residential bufldings:

ATT buildings used primarily for housing purposes and containing
two or more Rousing units were classed as "other residential buildings."
Special tapes of the U. S. Bureau of the Census contain information on
these buildings, but these data were not available in a hard-copy format.
For the purposes of this test application, an estimate of fhe number of
such buildings was aobtained ysing the estimated population and single-unit
dwellings in each grid area. The population was converted into an index
of the number of households. The difference between households and single-
unit dwellings is a measure of the number of housing units needed in
addition to the use of single-unit dwellings. Division by the average
number of wnits in each building provides an index of the number of other
residential structures in the grid area.

c. Non-residential Buildings:

An inventory of the number, type and geographical distribution
of non-residential buildings is not available for California. To provide
an index by grid area, several assumptions were made. The first assumption
is that there is a rough relationship between the population of a town or
city and the number of non-residential buildings in that town or city.
Secondly, that the ratic of the number of these buildings to population
varies with size of the city. A reference level was established by the
use of the estimate of 2,000,000 structures in Los Angeles county made by
the Office of the Assessor (1973). The 1970 U. S. Censuys listed 1,550,000
single family dwellings in the county. The difference (450,000) repre-
sents the non-residential buildings. The ratio of non-vesidential build-
ings with population {(7,000,000) yields a ratio of 64 buildings per 1000
population.
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To obtain an estimate of the change in this ratic with popula-
tion size, the number of reporting units listed in the County Business
Patterns (U. S. Department of Commerce, 1972) for each Catifornia county
was plotted against county population. A close fitting non-linear trend
was obtained. By assuming that a rough correspondence exists between
numper of reporting units and number of non-residential buildings in an
arca, an estimate of the change in ratio with population size was obtained.
For example, for a population of 500, 31 buildings are assigned to the
grid area (6.2%); for 1000 persons, 60 buildings (6.0%); and for 10,000
persons, 570 buildings (5.7%).

d. High-rise buildings:

An dinventory of the number and geographical distribution of
high-rise duildings in California was not available. However, a summary
of the information gathered on high-rise buildings in the Los Angeles and
San Francisco areas during the recent NOAA studies is given in Appendix C.
The results of an independent inventory of high-rise buildings in‘Los
Angeles county by Whitman, et aZ. (1973) is also given in Appendix C. By
combining this information with estimates of building numbers, an approxi-
mate indication of the height distribution of California buildings is
obtained.

Number per
Building Height 160,000 buildings
1-3 story 98,500
4-7 story 1.308
8-11 story 134
12-15 story 33
16-719 story 12
20 or more stories 13

The population-at-risk of nigh-rise buildings exposed to Los Angeles
earthquakes was defined in terms of the Whitman survey data for Los
Angeles county, and in terms of this height distribution for buildings
in general throughout the state of California.

e. Population

The 20,000,000 persons in California allocated to the 4300 grid
areas in computer memory defines the geographical distribution of this
population-at-risk.
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4, Vulnerability of Population-at-Risk

Vuinerability of buildings in the three broad categories was
derived from damage experience resulting from the 1971 San Fernando earth-
quake {Steinbrugge, e+ «l., 1971). Table III-6 outlines these relation-
ships.

TABLE ITI-6

VULNERABILITY OF BUILDINGS TO DAMAGE WHEN AN
EARTHSHOCK OF SPECIFIED SEVERITY QCCURS

Most Likely Percentage of Buildings Affected
in a Grid Area

Earthshock Single-Unit Other
Severity Residential Residential Non-Residential
b 3.3% 5.3% 3.9%
8 5.4 8.8 6.6
7 8.2 13.0 10.0
8 11.6 18.5 14.5
9 16.0 25.0 20.5
10 21.4 33.0 28.2

Most Likely Amount of Damage (1971 Dollars) If Building
is One of Those Affected in Grid Area

Earthshock Single-Unit Other
Severity Residential Residential Non-Residential
5 $ 30 $ 100 $2
6 110 540 10
7 380 2,400 200
8 1,070 8,800 2,500
9 2,600 27,000 14,000
10 5,800 76,000 105,000

In this test application only the most likely values were used. The range
of possible numbers of builidings affected and amounts of damage, which
increases with the degree of earthshock severity, was not incorporated
into the analysis.

Vulnerability of high-rise buildings in Los Angeles county to earth-
quake damage has been examined in detail by Whitman in terms of a number
of different building characteristics. For this application, the buildings
were grouped into two categories depending upon year of construction--pre-
1933 and post-1933. Table 11I-7 gives an approximation of Whitman's mean
damage ratio for these two categories.
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TABLE III-7

APPROXIMATION OF THE MEAN DAMAGE RATIO FOR RIGH-RISE
BUILDINGS FIVE STORIES OR ABOVE BASED ON YEAR
OF CONSTRUCTION (Whitman, et al., 1973)

Earthshock Pre-1933 Post-1933
Severity Construction Construction
6 .00045 .00032
7 .02000 .00700
8 .21600 .09100
g .50000 . 28000
10 1.00000 .64000

The number of casualties was related directly to size of popu-
lation exposed. The casualty rate varied from 1 per 100,000 persons
axposed to an sarthshock severity of 5. to 1 per 1000 pearsons when the
severity is at level 10. For this test application, no attempt was made
to include the effect of other pertinent factors such as time of day of
the earthquake occurrence.

5. Simulated Loss Potential

Earthshock severity patterns have been computed for each of the
44 earthquakes Tisted in Appendix B. The mathematical overlapping of
these patterns with the geographical array of the populations-at-risk
provides three measures of Toss potential--number exposed, number affected
and damage index. Appendix D is a tabulation of the loss potential indices
for the various populations-at-risk resulting from a simulated recurrence
of these earthquakes. Figure III-6 is a map of the numbered epicenter
lTocations of these earthquakes.

a. Single Unit Residential Buildings

In Appendix D-1 the "number exposaed" refers to the number of
single-unit residential buildings in California that were exposed to an
earthshock severity of at least 4.5 (moderate earthshocks} during the
simulated earthquake. There are a total of about 4,700,000 of these
buildings in California. Nearly 80% of these dwellings would be exposed
to moderate earthshocks during a recurrence ¢f the 1857 Fort Tejon earth-
guake. Of these exposed dwellings, 275,000 would have been affected
(damaged) to some degree using the vulnerability relationship previously
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discussed. The greatest damage from any of the 44 earthguakes would have
resulted from the 1857 Fort Tejon earthquake. A damage index can be con-
structed by relating losses due to other earthquakes reTative to those
resulting from the 1857 earthquake. The earthquakes are listed by the
size of this damage index.

None of the three measures of loss potential is directly
related to the magnitude of the earthquake or the distance of its epi-
center from the center of the densely populated Los Angeles area. In
addition, a plot of each of the loss potential indices against a combina-
tion of earthquake magnitude and distance does nat yield a clearly defined
relationship. Direction and orientation of the earthquake relative to the
irregularly shaped popuiation density pattern in southern California must
also be incorporated. Distance is measured in miles from the earthquake'’s
epicenter to downtown Los Angeles.

Only three of the 44 earthquakes have an index of 500 or more
{damages equal to 1/2 or more of damages resulting from the Fort Tejon
earthquake). At the other extreme, 30 of the 44 earthquakes have a damage
index of less than 100 (less than 10% of the damages induced by the Fort
Tejon earthquake). In 32 of the earthquakes, more than 1,000,000 single-
unit residential buildings would be exposed to moderate earthshaocks.
However, the number damaged and the amount of loss in most cases would be
minimal.

The magnitude of the damage index decreases more rapidly than
the number of exposed dwellings. The reason is that bscause the vulner-
ability relationships are non-Tinear, the number of dwellings exposed to
moderately severe and savere earthquakes has a great effect upon the size
of the damage index. Appendix D-2 provides a breakdown of number of
dwellings exposed to various earthshock severity categories which shows
the close relationship between exposure of dwellings to higher eartnshock
severities and the overall magnitude of the damage index.

b. Other Residential Buildings

Appendix D-3 represents synthetic damage experience to "other
residential” buildings resulting from a recurrence of each of the 44 earth-
quzkes. A damzge index was constructed in the same manner as that for the
single-unit residential buildings. The danzge index drops off more rapidly
than with single-unit dwellings. Thirty-four of the earthguakes had an
index of less than 100 {less than 10% of the damage resulting from the
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1857 Fort Tejon earthquake). The reason is that the vuinerability rela-
tionship i5 more sensitive to high values of earthshock severity and less
sensitive to moderate severities.

c. Non-residential Buildings

Appendix D-4 contains simuiated damage experience for non-
residential buildings in California resulting from a recurrence of each of
the 44 earthquakes. The damage potential for these structures is nol the
same as for residential buildings because of the geographical distribution
of the buildings and because of differences in the vulnerabiiity relation-
ships. Non-residential buildings are assumed to be unaffected by moderate
or moderately severe earthshocks. As earthshocks become severe, the
amount of damage increases very rapidly.

In only six earthquakes are damages greater than 10% of the 1857
Fort Tejon losses. Twenty-six earthquakes have a potential loss less than
1% of the Fort Tejon earthquake damages. A large number of non-residential
buildings would be exposed to earthshocks of at Teast moderate severity
during a recurrence oF the earthguakes. However, the earthshocks would be
of sufficient severity to produce significant damage in only a few of these
earthquakes.

d. High-rise Buildings

Aggregate replacement cost (millions of dollars) of high-rise
buildings Tlocated in each grid area was used to represent the geographic
distribution of this population-at-risk in Los Angeles county. The earth-
shock pattern of the simulated earthquake produced a Tevel of severity in
each affected grid area which was converted into a measure of Whitman's
mean damage ratio. This damage ratio (as a percentage factor) was applied
to the replacement cost to obtain the potential damage by grid area.
Replacement costs and damage ratios were calculated separately for build-
ings with a pre-1933 and post-1933 construction date.

The accumulated potential damages over the affected grid areas
in Los Angeles county for each earthquake are listed in Appendix D-5. As
with the other populations-at-risk., a recurrence of the 1857 Fort Tejon
earthquake would produce the greatest amount of loss. Thirty-eignt of the
earthquakes would have caused damages of less than 10% of the Fort Tejon
losses, including 29 of these earthquakes with losses of less than 1% of
the 1887 earthquake's potential damages.
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The jnformation in Appendix D-5 represents damage experience to
high-rise buildings in Los Angeles County only. To obtain a very rough
estimate of the number of high-rise buildings in California exposed to an
earthshock severity of 4.5 or more during a recurrence of the 44 earth-
quakes, height distribution factors previously discussed were applied to
the number of non-residential exposed buildings listed in Appendix D-4.

In five earthquakes, at least 1000 high-rise buildings of eight stories or
more would have been exposed:

Number of High-Rise

Earthquake Number Year Buildings Exposed
5 1857 1590
1 1769 1480
2 1812 1130
44 1971 1080
34 1952 1050

At the other end of the seale, in 11 of the 44 earthquakes, Tess than 500
high-rise buildings would be exposed.

e. Population

The casualty experience associated with a recurrence of the 44
earthquakes is given in Appendix D-6. Casualty potential is expressed by
an absoTute index (number of persons exposed to an earthshock of 4.5 or
more)} and a relative index (casualty index is based on a simpie non-linear
reiationship between number of persons exposed to varicus earthshock
categories and the resulting number of casualties). Appendix D-7 i1lus-
trates how populatjon exposure to higher earthshock severities greatiy
affects the size of the casualty index. Note that even thougn tne number
of persons exposed during a recurrence of the 1812 earthquake (11,500,000
peopie) is less than the number exposed during a recurrence of the 1872
earthquake (11,800,000 people), the casualty index of the 1812 earthquake
(753) is nearly twice as large as the index for the 1872 earthquake (381).
The reason is the relative numbers of persons exposed to very high earth-
shock severities.

Catastrophe Pctential of Hypothetical California Earthquakes

Loss potential based upon some sets of assumptions regarding a
recurrence of past eartnquakes has been presented for i71lustrative pur-
poses. The probability of a recurrence of the 44 earthguakes with exactly
the same magnitude and location in the next 200 years is very small. A
simple extrapolation of past events is a poor measure of future oCcurrences.
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Methods of generating possibie sequences of future earthquakes have been
discussed by Lomnitz {1974) and Friedman {1973}.

One method of examining the catastrophe potential of future
earthquakes is to specify the physical characteristics of hypothetical
earthquakes {magnitude, epicenter location); to calculate the economic and
sociological effects as given by loss or catastrophe potential; and to
assign a probability of occurrence to the results, Characteristics of the
hypothetical earthquakes can be assigned even though a comparable event
has not occurred in the recorded past.

An example of the use of natural hazard simuiation in following
this approach is obtained by referring to Figure IT11-7, which is a map
giving the epicenter location of 11 simulated earthquakes. The epicenters
of these earthquakes were placed at equidistant intervals along the major
fault zones in California and Nevada. WNine of the locations are along the
San Andreas fault zone. By holding the epicenter location and other
physical characteristics of these earthquakes constant, the effect of
earthquake magnitude upon loss potential can be shown. Earthquakes of
three magnitudes (6, 7, 8 on the Richter Scale) were simulated at each of
the 11 locations and the Toss potential to four populations-at-risk in
California was examined. Possible length of the fault break was considered
in setting the Tocation and magnitude of these earthquakes.

Results of the analysis are given in Appendix E. Appendix E-1
is a listing of the Toss potential to single unit residential buildings
measured by an absolute index {(number of buildings exposed to an earth-
shock severity of at least 4.5) and a relative index (damage index of the
amount of damage for a particular earthquake relative to losses of the
most damaging earthquake). Of the 4,700,000 dwellings in California, over
4,100,000 would be exposed to moderate earthshocks by a Richter magnitude
8 earthquake Tocated on the San Andreas fault near Salinas, California.
However, the potentially most damaging magnitude 8 earthquake would occur
somewhere along the San Andreas fault zone to the north, northeast or east
of Los Angeles. A magnitude 8 earthquake at Tocation & near Gorman,
California, would produce the greatest amount of damage to dwellings in
California under assumpticns on which this study is based. The epicenter
location of the 1857 Fort Tejon earthquake is near Govman. The simulated
earthquake of comparable megnitude at location 7 near San Bernardino
produces a damage index nearly as large as the Gorman index. A location
halfway between locaticns 6 and 7 was used. The damage index at this
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FIGURE III-7

EPICENTER LLCCATIONS OF HYPOTHETICAL EARTHQUAKES LISTED IN APPENDIX E
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point was lower than at locations 6 or 7 because of the sparcity of
population-at-risk in the immediate vicinity of the epicenter.

The catastrophe potential of Richter 8 earthquakes is much lower
for other epicenter lecations. An epicenter near San Francisco yields a
damage index of about one-half as much as an epicenter near Los Angeles.
It should be noted that one of the underlying assumpiions is that the
vulnerability of single-unit residential buildings is the same throughout
California. MNo account has been taken of possible regional differences in
age, type and quality of construction wnich could have an effect upon
damage susceptibility of these buildings when an earthshock of a given
severity occurs.

The great sensitivity of the loss potential indices to changes
in the magnitude of the earthquake is illustrated by comparing the number
of dwellings exposed and damage index of a Richter é and 7 earthquake with
that of a Richter 8 earthquake. The damage index decreases by a factor of
about 7 for a Richter 7 earthquake at Gorman, as compared with that of a
Ricnter 8 earthquake. The damage index is reduced by a factor of over o0
when the damage potential of a Richter 6 earthquake is compared with that
of a Richter 8 earthquake at Gorman, California.

The relative size of the damage index between Tocations also
changes as the magnitude of the earthquake is decreased. For instance.

a Richter 8 earthquake at San Bernardino produces an index of 97, compared
to an index of 100 at Gorman. For a Richter 6 earthquake, the relative
size reverses (2.7 at San Bernardino, compared to 1.8 at Gorman). The
reversal occurs because of proximity of a large population-at-risk near
San Bernardino which can be affected by the smaller localized severity
pattern of a magnitude 6 earthquake. Gorman is in a mountainous area with
a very small local population-at-risk.

The Toss potential index based on the number of dwellings exposed
to at least moderate earthshocks is less sensitive to changes in earthquake
magnitude. With an epicenter at Gorman, the number of dwellings exposed
decreases from about 4,000,000 for a Richter 8 earthquake, to 2,700,000
for a Richter 7 event. The number of dwellings exposed decreases by a
factor of 2 when magnitude js changed from Richter 8 to Richter 6.

Appendix E-2 provides the same type of loss potential informa-
tion for the other residential buildings. Results for this category of
buiidings track closely with those for single-unit residential buildings.
However, the sensitivity of the damage index of these siructures to
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changes in earthquake magnitude is greater than for single-unit dwelilings
because of differences in the vylnerabiiity assumptions.

Appendix E-3 Tists the lass potential for non-residential
buildings. The most damaging earthquake shifts from Tocation & (Gorman)
for residential buildings to location 7 (San Bernardino) for non-
residential buildings. The damage index is two times as large for an
earthquake located at San Bernardino, as compared with the index for
Gorman, and five times as large for San Bernardino, than for an earthquake
located near San Franciscoe. It is extremely sensitive to changes in
earthquake magnitude. At San Bernardino the index decreases by a factor
of over 30 when magnitude is changed from Richter 8 to Richter 7. The
factor increases to over 100 when magnitude is decreased from Richter 8
ta 6. As mentioned previousiy, buildings in this broad category are
assumed to be relatively insensitive to moderate earthshocks, but are
highly vulnerahle to severe earthshocks. The loss index based upon
“number of buildings exposed" for non-vresidential buildings folilows the
pattern for residential buildings.

Calculations of loss potential for high-rise buildings were not
made for earthquakes depicted in Figure III-7. However, height distribu-
tion factors were applied to the number of non-residential buildings
exposed which are given in Appendix E-3. The number of high-rise build-
ings (eight stories or more) exposed to an earthshock severity of 4.5 was
estimated for each earthguake. 1In Table III-8 these numbé&rs are expressed
as percentage of the total number of high-rise buildings (eight stories or
more) in California. It is assumed that there are s1ightly more than 1900
of these buildings.

It is not known if the percantages of high-rise exposed struc-
tures given in Table IIT1-8 are realistic. The percentages are listed
merely to iTlustrate the fact that high magnitude, distant earthquakes can
affect a large percentage of the high-rise buildings in area the size of
California. In establishing the height distribution factors used in con-
structing this table, recognition was given to the facts that the size and
age of a city has an effect upon the neight distribution of buildings in
the city, and that the large number of high-rise buildings concentrated in
large metropolitan areas such as Los Angeles and San Francisco service not
only the City of Los Angeles and the City of San Francisco, but aiso popu-
lations in a wide surrounding territory {Appendix C).
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TABLE 111-8

PERCENTAGE OF THE TOTAL NUMBER OF HIGH-RISE BUILDINGS IN CALIFORNIA
THAT ARL EXPOSED TG AN EARTHSHOCK SEVERITY OF 4.5 GR MORE
DURING EACH OF A SERIES OF SIMULATED EARTHQUAKES;
EPICENTER LOCATION SHOWN IN FIGURE III-7

PERCENTAGE OF TOTAL CALIFORNIA HIGH-RISE BUILDINGS

Epicenter Richter 8 Richter 7 Richter 6
Location Earthquake Earthgquake Earthguake
1 30% 9% < 1%

2 37 27 5
3 71 32 21
4 9] 32 15
5 90 64 5
) 89 61 a4
7 81 59 43
8 61 46 i
9 52 8 <
10 64 44 <1
11 49 < ] 0

Appendix E-4 illustrates the casualty potential of the simulated
earthquakes. Nearly 17,600,000 of the 20,000,000 persons in California
would he exposed to moderate earthshocks fram a Richter 8 esarthquake
centered near Salinas, California. However, the highest casualty count
would occur (of the earthquakes that are considered) when the epicenter is
near Gorman. The casualty factor is reduced by a factor of 4 with a
Gorman epicenter when magnitude is reduced from Richter 8 to 7. The
reduction factor is about 2@ when the magnitude is reduced from Richter 8
to 6. The "number of persons exposed” index follows the pattern for resi-
dential and non-residential buildings.

1. Preduction of a Natural Disaster

A natural disaster is produced when the severity patiern of a
geophysical event overlaps and adversely affects a large segment of the
exposed population-at-risk. The number of casualties and tae total amount
of damages required to create a natural disaster are not clearly defined.
For property insurance, a "catastropne code" is assigned to losses result-
ing from an event when aggregate insured Tosses from the event exceed $1
million. Because of the effect of the increased density of pepulation-at-

risk in hazardous areas and the inflationary trend in claim costs, the
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annual number of events that qualify as catastrophes has increased rapidly
from year to year even though there is no indication that the frequency
and severity of geophysical events has changed. Figure I1I-8a shows this
upward trend in number of catastrophes cover the past 25 years.

An illustration of the probable changes over time in the percen-
tage of the potentially damaging geophysical events that become natural
disasters is shown in Figure III-8. As density and geographical spread
of the population-at-vrisk increases. the number of events that result in a
natural disaster also increases. In the extreme case, where the maximum
possible density of a vulnerable population-at-risk exists, the number of
natural disasters (realized damages) equals the number of (potentially
damaging) geophysical events.

To provide an order-of-magnitude estimgte of the current percen-
tage of potentially damaging earthquakes near Los Angeles which could
become natural disasters. a count was made of the number of past Los
Angeles area earthquakes that produced a sizable amount of damage to one
of the popuiations-at-risk. In this case, if simulated damages to current
single-unit residential buildings was $20 million or more, that event was
called a natural disaster. In practice, the definition of a natural
disaster appears to be a complicated combination of number of casualties
and aggregate damage from an array of populations-at-risk. Eleven of the
44 past earthquakes exceeded the 520 million Timit. If a natural disaster
were defined in this manner the return period of earthquake-caused disas-
ters near Los Angeles would be about once every 18 years (11 events in 200
years ).

A supplement to this estimate of freguency is an indication of
how the severity of a natural disaster is dependent upon earthquake magni-
tude, when the epicenter location is held constant relative to the geo-
graphical distribution of population-at-vrisk. The epicenter of the 1920
Englewood, California, earthquake was chosen because it is near the center
of metropolitan Los Angeles. The coriginal earthgquake had a magnitude of
5.0 on the Richter Scale and caused a considerable amount of damage to the
1920 populations-at-risk. Five earthquakes were simulated at 0.5 incre-
ments on the Richter Scale between 5.5 and 7.5. Simulated damages to
single-unit residential builidings were $10 miilion for a 5.5 Richter
Scale earthquake. Damage multiples of the earthquakes for various
populations-at-risk relative to the 5.5 Richter Scale earthquake were
obtained. For instance, a 6.5 Richter Scale earthquake would cause damage
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FIGURE III-8a
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to non-residential buildings which were 45 times larger than Josses
caused by a 5.5 Richter Scale event. A 7.5 would cause 1200 times the
loss to non-residential buildings than a 5.5.

A 7.5 Richter is considered to be the maximum credible earth-
quake that could occur on the Inglewood fault because of its relative
length and other characteristics (NOAA, 1973). The probability of occur-
rence decreases rapidly with an increase in the magnitude of an earth-
quake. The probability of the maximum credible event is very small.

2. Validity of Loss Potential Estimates

Loss potential of the 1971 San Fernando earthquake ta single-
unit residential buildings was calculated to be $47 million, using the
simulation model. Steinbrugge, et ai. (1971) estimated losses to he $114
million. The computed damages are a conservative estimate of actual
losses. Inasmuch as the same vulnerability relationships were used for
each of the simulated recurrences of the 43 other earthquakes, the loss
potentials calculated for the other earthquakes are probably also conser-
vative. For example, calculated losses for the 1933 Long Beach earth-
quake are Tower than what might be expected. However, the damage index
used in Appendix E is probably representative as a relative measure amohg
the earthquakes. One reason the calculated losses are low is that damage
estimates are based upon value lost and not replacement costs, which can
be as much as three times larger (U. S. Department of Commerce, 1967).

It should be noted in Appendix E that the estimated number of
single-unit residential buildings affected during the 1971 San Fernando
earthquake by moderate earthshocks (4.5 or above on the severity scale) is
162,000 buildings. This number is nearly an order of magnitude larger than
the 20,500 dwellings reported to have been damaged. The vulnerability
relationships in the simulation model are continuous curves that represent
very minor non-structural damages {such as plaster cracks) for moderate
earthshocks. The resulting amount of damage is negligible.

The original estimate of the magnitude of the 1371 San Fernando
earthquake was 6.6 on the Richter Scale, with a hypocenter depth of 13
kilometers. An updated estimate lowers the magnitude to 6.4 and changes
the depth to 8.4 kilometers (Whitcomb, et aZ., 1973). Inasmuch as the
simulation model was calibrated by using data for the San Fernando earth-
quake at Richter 6.6 and 13 kilometers depth, the effect on the simulated
damages of a recalibration of the model using the 1971 San Fernando
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earthqguake at 6.4 and 8.4 kilometers is not known.

Simulation of Earthquakes in Central and Lastern United States

The mode] has been used for simulating earthguakes in the centrail
and eastern United States. Figure III-9 is an example of the calculated
earthshock severity pattern of a South Carolina earthquake. The effect of
local ground conditions has not been included. 0Observed earthshock
patterns occurring in the central and eastern sections of the United
States are different in size, shape, and severity gradient from those
observed in Catifornia. An "earthquake generator" is being constructed
which reproduces these modified patterns. Loss potentiai of eastern
earthquakes can be estimated based upon various sets of assumptions
regarding populations-at-risk and their vulnerability to earthquakes.

Interpretation of Results in Terms of Research and Data Needs

The model has been applied to Los Angeies earthquakes to illus=
trate the type of output that can be obtained from a simulation approach
and, secondly, to point out the research and data needs necessary to
improve the usefulness of the output.

1. Data Needs

A number of restyicting assumptions were reguired in these
applications because of a Tack of basic information on the character and
geographic distribution of the populations-at-yisk. The greatest infor-
mational deficiency exists for non-residential and high-rise buildings.

An inventory of these buildings similar to that given in the U. S. Census
for the 47 million single-unit dwellings and nearly & million other resi-
dential buildings is not available. A means of updating 970 census infor-
mation on population and residential buildings would also be desirable.

Much additional information needs to be gathered on various
aspects of damage potential to various kinds of buildings. The accuracy
of vulnerability estimates is closely related to the broadness of cate-
gories used to classify the exposed buildings or population. It is diffi-
cult to define vulnerability of buildings in the very broad categories
used in this study because of the conglomeration of buildings that were
mixed together in each of the four categories. As more information
becomes available, the number of categories can be increased and the wvul-
nerability definitions tightened to make them more realistic. In the
extreme case, each building would be analyzed and its particular

96



mmtmmcem b - ————— o ————— m———— e e o v 98 e T e B PR Y

4EPrPPterDerteresensaTrgrncen

sansneatestf oo uggncorsaneraraa0oreeiotsndt Racas

tee
FedrsengotesomrnsusnenPeacasns ssuevacemessevean s ae
AeSebdsec st tivitooreTreunsnnenny . BEPNTEasuvOOBRtbO we eaa
astepragvnorassanarrowsa ecscocaangecoReeRLl & . o0
woBastacsbavostoarnane P, ter

.y

e

sstaosvoscegen Bl L T Ay

ridrarrssenea
LY R Ty
msacsamErcepen #sstoessbvouprEvanesERIREn
IIQIIQQ..!.GD' B RS AN H AR AR DV E A G RGO RPN OR RN RO R R IR ARERGRORARANE

..l'l"nilt.-u---n.--l;u..-;:

avseayy
LIRS RURBRBNTEDS
LR N LYY E R R R N IR I I S R e A pP e
IR e N N N L L L] msserecuisvevnegsayp
L e R NNy aresn 9@ see
“séssst et iteavtanuamecapeasbCReTETIREOEY iw (X3

-.'."‘|'OIO .QII.IGI'I..-‘.---.QQ'
Ne cens srs=—snen ————— R -y
+ree secud

Frectmgeusn e
QeBEEERSLGRNO BN
srsnsregnnnl®
ensasasgues® cassae
asararogenen’ svevo

AR EE RN TR LN

& o) L M) G G ORI D NNtk ars8 8
ab L L L G NI R edrs e @
ot G Ll Gl B TN 1D 1) ot et
o £ L) L0 PRI P it it @

[ YT Yoryes
fhthbiddbd
44568848555 mmcmur e . -

Ah4644444
448

L Lo L) G L ) (a0 L 0 LB L1 L0 G N AP A3 s ke s
Cdas LI @ = B L L dadCad L K Ladad Lt ) Ladtad PU) MU A bt Bt b i
»

Ratn e 5 et b ettt ot et et ot et s bk $h
b i 1 AT LS NI et etth#0-0 bk b @

s gt N R MO T PN NI NPU N NI NN R U P PO NG R P bt b b it 8 8

L] . -
Censtossceassnemmonssnoeoesil fl1588"Tenm Y g ———
. I 1

»

.

L 4

-

-

-

- LA EEEE R NE LR

- sbsestussusnnvante

B P e —tm— - ——— trmeneaccnebn—m e ——-,
e RN 8,

TRFE A=y qeasnns ssosecot®rcoeas

‘- siiiadaiiidizaiil

LI .Bl'l.‘ll.l.ﬂ'

‘-

reruw ——— —t A mu— s —s e m———— e

1

gt cecanssnsssegeuecsranys
B Y TSR AN Y Y b
Sepssramefnupesznasacanon

FEscesssassriraan
scgpgesaepeenencenns

[ Tb"'éélék%.

- bmm o= - ———

g

T T e A e Tt EE T —m e T E g Em -, ———— A ———— JEN—— PR

FIGURE TII-9
SIMULATED EARTHSHOCK SEVERITY PATTERN OF AN FARTHQUAKE IN SOUTH CAROLINA

57



vulnerability to earthguake loss evaluated. However, the cost and time
involved in this procedure eliminates it as a practical method. At the
other extreme is the use of broad categories of buildings. In this case,
"most Tikely" levels of vulnerability are used based upon the consistency
of statistical properties inherent in the use of a large number of
buildings in each category. The range of possible vulnerabilities due to
differences in building type, value, age, height and quality of construc-
tion is probably very large in the broad groupings of non-uniform struc-
tures.

Work has been done on determining of vulnerability of single-unit
residential buildings (U. S. Department of Commerce. 1969; Steinbrugge,
1973); other residential and non-residential buildings (Steinbrugge, et
al., 1971); and high-rise buildings {(Whitman, et al., 1973).

2. Research Needs

Results of these earthquake model applications suggest that
useful information can be obtained on the loss potential of earthquakes to
various populations-at-risk even when the output of the simple model is in
Modified Mercalli-type severity units. It is likely that the usefulness
of the output can be mych improved by incorporating ideas and information
that have been developed in seismotogy and earthquake engineering since
the construction of the model in 1969. Some of the new ideas and informa-
tion follow:

(1) The severity of earthshocks during a Richter magni-
tude 8 earthquake is not any greater than that
associated with a Richter magnitude earthquake of
about 6.5. However, the earthshocks of the magnitude
8 earthquake are of lTonger duration, cover a larger
geographical area, and have a different mixture of
long and short earthshaock waves.

(2) The long waves attenuate slower with distance than
the short waves. Consequently the mixture of Tong
and short waves changes with distance from the area
of faulting. Short waves predominate near the fault
zone, while longer waves predominate at distances
away from the faulted zone.

{3) The characteristics of the population-at-risk deter-
mine the wave lengths that produce the greatest damage
potential to various types of buildings. High-rise
buildings are most affected by long earthshock waves.
Low-rise buildings are most affected by the high
frequency, short waves.
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(4) A measure of earthshock severity, as given by a
Modified Mercalli-type unit, does not explicitly
include the effect of changes in this mixture of
wave lengths. For example, a Modified Mercallid
intensity of VII observed 25 miles from the earth-
quake's epicenter has a much different mixture of
wave length, and a different effect upon high and
Tow-rise buildings than a Modified Mercalli VII
observed 100 miles from the faulted area. A Modi-
fied Mercalli YII observed far from the faulted
zone implies an occurrence of a high magnitude
earthquake. The predominant wave length at these
distances would be long and high-rise buildings
would be affected. This is one of the drawbacks
in the use of vulnerability based solely on a
Modi fied Mercalli~type unit. MNote in Appendix D
that the 1952 Kern County earthquake, a large but
distant earthquake (distant velative to the Los
Angeles Metropolitan area), has a large damage index
for single-unit dwellings because the calculated
earthshock severities in the densely populated Los
Angeles area were as high as 7 (equivalent to a
Modified Mercali VII). This is probably an over-
estimate of damage potential to these low-rise
buildings from this relatively distant earthquake.
On the other hand, a severity level of 7 at this dis-
tance from the epicenter probably produces an under-
estimate of damage potential to the high-rise build-
ings listed in Appendix D. The size of the effect
of changes in wave length mixture with distance on
damage potential is not known.

{5} Tne production of long wave lengths of sufficient
severity to cause damage tv high-rise buildings is
related to earthguake magnitude. The greater the
magnitude, the larger the production of long waves
at distances from the faulted area. Consequentiy,
the change in wave mixture with distance is also
related to earthquake magnitude. It is not known
if the earthshock severity patterns of moderate
earthquakes can be extrapolated into a measure of
the earthshock pattern of a great earthquake
(Richter 8.3) using a simple model.

(6) The effects of local ground conditions are not
compTetely deterministic and should be considered
from a statistical viewpoint. The recurrence of
an identical earthquake at the same epicenter and
hypocenter depth may praduce a significantly dif-
ferent earthshock pattern at a given site,

An earthquake mode! which incorporates these jdeas has been
developed and is being tested. The output of the model is response
spectra acceleration for varicus wave lengths. This physical unit is used
as a measure of earthshock severity rather than a Modified Mercalli-type

unit. Geographical patterns of earthshock severity are calculated for a
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number of wave length categories. Each category corresponds to a type of
building. Geographical patterns calculated for short wave lengths are
small in area. The area and shape changes with sarthquake magnitude to
moderately large, elongated patterns for the high magnitude earthquake.

The patterns closely follow and encompass the length of the faulted area.
For long waves, the patterns are larger in size. The size and shape
changes with magnitude of the earthquake but the changes are not as drastic
as with the short-wave patterns. High-rise buildings many miles away from
an earthquake's faulted zone may be damaged significantly while adjacent
Tow-rise structures are not affected.

Yulnerability relationships between building damage, spectral
accelaration and earthshock duration have been hypothesized using recent
toss experience. Scholl {1974) has studied the relationship between
damage to low-rise buildings and spectral acceleration for the 1971 San
Fernando sarthquake. The explicit effect of earthshock duration on damage
potential has not been measured. It is possible that earthquake magnitude
can be used as a proxy measure of duration. The magnitude of a California
earthguake can usually be related to the length of faulting. The greater
the earthquake magnitude, the longer the length of the faulted zone, and
hence, the larger the area affected by maximum ground accelerations and
the Tonger the duration of maximum ground motion at any one location.
Possible secondary effects associated with an earthquake occurrence such
as tsunami, fire, landslide, dam breakage, and soil failure are not
presently included in the model. Only the vibration of the ground is
considered.

Information for developing the updated earthquake model has been
gathered from a number of sources, including the following:

{1} Physical Characteristics of Earthquakes:

Nuttli, 1973; Thatcher and Hanks, 1973; Trifunac and
Brune, 1970; Douglas, et al., 1970; Blume, 1870; Brune,
1970; Shteinbuyrg, 1969; Wesson and Ellsworth, 1973,
Ergin, 1969; Nuttli, 1973a.

(2} Effect of Local Conditions:

Davis and West, 1973; Duke, et gl., 1972: Hudson and
Udwadia, 1973; Schnabel and Seed, 1973; Udwadia and
Trifunac, 1973; Seed and Idriss, 1509; Lysmer, et ai.,
1970, Hays, et «f., 1972; Perez, 1973; Seed and Idriss,
1968; Schnabel, Seed and Lysmer, 1972, Lastrico, Duke
and Chta, 1972.
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(3) Physical Measures of Earthshock Severfty:

Housner and Jennings, 1973; Trifunac, 1973; Trifunac,
19715 Hudson, 1972; Hudson, et al., 1971-1973; Seed
and Idriss, 1970; Trifunac, Udwadia, Brady. 1973:
Murphy, et af., 1972; Lynch, 1969; Murphy and Lahoud,
1969; Udwadia and Trifunac, 1973a; Algermissen, 1973;
Johnson, 1973,

(4) Measures of Vulpnerability:

Blume and Monrge, 1971; Housner, 1973; Scholl and
Farhoomand, 1973; Steinbrugge, et al., 1971; Whitman,
et al., 1973; Donovan, 1973; Jennings, 1971; Munich
Reinsurance, 1973; Blume, 1972; Duke and Jacobsen,
1973; Nadolski, 1969; Blume, 1969; Newmark and Hall,
1973.

Natural hazard simulaticn, when applied to earthquakes, can
yield realistic information about the orders-cf-magnitude of loss poten-
tial to the geographical array of a given population-at-risk. Recently
available information from seismology and earthquake engineering, when
incorporated into the model, should improve the usefulness of its output.
In addition, the output can be improved by use of better information about
the various populations-at-risk and their vulnerability to earthquake-
induced loss. One objective is to keep the model as simple as possibie
and yet maintain the required accuracy of tha output for the problem at
hand.

Cross-hazard comparisons of Toss potential for combinations of
adjustments can he made, and incorporated into relative measures of riski-
ness for various sections of the United States.
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CHAPTER 1V

HURRICANES

Importance of Wind and Storm Surge Hazards

In the past decade, hurricane-induced damages have exceeded
$3 bil1lion. Two components are the hurricane wind and storm surge hazerds.
Appendix F is a tabulation of pertinent data on a group of hurricanes that
have affected the Gulf and south Atlantic States in the past 100 years.
Data on 90 hurricanes are listed based on a tabulation of "memorable
hurricanes” prepared by Sugg, et af. {1971). The authors selected these
memorable storms from the over 300 tropical storms and hurricanes that
have affected the United States since 1873. Criteria for inclusion were
landfall on the United States coastline or a near hit; severe intensity as
measured by sea-level pressure within the hurricane's eye: or unusually
large property damage or loss of life even though the hurricane's strength
was not great.

One method of estimating future hurricane risk is to use past
experience as a guide. However, an inspection of Appendix F illustrates
the difficulties inherent in using past experience to predict the future
level of risk. If a long period of years is used, the effect of changes
in property density and characteristics is a dominant factor in deter-
mining the Tevel of loss. A high loss figure for a recent storm does not
necessarily mean that the storm was more severe than past storms. Density
and gecgraphical distribution of population and structures at risk have
increased markedly along the Gulf and south Atlantic seaboard over the
years. A large portion of this increase is in the most hazardous seaccast
areas. In the past 50 years the pcpulation of Florida has increased at a
rate 3.5 times greater than that of the United States as a whole.

Structure value and cost of repafr has also increased many times
over the past years. For example, construction costs have changed by &
multiple of five in the past 30 years. Improved building codes. construc-
tion methods and quality of materials over time may have decreased
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vulnerability of these structures to wind damage. Although the amount of
decrease 15 not known. apparently it does not compensate for increases in
the cost of repair and number of exposed structures. Consequently. the
effect of time changes in gecgraphical distribution, property characteris-
tics, and vulnerability have a considerable influence upon the measure of
loss potential. These time changes seriously hamper -efforts to convert
this information directly inte a measure of future risk. On the other
hand, there is no indication that the freguency of memorable hurricanes
has trended upward in the past 100 years even though the number of natural
disasters resulting from these storms has exhibited a large increase.

Hurricane intensity is important because of a relationship
between intensity (central atmospheric pressure}, the speed of winds and
the height of the storm tides that are produced. The lower the central
pressure, the greater the tendency for extreme wind sPeeds and high tides
to occur. Dunn and Miller (1964} devised the following intensity classi-
fication:

Hureicane Minimum Pressure

Intensity {Inches of Mercury) Maximum Winds
Minor above 29.40 in. tess than 74 mph
Minimal 29.01-29.40 74 to 100
Major 28.01-29.00 101 to 135
Extreme 28.00 in. or less 136 or greater

The intensity of each of the 90 storms in Appendix F is designated
according to this classification system. An inspection of the number of
different designations indicates that the freguency of extreme storms has
noct dncreased during the past 100 years.

If the length of years used for specifying past experience is
decreased to reduce the effect of time changes in number of properties and
the property characteristics, a distorted estimate is abtained of the fre-
guency and magnitude cf hurricanes that affect various sections of the
Gulf and south Atlantic coastlines. For instance, if experience of the
past ten years is converted into a future risk, the lack of severe hurri-
canes along the coasts of Georgia, South Carclina and Novth Carolina might
imply a very low storm frequency in these areas. Although no intense
hurricane has affected this stretch of coastline in the past decade, the
long-term probabilities of severe storm occurrence are relatively large,

especially along the North Carolina coast. The same type of bias could be

63



obtained with regard to the southern tip of Florida, using experience in
the past 10-20 years, The metropolitan area of Miami has been

relatively free of severe hurricanes during this time pericd. Conversion
of this exparience into a measure of future risk could be misleading
because Tong-term probabilities of hurricane occurrence, based upon the
past 100 years, indicate that the Miami area has the highest potential for
severe hurricane occyrrences in the United States.

An alternative method of measuring present and future risk can
be obtained by (1) utilizing the long record of hurricane occurrences by
location and intensity along the Gulf and south Atlantic coastlines
(severe storm climatology}, and {2) eliminating the effect of changes over
time in property characteristics, number and vulnerability, which minimizes
the usefulness of past experience as a basis for measuring risk.

The disproportionate increase in damage vulnerability with an
increase in wind speed makes it necessary to distinguish between hurricanes
of different intensities. Al1 hurricanes do not have the same damage-
producing potential (Frank, 1974). BAn extreme hurricane with winds exceed-
ing 135 mph is a much more dangerous storm than a minimal hurricane with
winds of 100 mph or less, In addition, the land area covered by high winds
increases with intensity of the storm. The area swept out by winds of 100
mph by an extreme intensity hurricane as it moves inland may be ten times
Targer than the area covered by 100 mph winds associated with a major
intensity storm. By definition, winds are less than 100 mph in a minimal
hurricane. The area covered by strong winds is important because it is the
overlapping of these high wind patterns with the geographical array of
exposed properties that can result in the production of a natural disaster.

Development of Wind Model

A computed severity pattern which represents the geographical
pattern of maximum wind speeds experienced during the passage of a hurri-
cane across the Southeast coastal area is shown in Figure I1-1. The
mathematical model that produced this pattern incorporates the combined
effects of a number of physical characteristics of the tropical cyclone
(Friedman, 1967, 1964, 1966, 1972). Figure IV-1 illustrates some of the
relationships that are built into the model.

The calculated patterns of maximum wind speed associated with a
hurricane that moves inland at right-angies to the coastline are typically
bell-shaped. The base of the bell lies along the shoreline. Winds are
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pighest along the immediate coastline and decrease with distance inland.
Winds decrease in magnitude as the hurricane moves inland because its
major source of energy {(warm ocean waters) is no longer available and also
because the frictional effect of land-based abstructions {topograpny.
forests, urbanized areas) tends to reduce the wind speed. Inasmuch as
highest winds on the ccastline are near or slightly to the right of the
storm center, the dissipation of these winds takes longer as the storm
moves inland than the dissipation of less intense winds near the storm's
fringes. Hence, the development of the bell-shaped patterns centered on
or near the storm path. Distortions of this basic wind speed pattern
result from the effects of storm speed, size and path relative to the
coastline, taken individuaily or in combination.

Specification of the geographical pattern of wind speed severity
in terms of these physical measures was obtained through the construction
of a mathematical generator. Incorpovation of the affect of the various
maasures into the model was as follows:

{1) Storm intensity ideally is measured by the minimum
sea level pressure at the storm's center as it nears
or crosses the coastline. The effect of increasing
the intensity of & hurricane is assumed to be an
increase in the geographical area affected by high
winds, and an increase in the overal] magnitude of
the wind speed. These changes tend to enlarge the
number of wind speed contours within the pattern.
The new contours are also bell-shaped. Relation-
ships between storm intensity and characteristics
of the wind severity pattern that were used in the
model are based, among other things, on empirical
information on past storms, which include 44 hurri-
canes (winds greater than 75 miles per hour) and
24 tropical storms (winds Tess than 75 miles per
flour) that affected the Gulf and Fast coasts since
1950. Patterns of maximum wind speed (peak gusts)
for each of these storms were plotted using data
given in annual issues of Climatolegical Data-
National Summary (U. S. Department of Commerce,
1950-1973).

Figure IVv-2 is a4 graphical i11justration of
relationships that were derived from this informa-
tion. The graph shows the length of coastline, to
the right and left of the storm's center (vertical
axis), that {s affected by winds of various magni-
tudes for different storm intensities {horizontal
axis) as the hurricane moves onshore. For illustra-
tion, two wind speed categories are shown--winds in
excess of 50 miles per hour and winds in excess of
100 miles per hour. The plotted points represent

66



- 250 4

)
8

- 150

»

RICGHT SIDE OF STORM

+

MILES) AFFECTED BY WINDS EXCEEDING INDICATED SPEEDS

=100

LEFT SIDE

1560 -
291-5!1 291.—0u 28;:»5" g_on 27’.511 27'_On
CFNTRAL BAROMETRIC PHESSURE
FIGURE V-2

RELATIONSHIP BETWEEN HURRICANE INTENSITY AND LENGTH OF COASTLINE AFFECTED
BY HIGH WIND SPEEDRS (Path of storm nearty perpendicuiar to shoreline.)

67



the Tength of coastline encompassed by these wind
speeds during the inland passage of past hurricanes
on paths which were nearly perpendicular to the
shoreline. The gradual increase in the length of
coastline affected with an increase in intensity

was incorporated in the model through the construc-
tion of a "most 1ikely" curve drawn through these
data points on the right and left sides of the storm
center. An envelope of maximum winds on the coast-
1ine was obtained by constructing similar curves for
a number of wind speed categories. The inland bell-
shaped pattern was defined by applying dissipation
rates to the coastal envelope of wind speeds. The
size of the dissipation factor was related to inland
distance along the storm path. These factors were con-
sistent with rates observed during the past storms.

Speed of the storm is measured by the rapidity of
movement of the storm's center. An increase in

storm speed distorts the shape of the wind pattern

by increasing wind speeds to the right of the storm
path (looking in the direction toward which the storm
is moving) and reducing wind speeds by an amount

equal to the speed of the storm on the left-hand

side. The Tocation of maximum wind speed lies to

the right of the hurricane path for a moving storm.
Highest winds are usually in the right quadrant of

the hurricane's eye wall. The effect of this wind
field distortion as the speed of the storm increases
is to stretch out the right-hand side of the heil

and squeeze it together on the left-hand side. A slow
moving storm produces a nearly symmetrical bell-shaped
pattern gs it moves inland.

Mote that the coastline distances are not sym-
metrical around the storm path for hurricanes repre-
sented in Figure IV-2 because of storm movement. The
"most 1ikely" curves relating coastiine distance
affected by various wind speeds to storm intensity
ware based upon storms with an average rate of move-
ment. The “speed-of-storm" factor that was incorporated
into the model adjusted the wind patterns for devia-
tions from this average speed. With other conditions
held constant, a fast-moving storm carries high winds
further inland than a slow-moving storm. The effect
is to stretch the pattern further inland for storms
with an above-average rate of movement. The inland
extent of the wind pattern is depressed for storms
with a slower-than-average rate of movement. The
duration of the period of high winds at any one Toca-
tion is shorter for a fast-moving storm. Duration of
severe conditions can affect the degree of vulner-
ability of exposed populations-at-risk in much the
same way that the duration of severe earthshocks
affects damage potential during an earthquake.

In the hurricane model, the effect of deviations
from the average storm speed was approximated by
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changing the inland dissipation rates using reifa-
tionships between wind patterns and speed of past
hurricanes.

Storm size refers to the areal extent of the storm.
The scatter of the data points in Figure 1V-2 indi-
cates that an additional size adjustment would be
needed in the model over and above that given by the
"most 1ikely” size-versus-intensity relationship
described in item 1 of this section. It was evident
that the size of a hurricane and its intensity were
not always completely consistent. For the same
intensity, there is a range of possible storm sizes,
as indicated by the scatter of the data points in
Figure IV-2. Consequently, a storm size factor was
introduced §nto the model which modifies the wind
pattern to account for the variability in storm size
not accounted for by the hurricane intensity adjust-
ment. By its use, the size of the wind pattern can
be changed independent of the size effect of storm
intensity. The size of the entire pattern or tne
patterns oniy on the left or right-hand side of the
storm path (inciuding appropriate modification of wind
gradients with the pattern) can be made using the
size adjustor.

Orientation of storm path relative to the coastline
distorts the shape of the bell-shaped pattern whicn
is characteristic of a right-angle path with the
shoreline. As the angle of the storm path with the
coastline changes from perpendicular to parailel,
the bell-shaped pattern becomes elongated and
increasingly distorted. In the extreme case, if

the storm path is parallel to the coastline and the
storm center remains a short distance offshore, a
continuing supply of energy is available to the storm
resulting in wind speed contours that run parallel
to the coastline. Tne change in shape and size of
the wind pattern produced by the model is consistent
with observed patterns in past hurricanes.

Curvature of the hurricane path distorts the wind
pattern as the storm makes a right-hard or left-nand
turn of a specified radius. A factor which modifies
the wind pattern based upon a measure of the storm
track's curvature is alsoc an input variable for the
hurricane generator. Refer to Figure IV-1 which
graphically illustrates modfficaetions in the shape

and size of the wind pattern to account for the effect
of some of these physical characteristics of a hurri-
cane,

Inherent gustiness of hurricane winds is simulated by
the use of a random number generator which modifies
the calculated wind speed for each 35 square mile
grid area. The effect of this factor is to reduce
the smoothness of the wind speed contours.
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1. Effect of Local Conditions

Local differences in exposure to high wind speeds are incorpo-
rated into the model by designating an exposure facter to each grid point
in computer memory. Topography, tree-covered land and urban areas can
have a marked effect upon Tocal wind speeds. The exposure factor is based
upon information provided by Thom (1968). Inclusion of the effect of this
adjustment factor acts to further change tne smooth contoured wind
patterns over a frictionless surface, obtained by using the first five
input variables described in the previous section, into an irregularly
shaped pattern which more closely approximates observed wind patterns.

2. Reasonableness of Computer Wind Speed Patterns

To verify the reasonableness of computed patterns, input condi-
tions representing a number of past hurricanes were used to compute wind
patterns which were then compared with observed patterns. Tne degree of
corrvespondence between the calcuiated and observed patterns varied from
storm to storm, as it did when the parthquake model was used to approxi-
mate the cbserved earthshock severity patterns. The overall degree of
corréspondence is surprisingly good when it is remembered that the calcu-
lated patterns are based upon a simple set of assumptions which attempt
to tie together and utilize the observed consistencies in the size and
shape in the wind speed patterns that can be related to the physical
properties of hurricanes.

Figure IV-3 is an example of a comparison between the calculated
and cbserved wind speed patterns. Hurricane Carla, which affected the
Texas coastiine in 1861, is shown because it was an espec?a]]y large and
violent storm. Winds were estimated to have gusted to 175 miles per hour
near its landfall location, and qusts of nearly 73 miles per hour Or more
affected the entive Texas coastline. The size of the computed wind
pattern for this hurricane had to be increased using the size adjustment
factor because the actual pattern was much larger than the intensity-
versus-size relationship in the model would have indicated. In this case
the use of the hurricane model is reversed. For a given wind pattern, the
combination of physical measures that would have produced a prototype
pattern is specified.

Estimation of loss potential to various populaticns-at-risk can
be made for a variety of assumpticns regarding the physical properties of
the huyrricane. The effect of a recurrence of past hurricanes can be
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FIGURE IV-3

COMPUTED PATTERN OF MAXIMUM WIND SPEEDR (PEAK GUSTS) OF HURRICANE CARLA
COMPARED WITH OBSERVED PATTERN BASED ON FIGURE 2, PAGE 67, OF y. 5.
DEPARTMENT OF COMMERCE (1961) (Wind speed intervals above 100 miles per
hour represented by alphabetic code: A denotes 100 to 109 mph. B repre-
sents 110-119 mph and so fortn.)
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estimated using whatever information on the storm's characteristics avail-
able. An alternative approach is to determine the loss potential of the
most Tikely hurricane; the largest; or the most rapidly moving storm. As
with Lhe use of the earthquake model, the guestion that must be answered
is how good an appreximation of actual patterns is needed in order to
produce useful estimates of loss potential to a particular population-at-
risk.

3. Population-at-Risk and its Vulnerability

Four poputlations-at-risk are exposed to the hurricane hazard in
the application: single-unit residential, other residential, non-
residential buildings, and population. A deécription of the sources and
assumptions regquired to obtain this information was given in Chapier III.
Measures of these populations-at-risk have been placed in computer memory
for the 22 states that are adjacent to the Gulf and AtTantic coastlines.
Land area of these states is reapresented by 26,500 grid points and con-
tains 50% of the population and 50% of the single-unit residential build-
ings in the tUnited States.

Vulnerability of these populations-at-risk to the hurricane wind
hazard is exprassed in ferms of two measures, the percentage of the build-
ings or people in a grid area which would be affected if a wind speed of
a specified magnitude were to occur in the area, and the degree of the
effect.

Value of single-unit residential buildings is in computer memory
for each grid area, based upon median value given by county in U. S.
Bureau of the Censuys tabulations. For this application, tne value of each
building in the "other residential" and "non-residential" categories was
arbitrarily set at $50,000 and $100,000 respectively. Estimates of aggre-
gate losses to these two populations-at-risk can be adjusted by the appli-
cation of a multiplicative factor to thesz {incremental estimates of value.
The casualty factor was assumed to be a ratio of casualties to number of
persons affected by various wind speeds.
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TABLE IV-1

VULNERABILITY OF BUILDINGS IN THE THREE CATEGORIES TO HURRICANE WINDS
Ta. Percentage of Buildings Affected in Grid Area

Maximum
Wind Speed
in Grid Area Single-Unit
{peak qust) Residential Qther Residential Non-Residential
40 mph 0.1% 0.08% 0.07%
60 1.8 1.5 1.2
80 8.4 7.0 5.6
100 25.0 20.9 16.7
120 51.0 42.5 3.0
140 72.0 60.0 28.0
160 100.0 83.4 66.7
1b. Most Likely Percentage of Value Lost to Affected Buildings
Maximum
Wind Speed
in Grid Area Single-Unit
(peak gust} Residential Other Residential Non-Residential
AQ mpn 1.0% 0.5% 0.4%
60 1.7 0.9 0.8
g0 2.9 1.8 1.7
100 3.9 z.4 2.3
120 5.5 3.5 3.4
140 9.3 6.0 5.9
160 16.0 11.0 10.9
TABLE IV-2

CASUALTY FACTOR FOR POPULATION RELATED TO MAGNITUDE
OF HURRICAME WIMD SPEEDS

Maximum Wind Speed Number of Casualties
{peak vust) per Number of Persons

40 mpn 1 per 5,000,000

60 T per 300,000

80 1 per 50,000

100 1 per 11,000

120 1 per 3,000

140 1 per 1,00C

160 7 per 400

4, Frequency and Magnitude of Future Hurricanes

If the past 100 years is indicative of general conditions in the
future, extreme hurricanes are more likely along some sections of the Guif
and East coast than at others. Figure V-4 is a count of the number of
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times in the past 100 years that segments of the coastline were affected
by minimal, major and extreme hurricanes. It js possible that some of
these storms were beyond the stage in their 1ife cycle at Tandfall when
maximum wind speeds are generated.

An examination of Figure I¥-4 suggests that there are differences
in the frequency patterns along the Gulf and South Atiantic coastlines
between the minimal, major and extreme hurricanes; however, reasons for
the differences (if they are statistically significant) are not clear. In
an attempt to determine if these apparent differences in hurricane fre-
guency by intensity grouping do have a physical basis, the offsnore tracks
of all recorded tropical storms and hurricanes during the past 100 years
were studied {Friedman, 3971). The Guilf of Mexico, Caribbean and adjacent
Atlantic Ocean areas were divided into an array of 1° latitude by 1°
longitude grid areas. A count was made of the number of times that the
track of extreme hurricanes, for instance, passed through each grid area.

a. Extreme Hurricanes

The number of times tracks of extreme hurricanes passed through
each grid area in the past 100 years was counted regardless of the particu-
lar stage of development of the storm as it moved across any given grid
area. The only criterion for an extreme hurricane was that sometime
during the storm's 1ife cycle its central pressure dropped below 28.00
incnes of mercury or its maximum winds exceeded 135 mph in peak gusts.
Figure IV-5 represents the resulting frequency pattern for extreme hurri-
canes using this definition. Sixieen times during the past 100 years, tne
path of extreme hurricanes passed through 1° latitude by 1° longitude grid
areas to the southwest of Cuba and alsc to the northeast of Cuba. One
track which runs south of the Cuba--Puerto Rico island chain extends into
the Gulf of Mexico through the gap between the Yucatan Peninsula and Cuba.
Another track runs north of the isiand chain across or near the southern
tip of Florida and then westward into the Gylf of Mexico. A third major
track curves northward off the East coast of the United States. 1In the
past 100 years, extreme storms that entered the Gulf of Mexico have tended
to continue on a west or northwesterly track across the Gulf of Mexico
eventually striking Mexico, Texas or the exposed Mississippi deita region
of Louisiana. Very few of these storms curved northward sufficiently to
affect western Florida or the Fiorida panhandle. This overall frequency
pattern appears to confirm the physical reasonableness of coastline counts

74



Major Hurricanes

— e

! I T Sy S e '_._-._—-—"
) ey M —t ri

- ety

Extreme Hurricanes

FIGURE IV-4

WUMBER OF TIMES IN THE PAST 100 YEARS THAT SEGMENTS OF THE COASTLINE WERE
AFFECTED BY MINIMAL, MAJOR AND EXTREME HURRICANES
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FIGURE IV-5

NUMBER QOF TIMES IN THE PAST 100 YCARS THAT THE PATH OF AN EXTREME HURRI-
CANE (WINDS REACHING MCORE THAN 135 MILES PER HOUR SOMETIME DURING THE
STORM'S LIFE CYCLE) PASSED THROUGH 1 DEGREE LATITUDE BY 1 DEGREE LONGITUDE
SQUARES {Implied storm tracks are superimposed.)
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of extreme hurricane occurrvences.
b. Major Hurricanes

For major hurricanes, with winds reaching 100 to 135 mph some-
time during the lifetime of storm, two major tracks are apparent: one to
the south, and the other to the north of the Cuba-Puerto Rico island
chain. The major difference between the frequency pattern of extreme and
major hurricanas is the greater fendency for major hurricanes to curve
northward or northeastward as they move through the Yucatan-Cuban gap;
lines of equal freguency bend northward into the eastern Gulf of Mexico
exposing coastal areas in the eastern Gulf to major hurricanes. Ajl of
the coastal sections of the Gulf states had a frequency of about four
major storms in the past 100 years (return period of about once every 25
years). This contrasts with the apparent greater frequency of extreme
hurricanes affecting western Gulf coastal areas as compared with areas in
the eastern Gulf.

¢. Minimal Hurricanes

in the frequency pattern of minimal hurricanes (maximum winds
between 75 and 100 mph sometime during the storm's 1ife cycle), the center
of maximum frequency shifts from south of Cuba northward jnto the eastern
Gul ¥ of Mexico. The center of maximum frequency in the Atlantic has
become more intense and lies just to the east of the southern tip of
Florida at the intersection of two storm tracks. One track follows the
warm water of the Guif stream as it moves around the western tip of Cuba,
eastward between Cuba and Florida, and then northward narallel to tne
south Atlantic coastline. The second track moves in a west-northwest
direction along a Tine paraliel to, and north of, the Cuba-Puerto Rico
island chain. The track south of this island chain, was pronounced witn
the extreme and major hurricanes, is indistinct with the minimal hurri-
canes. In the Gulf of Mexico, the lines of equal frequency convérge along
the coastal areas of western Florida, Alabama and Mississippi. The fre-
quency of minimal hurricanes is higher along the eastern ccast of the Gulf
of Mexico than along the westeyn Gulf coast. A storm track is directed
hortheastward toward the Florida panhandle. Along the south Atlantic
coastline extreme, majer and wminimal hurricanes are most frequent near the
tip of Florida. Frequencies decrease as one moves northward to the Georgia
coastline. Frequencies increase again further northward to a secondary
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maximum along the coast of North Carolina. One reason for the Tower
number of hurricanes along the Georgia coastline, as compared with areas
further north or south, is the pronounced inward bending of the coastline
from Florida northward to Georgia.

d. Tropical Storms

Frequencies of tropical storms {winds reaching a maximum of
between 50 and 75 mph sometime during the storm's life cycle) were tabu-
lated only along the coastlines. The area of maximum frequency apparently
Ties just off the Florida panhandie with a storm track directed north-
eastward toward the Florida mainland. Along the AtTantic coastline, the
frequency of tropical storms is highest at the southern tip of Florida and
also along the eastern tip of North Carolina.

Overwater frequency patterns of extreme., major and minimal
hurricanes in the past 100 years suggest that there are freguency differ-
ences along the coastiines affecting catastrophe potential and production
of future natural disasters.

5. Variation in Loss Potential Caused by Changes in

Path of Hurricane

To illustrate how path affects natural disaster production, a
series of computer runs was made, assuming that a sequence of simulated
storms would follow one of the most frequentity traveled routes of extreme
hurricanes. This route 1ies just to the north of the Cuba-Puerto Rico
istand chain. Hurricanes of five intensities were approximated (Friedman,
1973a):

Central

Barometric

Pressure Leve] of Hurricane Intensity

27.00 in. Extreme (upper limit)

27.5Q in. Extreme (midpoint)

28.00 in. Extreme (lower limit)}, Major  (upper Vimit)
28.50 1in. Major  (midpoint)

29.00 in. Major {lower limit), Minimal (upper limit)

Thirty-two lacations were assumed as possible landfall positions. Landfall
is the point where the hurricane crosses the coastline. Tnese locations
were equally spaced at intervals of about 50 mites from south Texas to
North Carolina, as depicted in Figure 1V-6. Direction and curvature of
the path followed by these storms is also shown.
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For each of the 160 simulated hurricane ocgurrences (32 landfall
Tocations times 5 hurricane intensity groups) the number of dwellings
exposed to peak gusts in wind speed categories (80-89 wph, 90-99 mph, and
so forth) was obtained by summing over the affected grid areas. The
expected number of dwellings damaged and the accumulated amount of damage
for each wind speed category was also tabulated based on the vulnerability
relationships, which were assumed to be representative of all dwellings in
the coastal regqions,

Figure IV-7 iliustrates the Joss potential measured in terms of
number of single-unit residential byildings exposed. The number of dwell-
ings exposed to wind speeds of 60 mph-or-mere and 120 mph-or-more from the
passage of an extreme hurricane (27.00 in.) is plotted versus Tlandfall
location from Texas to North Carolina. The effect of the overiapping of
the wind speed patterns with the geographical array of properties yields
two coastal areas in which more than 1 million dwellings would be exposed
to winds of 60 wph-ovr-more if an extreme hurvicane were to move onshore
following the indicated paths. One area is on the northern Texas coast.
The other is on the panhandle of Florida. The densely popuiated coastal
areas of western Florida contribute to the number of dwellings in Alabama
and- Georgia which would be exposed if an extreme storm were to move north-
ward just skirting the western Florida coastTline. The number of dwellings
exposed to winds of 60 mph-ar-more would be at a minimum if landfall were
in southern Florida. The reason for the Tow exposure in sguthern Florida
is that the wind speed pattern would overlap oniy the array of dweilings
iocated on the Fiorida peninsula.

However, when the dwellings exposed to winds of 120 mph-or-more
are consfdered, the landfall locations in southern Florida produce the
greatest number of exposed structures. A Tandfall near New Orleans yields
the second greatest amount, and a Housten area landfall is the third
greatest number. The reason for the shift in patterns is that, even
though the total number of dwellings exposed to moderately strong winds
(60 mph) is Tow in southern Florida, a large percentage of these structures
is located close to the coastline, making them susceptible teo very high
winds as the storm moves onshore. On the other hand, in the Houston
metropolitan avea. the smaller nuwber of dwellings exposed to extreme high
winds results from the fact that even though there are more dwellings in
the general ar¢a, a large percentage of these structures js located some
distance inland and takes advantage of the decrease in maximum wind speed
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as the hurricane moves inland.

Application of the vulnerability factors to the number of
dwellings represented by the 60 mph and 120 mph categories yields a much
different result. The percentage of the 1 million dwellings that would
sustain damage in the Houston metropolitan area (at 60 mph-or-more) is
much smaller than the percentage of the 250,000 structures in the Miami
area that would be damaged (at 120 mph-or-more), assuming that building
codes in Houston are comparable to those in Miami. The relative amount of
loss per damaged structure is much greater for winds of 120 mph than for
60 mph, based upon the vulnerahility factors. Consequently, the potential
for producing a natural disaster from an extreme hurricane with the
various landfalls is greatest in southern Florida. A landfall near Naw
Orleans yields the second highest natural disaster potential, and a land-
fall near Houston would produce the third largest potential. This conclu-
sion zpplies only to the hurricane wind hazard. When the storm surge
hazard 1s concurrently evaluated for these landfall locations, the coastal
area with the greatest catastrophe potential will 1ikely change. In
addition, the natural disaster potential of an extreme hurricane at each
of the 32 Tandfall locations must be weighted by the probability of occur-
rence implied from Tong-term frequencies. The probability of an extreme
storm with Tandfall in {1} south Florida, (2) the delta area of Louisiana,
and (3) the central coastal section of Texas is relatively high compared
with other coastal areas based on occurrences in the past 100 years.

Some of the most damaging extreme hurricanes have been those with
two Tandfall Tocations; namely, that pass over southern Florida, move
across the Guif, and then go inland near the New Orleans or Houston metro-
politan areas. These storms can produce extensive damage in both Florida
and Texas or louisiana. Examples of extreme hurricanes that were of this
type are as follows:

Hurricane iives Lost Economic Loss
Sept. 2-15, 191% 900 22,000,000 (1919 dollars)
Sept. 11-22, 1926 243 112,000,000 (1926 dollars)
Sept. 4-21, 1947 51 110,000,000 (1947 dollars)
Aug. 27-S%ept. 12, 1965 {Betsy) 75 1,420,500,000 (1965 dollars)
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6. Variation in Loss Potential Caused by level of Hurricane
Intensity

In the previous section, the effect of the overlapping and
interaction of an extreme hurricane's wind speed pattern with the coastal
array of the populations-at-risk was considered. Landfall of the extreme
hurricane at several Tocations along the coast created a high catastrophe
potential. In this section, the effect of hurricane intensity upon catas-
trophe potential is discussed.

Five huyrricanes with identical path, speed and relative size
were simulated at each of the 32 landfall locations. Storm intensity
ranged from 27.00 inches (upper 1imit of extreme hurricane category) to
29.00 inches (upper limit of minimal hurricane category). When the number
of dwellings affected was plotted against Tandfall Tocations for the four
other intensity levels, the resulting relationships were different from
those of the extreme hurricane. The reason is that changes in size, shape
and gradient of the wind speed patterns due to the change in storm inten-
sity result in a different set of interactions with the geographical array
of population-at-risk spread over the coastal states from Texas to North
Carotina.

In Table IV-3 an indication of the effect of changing hurricane
intensity upon loss potential is expressed in terms of number of buildings
exposed to a given wind speed and relative amounts of damage, as compared
with that caused by an extreme hurrijcane.

TABLE TV-3

LEVEL OF LOSS POTENTIAL AS A PERCENTAGE INDEX OF DAMAGES
CAUSED BY AN EXTREME HURRICANE WITH LANDFALL NEAR
HOUSTOM, NEW ORLEANS AND MIAMI
3a. Comparison of the number of single-unit residential buildings
exposed to winds of 100 miles per hour or more during passage

of an extreme hurricane with the number exposed during the
passage of hurricanes of lesser intensity.

HURRICANE INTENSITY

EXTREME MAJOR MINIMAL
.andfall location 27.00 in. 27.50 in. 28.00 in. 28.50 in. 29.00 in.
near Houston 100 4 59 4% 1% % 5 % <1 %
near New QOrieans TG0 79 38 19 < 1
near Miami 100 92 66 12 <1
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3b. Comparison of the amount of wind-caused damages incurred during
the passage of an extreme hurricane with damages caused by the
passage of hyrricanes of lesser intensity.

HURRICANE INTENSITY

Landfall Tocation 27.00 in. 27.50 in. 28.00 in. 28.50 in. 29.00 in.

near Houston 100 % 54 % 23 % 7% 2 %
near New Qrleans 100 60 26 g 2
near Miami 100 58 24 2 2

The number of dwellings exposed to winds in excess of 100 miles
per hour for a 28.00 in. intensity hurricane would be about 66% of the
number exposed during an extreme hurvicane when landfall is near Miami.
The percentage is only 19% when the landfall is near Houston. The
difference between Houston and Miami is due to the distribution of dwell-
ings refative to the coastline. However, the amount of damage for a major
hurricane (28.0Q in.} is about the same (25%) at both cities when compared
to losses incurred during the passage of an ektreme hurricane. At Miami,
the absolute amount of damage is greater than at Houston for an extreme
hurricane.

7. Combined Effect of Storm Path and Intensity on

Loss Potential

One way to look into the future is toc examine the past. Estima-
tion of the current catastrophe potential associated with a recurrence of
past hurricanes would be dependent upon the known physical characteristics
of the hurricane (storm intensity, speed, size and age) and its path
relative to the spatial array of the current populations-at-risk and their
vulnerabilities. It s difficult to integrate the multitude of inter-
actions necessary to make this estimate, especially when the only infor-
mation that is commonly available are maps of the storm's track (Cry,
1965). There is much additional information available on characteristics
from a number of different sources which is pertinent to this estimation
problem and which should form the basis of a severe storm climatology.
Natural hazard simulation is one means of synthesizing this information
with poputation-at-risk data and translating it into a measure of catas-
trophe potential.

A recurrence of a number of past hurricanes was simulated in
order Lo examine how the level of catastrophe potential is related to
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storm intensity {central barometric pressure in inches of mercury) and
storm path. In the past 100 years, 66 hurricanes affected Lhose coastal
areas that adjoin the western Gulf of Mexico. The effect of a recurrence
of each of these hurricanes upon populations-at-risk in Texas and Louisiana
was calculated. Damages resulting from each hurricane were indexed rela-
tive to losses caused by the most damaging storm. Frequency by index size
is as follows:

DAMAGES AS A PERCENTAGE OF LOSSES CAUSED NUMBER OF
BY THE MOST DAMAGING HURRICANE HURRICANES

1-19 % 49

20 - 39 7

40 - 59 5

60 - 79 2

80 - 100 3

TOTAL 66

In nearly 75% of the simulated vecurrences, the calculated
losses were less than 20% of damages associated with the most damaging
hurricane. This result reinforces the idea that all hurricanes do not
have the same catastrophe potential. The path of the storm relative to
populated areas must also be considered. No matter how intense a storm
might be, it is not a damaging storm uniess it affects a population-at-
risk which is vulnerable to damage. Climatological information taken by
itself cannot be used to determine loss potential.

Seventeen of the past hurricanes would have been classed as
extreme hurricanes using Dunn and Milier's (1964) criteria. Twelve would
be major events and the remaining 37 would be of minimal intensity. Cal-
culated damages resulting from the 17 extreme storms exhibited a wide
range in amounts in spite of the fact that all of the storms weve of
severe intensity,

Tne level of loss potential is dependent upon a combination of
storm intensity and path. To define the form of this dependence, calcu-
lated damages from each of the simulated hurricanes with landfall loca-
tions given in Figure IV-6 were indexed relative to losses from the most
damaging hurricane of exireme (27.00 in.) intensity.

If the production of a natural disaster can be defined in terms
of relative amounts of damage, then data in Tabie IV-4 suggest that hurri-
cane intensity is a necessary condition, but not a sufficient condition
for the creation of a hatural disaster. There are a number of occurrences

85



Tisted in the table exceeding, say, a 20% index for high intensity
(extreme) storms and none for Tow intensity (minimal) storms. However,
it should be noted that calculated damages are indexed relative to the
most damaging 27.00 in. intensity hurricane. A 27.00 in. hurricane is a
relatively rare event. Conseguenily, a similar indexing was made using
the most damaging storm with a central pressure of, in succession, 27.50
in., 28.00 in., or 28.50 in. as the intensity ilevel for the most damaging
storm. In these cases tne lower intensity (minimal) hurricanes have a
greater number of higher index numbers, but the importance of storm inten-
sity as & necessary condition in producing a high level of Toss potential
still holds.

TABLE IV-4

SIZE OF DAMAGE INDEX FOR EACH OF FIVE HURRICANE
INTENSITIES AT 32 LANDFALL LOCATIONS

HURRICANE INTENSITY

Calculated Damages as

a Percentage of Losses
Caused by Most EXTREME MAJOR MINIMAL

Damaging Hurricane 27.00 in. 27.50 in. 28.00 in. 28.50 in. 29.00 in.

0 - 5% 1 11 24 32 32
10-19 11 1G 5 0 ]
20 - 29 7 5 3 a 0
30 - 39 3 1 Q 0 a
40 - 49 4 2 0 0 a
50 - 59 2 1 0 0 a
60 - 69 0 1 0 0 0
70 - 79 1 i 1] 0 0
80 - 89 1 G ] 0 Q
90 -100 2 a 0 0 0

TOTAL 32 32 32 32 32
Maximum wind speed 165 145 130 115 100

(peak gust}

Vthe index for the most damaging hurricane is 100%.

The fact that high intensity is not a sufficient conditian for
producing a high loss potential can also be shown in Table IV-4. Even
though the simulated hurricanes were of extreme intensity, a number of
them did not produce Targe amounts of damage. There are still stretches
along the Gulf and South Atlantic coastlines across which an extreme
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hurricane can move and yet produce only a small aggregate damage. How-
ever, because of the rapid growth in density and spread of population-at-
risk in hazardous coastal areas, this situation will not continue very far
into the fyture. This possibility can be tested by increasing the density
and spread of population-at-risk in hazardous coastal areas on the com-
puterized grid system using various sets of assumptions about future
growth.

8. Other Factors Affecting Estimation of Loss Potential

Additional factors must be considered when possible reasons for
various levels of loss potential are being sought. The effects of the
speed and size of a hurricane in setting the level of loss potential are
fairly obvious with other factors held constant. A fast-moving storm will
expand the size of the overland wind speed pattern but reduce the duration
of the period of high winds. Increasing the size of the storm increases
the size of the inland wind pattern and its resultant loss potential.

Both of these factors were held constant in the simulation of hurricanes
at the 32 landfall locations.

A less obvious, but important, consideration is {he degree of
effectiveness of the interaction of the wind speed severity patterns with
the geographical arrays of populations-at-risk in iafluencing loss poten-
tial. The Tevel of effectiveness is dependent upon the existence and
nhorizontal extent of areas containing very high wind speeds which cause a
disproportionate amount of damage. Vulnerability relationships are highty
nen-linear. Given that a hurricane has sufficient strength (as determined
by its intensity) to produce very high wind speeds, the realization of its
inherent Toss potential depends upon the overlapping of these areas of
very high winds with the population-at-risk.

In general, the size of areas affected by wind speeds of various
severities depends upon storm intensity. 1In the computer model, when a
hurricane moves onshove on a path perpendicular to a straignt coastline,
the land area affected by winds of, for instance, %0 miles per hour is
80 square miles for a minimal intensity (29.00 in.) hurricane:; 2000 square
miles for a major (28.00 in.) hurricane; and 4800 square miles for an
extreme (27.00 in.) hurricane. However, when tae angle of the storm path
is different from a right angle course to the coastline, the size and
shape of the high wind areas become distorted. This is alsc true when the

path has a curvature. In addition, irregularity in coastline configurations,
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including the existence of offshore islands ciese to the mainland, makes
it difficult to define the location of the "effective coastline" for
placing the hurricane's landfall position. [In the hurricane model, the
factor for decreasing the wind speed with distance inland begins at the
Tandfall Tocation.

To 11lustrate the effect of these two factors upon the deter-
mination of simulated Toss potential, the hurricanes wers rerun for five
intensity categories at each of the 32 landfall locations, assuming a
uniform (saturated) density of the populations-at-risk throughout the
coastal states. In effect, this assumption eliminates the influence of
the geographical variability of populations-at-risk in determining whether
a particular hurricane will attain its inherent loss potential. As a
resylt, the variability in calculated damages among the 32 jandfalls is
dependent salely upon the relative sizes of the areas affected by very
high wind speeds. A1l of the physical characteristics of the storms were
held constant except the angle and curvature of the path relative to the
coastliine. The degree of coastline irregularity varies widely among the
32 landfall locations. Damage amounts were indexed against iosses in the
most damaging storm. The follewing is a freguency count by size of the
damage index for the 32 extreme intensity {(27.00 in.) hurricanes. For
comparative purposes the frequency count is also given using the current
nopulation-at-risk, as 1isted in TabTe IV-4.

Calculated Damages as a Percentage of Current Uniform (Saturated)
Losses Caused by the Most Damaging Population- Population-
Extreme (27.00 in.} Hurricanes at-Risk at-Risk

0-9% 1 0
10 - 19 N 0
20 - 29 7 1
30 - 39 3 3
40 - 49 4 6
50 - 59 2 5
60 - 69 0 5
70 - 79 1 6
80 ~ 83 1 3
90 - 100 2 3

TOTAL 32 32

The wide variation in the frequency counts for a saturated
population-at-risk indicates that the effectiveness of the pattern inter-
actions can be significantiy infiuenced by a storm's path and curvature
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relative to the coastline and by the irregularity of the coastiine at
landfall.

Interpretation of Wind Resulis in Terms

of Research and Data Needs

Several examples have been given of some applications of the
wind model to estimate Toss potential of hurricane winds to populations-
at-risk along coastal sections of the southern and eastern United States.
The purpcse has been to use results of these applications as a vehicle for
enumerating the type of research and data needed to improve the usefuiness
of output from this type of analysis.

1. Data Needs

The same definitions are used to represent the four populations-
at-risk in the eastern United States as were used in California so the
informational requirements are comparable. Refer to the section on data
needs in Chapter III for a discussion of the current deficiencies in
popuiation-at-risk and vuinerabjlity specifications.

2. Research Needs

As with the earthquake model, useful estimates of the loss
potential evidently can be cbtained with the use of a simple mathematical
model. The output of the hurricane wind model can be improved by use of
the Tocal exposure factor which s currently being put inte computer
memory for each gvid point. Additional work nust be done to test the
physical validity of various assumed combinations of hurricane character-
istics f{intensity. storm speed, storm size, path, landfall on an “effec-
tive coastline") in altering the size and shape of geographical areas
affected by very high winds during the passage of a hurricane.

The Storm Surge Hazard

The worst storm surge catastrophe, in terms of 1ives Tost,
occurred in 1900 at Galveston when 6000 persons were killed., Early
warning procedures of tne United States government have drastically
reduced loss of life in the United States from storm surge occurrences in
recent years. Unfortunately, an early warning of an impending surge was
not made several years ago in East Pakistan, and resulied in the deatn of
50C,000 people. Property damage in the United States resulting from storm
surges has increased very rapidly over the years because of such things as
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increased numbers of structures buiit in exposed areas, value of these
structures, and cost of repair ar replacement. In the 14-year period
{1957-1972), property damage amounting to nearly $2 billion can be attri-
buted to coastal fiooding resulting from four hurricanes that affected
coastal areas of the Guif: Hurricane Audrey, lLouisiana, 1957; Hurricane
Carla, Texas, 1961; Hurricane Betsy, Louisiana, 1965; Hurricane Camille,
loyisiana and Mississippi, 1969. A recurrence of other hurricanes that
gccurred in the years prior to 1957 would probably also cause comparable
storm surge losses to the ¢geographical distribution and value of current
structures located in coastal areas of the Gulf. Computer simulation is
being used to make damage estimates based upon a recurrence of these
earlier hurricanes.

A storm surge is defined as an increase in water Jevel abovye
normal tidal action, caused by storm conditions. Along the Gulf and
Tower eastern coastline of the United States, a storm surge usually accom-
panies the passage of a hurricane. It may be as small as one to two feet
above normal tide levels or it may exceed 20 feet, as happened when
Hurricane Camille moved across the Mississippi coastline in 1969, Storm
surge-caused damages exceed wind-caused losses in many nurricanes. The
depth of the hurricane surge, as it is sometimes called, is dependent upon
a complicated set of interactions between the path, intensity, speed, and
size of the hurricane with sea bottom and coastline configurations. Local
conditions can cause a variability in surge depth of a number of feet
within a distance of only a few miles. However, some general relationships
can be constructed about the magnitude of the surge as influenced by the
major causative factors. These relationships are the basis for the devel-
opment of the storm surge model. The storm surge pattern associated with
each hurricane has its unique gualities, but there are also consistencies
among hurricane surges which can form the basis for the development of a
simple mathematical model to approximate the process.

1. Factors that Influence Depth of the Hurricane Surge

A number of factors can affect the depth of the storm surge
along coastal areas {Friedman, 1971).
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a. Effect of Reduced Barometric Pressure

Over the open ocean, the only factor that contributes to tne
still water depth of the ocean surface is reduced atmospneric pressure.
The level of the ocean surface increases in areas of low atmospheric
pressure. Beneath the center of a severe hurricane, the ocean surface may
be drawn upward by as much as two or three feet. The level of tne sea
surface is increased by about one foot for each inch of mercury reduction
in atmospheric pressure. Severe hurricanes can have central atmospheric
pressures of only 27 to 28 inches of mercury, or two to three inches below
a normal atwospheric pressure of 30 dinches. However, waves of 50 feet or
more in height may be superimposed upon this deep ocean "surge' of two or
three fest. The effect of reduced atmospheric pressure on the depth of
the surge probably alsc holds near coastlines but the wind effect over-
shadows its influence.

b. The Wind Effect

The wind effect does not increase the still water depth of deep
ocean waters. However, as the hurricane crosses the Continental shelf and
moves toward a coastline, its influance on surge depth increases rapidly
as the ocean depth decreases. The still water level may be increased by
15 feet or more as onshore winds of hurricane-force drive the water shore-
ward where it “"piles yp"” along the coastline. This wind-caused portion of
the storm surge, along with the portion caused by reduced atmospheric
pressure, is added to the level of the normal Tunar tide which happens to
be occurring as the hurricane moves cnshore. Finally, superimposed upon
the confined still water Tevel of the storm surge and lunar tide are the
wind-induced waves. The stil]l water level is defined as that level which
is approximately midway between the aggregate of the trougns and peaks of
these storm waves.

Onshore winds of a hurricane approaching the Gulf or East coast
occur to the right of the storm track (as one looks in the direction
toward which the hurricane is moving). The peak level of the surge is
usually 10 to 20 miles to the right of the storm track. In some cases it
may be as much as 3% miles to the right of the track. Occasionally,
because of sea bottom and coastline conditions, the peak surge may even
occur to the left of the track of the hurricane's center.

The configuration of the sea bottom near the shoreline and the
coastline 1iself can greatly influence the resulting storm surge level and
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produce large unpredictable local variations in depth. In general, a
gently upward-sloping sea floor producing shallow ocean depths near the
shoreline contributes to a maximum buildup of wind-driven water along an
open coastline. Bays, estuaries or irregular shaped coastlines that cause
a convergence of the wind-driven waters can produce storm surge levels that
are twice as great as the depth of the surge on an open coastline. When
the surge is torced up a narrow channel, such as a river bed, it may appear
as a wall of water.

If the ocean remains relatively deep near the coastline, there
is much Tess tendency for the water to pile up on the seacoast as a hurri-
cane approaches and the resulting storm surge will not be as deep as it
would be along a coastline where offshore waters are shallow. To offset
this affect, wind-driven waves will be much higher on the coastline where
the ocean is deap near the shoreline than waves along coastline areas
where offshore water is shallow. Portions of the Texas and Louisiana
coastlines represent areas where offshore water is shallow, and there are
deep storm surges and less intense wave action when a hurricane occcurs.

Cn the other hand, oceanside sections of Miami represent a coastline where
offshore water is relatively deep, Teading to a relative shallow storm
surge, but intense wind-driven wave action when a hurricane strikes that
area. The bay effect increases the storm surge depth potential on the
west side of Biscayne Bay as compared with that on the oceanside.

c. The Effect of Waves

A brief description of the damage potential of wave action is
given by the Environmental Science Services Administration (1967):

Wave and current action associated with the surge also
causes extensive damage. Water weighs some 1700 pounds
per cubic yard; extended pounding by giant waves can
demolish any structures not specifically designed to
withstand such forces. Currents set up along the coast
by the gradient in storm-surge heights and wind combine
with the waves to weaken coastal structures. Many
buildings withstand hurricane winds until, their foun-
dations undermined by erosion, they are weakened and
fail.

Some account must be taken of the damaging effect of the super-
position of wind-driven waves upon the (still water) depth of the tidal
surge. Runup from breaking waves on @ sloping surface can add a number
of feet to the effective depth of coastal fleoding. 1In addition, the
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battering effect of the rapidly moving water can add appreciably to the
damage potential of the surge.

Wind-driven waves transport very little water in the open sea,
but near shore these waves may produce a significant transport of water
shoreward. Waves parallel to a beach carry considerable water onshore.
Water moving shoreward from a wave breaking on a beach has a large amount
of momentum and it may run up a stoping surface fo an elevation above the
still water 1ine which is twice the height of the wave before breaking.

As a resuit, run-up water can spill over into areas which are a number of
feet nigher than the still water level on the seaward side of the beacn.
This overtopping process is dependent upon such things as wave height,
wave frequency, wave steepness, siope of tne beach, wind conditions, and
the depth of water near the beach which determines how close to shore
these waves can get before breaking. The U. S. Army Corps of Engineers
estimates run-up to be five to seven feet along beach areas on southern
Fiorida beaches near Miami and also along eastern North Carolina beacnes.
In other coastal areas where offshore waters are shailower and large waves
are less likely to occur, the run-up is less. Two toc three feet appears
to be a representative increment. In bays and estuaries, the run-up is
even less because only short period waves of low height can form in the
shatiow waters.

Shaliow-water waves, when the fetch is short, are not hign and
will produce a run-up of only one or two feet. Under these conditions
the greatest wave wash damage potential will occur near the natural shore-
iine. Consequently, when offshore waters are relatively deep clicse to the
shoreline, depth of the surge {still water depth) will not pe large, but
superimposed wave action will be great with considerable yun-up potential.
On the other hand, when offshere waters are relatively shallow {stil]
water), depth of the storm surye may be large, but the superimposed wave
action wil] be less with lower run-up distances.

If waves break offshore before reaching the coastline, very
Tittle run-up occurs; however, the water carried shoreward by the breaking
waves cannot move back to sea as rapidily as new water is sent shoreward by
subsequent wind-driven waves., This effect is called "wave set-up", which
is the piling up of water near the shore caused directly by wave action.
The maximum amount of wave set-up occurs at the beach line. The set-up
of breaking waves may amount to three feet of the total storm surge on a
beach. It is estimated that under certain conditions wave set-up may even
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amount to as much as six feet of the surge. Wave set-up would be impor-
tant on an open ccast. such as those near Miami, where ocean deptn
increases rapidly with distance from the shoreiine and enables Targe waves
to approach to very near the coast before breaking. Peak water elevation
measured on a beach will be higher than recorded at tide gages which are
Tocated some distance seaward in order to also give information on low
tide. Therefore, the effect of wave set-up is less pronounced on the gage
recording than actually occurs on the beach.

If the land is Tow-Tying and level, the surge depth will be
greatest a short distance inland. Depth of the surge decreases both sea-
ward and landward of this point. The amount of decrease landward will be
about one foot for each 2.75 miles inland on low-1lying Tland similar to
that found in the Mississippi River delta of Louisiana {Corps of Engineers,
1965). For instance, if the waximum surge were 12 feet near the coast,
the surge would be ten feet deep approximately six miles inland. Wave
heights at this distance inland could add another two to three feet to the
surge depth if winds were blowing onshore at nearly 100 mph. However, in
the Mississippi delta area, swamp grasses help to dampen the height of
waves developed on storm surge waters forced inland by the wind.

d. The Effect of Rainfall

A foot or more of rainfall in a 24-hour period over a large area
can easily be produced by an approaching hurricane (Goodyear, 1968).
Resulting flood waters can be trapped in rivers, bays and estuaries along
the coastline by the tidal surge which reverses direction of tne normal
drainage flow patterns. These trapped flood waters then add to the depth
of the storm surge.

a. Effect of Lunar Tides

Lunar tides, as defined in this report, refer to the predictable
astronomical tides which normally affect coastal areas. Lunar tides in
coastal sections of the Gulf could add (or subtract) a foot or more to
the depth of the storm surge, depending upon the timing of storm occur-
rences with times of nigh or low tide. As one moves northward from
Florida along the Atlantic coastline, the maximum lunar tide increment

that could be added (or subtracted) increases in size.
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f. Effect of the Farth's Rotation

The rotation of the earth produces an acceleration to the rigit
in any current in the Northern Hemisphere. If motion in this divection
is impedad by a coastline, the acceleration is balanced by an increase in
water Tevel to the right. Consequently, the effect of the earth's rota-
tion can increase or decrease the depth of the surge, depending upon the
shape of the coastline where the hurricane crosses,

g. Effect of Land Elevation

Various factors nave been discussed which have an influence upon
the frequency and severity of the storm surge. Elevation of the land
along the coastline is a major factor in determining the magnitude of the
storm surge hazard.

Elevation conditions can vary from where the Tand rises abruptly
near the beachiine, to levels above the maximum expected storm surge, to
the case where the Tand is Tevel and near sea level for many miles inland.
Along the Gulf and Atlantic coastlines both extremes and many middle
variations exist. Barriers and other protective stryctures have been
built to offset the lack of land elevation.

An index of the degrse of exposure to the storm surge due to
land elevation and distance to open water is given in Appendix G, which
contains maps of the approximate location of the 10, 20 and 30 foot con-
tours along the coastline from Texas to Maine. Along the Texas coast,
the 10-foot contour is generally more than five miles from the coastline.
Without some sort of protection, the population-at-risk along this sea-
coast strip of Texas is highly exposed to the velatively frequent occur-
rence of deep surges. An example of the possible geographical exient of
coastal flooding is Shown in Figure IV-8, which represents nigh water
marks resulting from Hurricane Carla in 1961. Portions of the entire
Texas coasltiine were inundated up to five to ten miles inland; coastal
floocding depths were four to five feet near Brownsvilies; 150 miles up the
coastline, near Corpus Christi, water deptns increased to nins feet;
another 75 miles northward along the coast, near where Hurricane Carla
moved onshore, water depths varied from about 12 feet on open beach areas
to 22 feet in an adjacent bay (high water mark). One hundred and twenty-
five miles further north in the wvicinity of Galveston, water depths on
the beaches were about nine feet; along shores of Galveston Bay, waler
ranged up to 16 feet deep: at the Texas-lLouisiana border, another 75 miles
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up the coast, water depths were seven feet on the beaches; coastal areas
of western Louisiana were also inundated. It should be noted that Hurri-
cane Carla was an unusyally large and slow-moving storm,

The ten-foot contour lies about 30 miles inland in southwestern
Louisiana and more than 5C miles inland in the Mississippi delta area of
southeastern Louisiana. The storm surge hazard is especially great in
coastal Louisiana because of the combination of the vast extent of low-
lying ground with the reTatively high frequency of extreme hurricanes. In
1957, Hurricane Audrey caused an inundation of many square miles of land
in southwestern Louisiana. Maximum water depth was 14 feet. Three hundred
and eighty persons were drowned. Eight years later, Hurricane Betsy
pushed Gulf waters across most of the Mississippi delta area of south-
eastern Louisiana to depths of ten to 12 feet. In some places the water
was 15 feet above mean sea level. Fifty-eight persons were killed and
property damage was above $1 billion. The greatest loss of life as a
result of a storm surge in Louisiana occurred in 1893 when 1800 people
perished in the vicinity of New Orleans.

Four years after Hurricane Betsy. one of the most powerful
storms ever to strike the United States, Hurricane Camille crossed the
Mississippi coastline with a storm surge depth of up to 24 feet on beach
areas a few miles to the right of the storm's center. Storm surge depths
reached 15 feet on Louisiana's Mississippi River delta. Total property
damage was estimated to exceed $1.4 biilion. A large portion of the total
damage can be attributed to the storm surge. Two hundred and fifty-six
persons diad; most were drowned. Nearly $1 billion in damages occurred
in Mississippi in spite of the fact that the 10, 2C¢ and 30-foot elevation
contours are close to the shoreline.

In coastal Alabama the contours are close to the snoreline in
most areas. However, the shallow upper sections of Mobile Bay appear to
present a target for deep surge waters from a hurricane with an optimally
oriented track. Many areas of the Gulf and south Atlantic coastlines are
protected by hurricane flood protection systems. If an exceptionaliy
savere storm surge breached one of these protective facilitfes, severe
damage could result because the building of dikes and other barriers
greatly encourages construction of homes and industrial buildings close
to highly hazardous coastal areas, as in the case of the City of New
Orleans. Further east, the elevation contours along the Florida panhandle
to Panama City are close to tne shoreline, minimizing the geographical
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extent of the storm surge hazard area.

Fast of Panama City to about 50 miles north of Tampa Bay the
ten-foot contour moves inland and exposes a five to ten-mile strip of low-
lying land. The contours are close to the shoreline further south,
including most of Tampa Bay. However, the concentration of population-at-
risk and the possibility of deep surges at the head of Tampa Bay increase
the catastroptie potential for the area. Water depths up to 14 feet above
sea level have been observed in Tampa Bay during a hurricane passage.
From Tampa to Fort Myers, the ten-foot contour lies generally five miles
or less from the beachline. South of Fort Myers, the ten-foot contour
moves inland. The southern tip of Florida, including the Florida Keys,
is generally less than ten feet above mean sea level.

The most intense storm to strike the United States (central
pressure 26.35 inches of mercury} occurred in 1935. A storm surge depth
of 18 feet was reached on Long and Matacumbe Keys. Nearly 400 persons
were drowned. In 1926, an extreme hurricane moved directly over Miami
{barometer reading 27.61 inches at Miami}. Surge depths in excess of 12
feet were reached in at least one water front location of Biscayne Bay.
Damages from this hurricane (wind and storm surge combined) were estimated
at 3100 million {1926 dollars). More than 100 persons were killed in
Miami. A recurrence of the 1926 storm would produce damages tc current
properties many times in excess of the original losses.

It should be noted that wind setup on a large inland take near
the coastline, such as Lake Okeechabee in south Florida, can pile large
amounts of water onto leeward shores. A hurricane in 1928 caused the
deaih of 2000 persons by drowning along the shoreline of the Take. A
hurricane in September, 1947, caused water pile-up to 21.6 feet msl at
Clawiston, and 20.9 feet ms1 at Moore Haven on the southwestern shore of
Lake (keechobee. Two years later a hurricane in August, 1949, piled
water to 24.0 feet msi at Belle Glade, and 23.1 feet ms1 at Okeechcbee on
the shores of the lake. The elevation of Lake (keachobee is about ten
feet msl.

North of Miami, the ten-foot contour is close to the shoreline
fraom Boca Raton upshore to Melbourne Beach. South of Boca Raton the Tand
is generally less than ten feel above mean sea level. This includes Ft.
Lauderdale, Hollywood, Miami and Miam{ Beach. The storm surge hazard in
the southern tip of Florida is increased because of the low-lying land
and the high frequency of extreme hurricanes. Fortunately, offshore
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waters near Miami are deep, This reduces the probability of large storm
surges. However. wave action can be significant on beach properties.

North of Melbourne, a large section of coastal land Is less than
ten feet above mean sea level. From Cape Canaveral to St. Augustine, the
ten-foot contour is within a few miles of the shoreline. The general ten-
foot contour is five miles or more inland from St. Augustine to Jackson-
ville. However, dune elevations may exceed ten feet along the beach Jine.

The ten-foot contour along the coast of Georgia averages ten
miles or more inland, so the geographical area with a potential storm
surye hazard is targe. fortunately, extreme hurricanes have noi been
frequenl alcng the Georgia coast in the past 100 years. When an extreme
storm does occur, and other factors are favorable, the resulting storm
surge can cause considerable destruction. A hurricane in 1898 caused a
16-foot surge on the Georgia coastline and inundated portions of Brunswick,
Georgia to a depth of eight feet.

The general ten~foot contour aleng most of the South Carolina
coastline is ten or more miles inland, establishing a wide area of high
storm surge hazard. A tidal surge in 1893 killed about 1500 persons near
Charleston, Sauth Carclina. In the northern part of the South Carclina
coastline and the first half of the North Carolina coastline, the three
contours {10, 20 and 30 feet) are Tocated close to the shoreline. The
eastern hailf of the North Carolina shore has a Targe amount of land that
is less than ten feet above sea level. At one point this low-lying area
measures nearly 40 miles across. From ¥irginia northward to New England,
the open coast areas below ten feet are relatively narrow. However,
because of the high density of population-at-risk, the catastrophe poten-
tial is high in a number of coastal locations.

2. Development of Storm Surge Model

For a given stretch of coastline, the depth of the storm surge
will be maximized if, among other things, the track of the hurricane is
perpendicular to the coastline; the atmospheric pressure at the storm's
center is extremely low; the hyrricane is slow moving; and it is large in
size. Inasmuch as most of the important meteorological factors that
contribute to the severity of the storm surge are related to the intensity
of the hurricane, and intensity is directly related to the minimum atmos-
pheric pressure at the storm's center, there is a relationship between
maximum storm surge depth and central pressure. The lower the central
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pressure, the greater the storm surge, with other factors held constant.
Surge depths in bays and estuaries must also be considered
separately. If a bay or estuary widens inland from its mouth, the surge
will dampen. On the other hand, if it narrows from its mouth te its head,
the piled-up water will converge and amplify the magnitude of the surge
as observed on the coastline. The effect of the offshore bottom conditions
is to make the expected maximum surge dependent updn the location at which
the hurricane crosses the coastline. The expected depth would be greater
along the coast of Texas than in the Miami area of Florida, if hurricanes
of comparable intensity were to strike each area.
The storm surge genarator incorporates the various factors in
the following manners.

(1) The waximum surge depth along an open coastline
usually occurs near, and to the right of the storm
center, In the model, an estimate of maximum depth
is obtained by using procedures suggested by
Jelesnianski (1967, 1972). First, an approximation
of the maximum surge was obtained using a relation-
ship between surge depth and hurricane intensity.
This depth is modified by a "“shoaling factor" which
accounts for offshore bottom conditions. Data from
a nomogram of shoaling factors for the Guif and
AtTantic coastiine given in Jelesnianski was put
into computer memory for each grid area along these
coastlines. The maximum surge depth is also modi-
fied by a muTtiplicative factor which represents
the effect of storm speed and the orientation of
its path to the coastline. A mathematical surface
was fit to Jeslesnianski's graphical representation
of this adjustment factor and equations defining
this surface were built into the model.

(2} Jelesnianski also presented a method for defining
the location of the maximum surge depth and the
shape and size of the surge depth pattern to the
left and right of the location of maximum depth.
However, after reviewing the literature (Nickerson,
19715 Bodine, 1969 and 1971; Harris, 1963; Jelesnianski,
et al., 1973) and inspecting available data on storm
surge patterns associated with past hurricanes
(including the 44 hurricanes and 24 tropical storms
that were discussed earlier}, it was decided that
an approximation of the envelope of maximum surge
depths could be obtained by the use of the envelope
of maximum wind speeds for coastal Tocations that
is computed in the hurricane wind model. The com~
bined effects of storm intensity, storm speed, storm
size and storm path on the shape and size of this
envelope of maximum wind have already been included
in the wind model. The possible distortion in this
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pattern caused by combinations of the physical
properties of the hurricane has been outlined.
Consequently, it was assumed that the envelope of
maximum surge depth on an open coastline could be
derived from the computed winds. Maximum storm
surge depth that occurs during the passage of a
hurricane is used as a measure of severity rather
than the storm depth observed at any given time
during the hurricane passage, for instance, at the
time of occurrence of the maximum surge. Maximum
storm syrge depth is a better indicator of damage
producing potential for the same reason that maxi-
mum wind speeds are used as a measure of the damage
potential of high winds.

A plot of observed (maximum) wind speeds versus
observed {maximum) storm surge deptns to the right
and left of the storm center for past hurricanes
suggested the use of non-linear relationship involv-
ing storm intensity as a means of converting catcu-
Tated wind speeds on the coastline into a measure
of surge depth. As with the earthquake and hurricane
wind generators, the objective is to attempt to
devise a mathematical model which is based upon con-
sistencies among occurrences of past events. Tt is
not expected that the simple model would be capable
of exactly reproducing the storm surge pattern of
each individual hurricane. -However, it is hoped
that when the calculated surge patterns of a number
of hurricanes are obtained, the overall results will
yield useful indications of loss potential.

The surge depth obtained from the calculated
wind speed s also modified by the shoaling factor
that is assigned to the grid point.

(3) The effect of lunar tide is approximated by the
addition or subtraction of a depth increment at
each grid point, depending upon the assumption
regarding the timing of the maximum surge depth
relative to the timing of lunar tides. The size
of increment can be varied. It is larger along
the middle Atlantic and New England coastlines
than along the Gulf or Southeast coasts.

The basic model produces an approximation of the distribution
of maximum storm surge depths along an open coastline.

a. Effect of Local Conditions

For the storm surge hazard, the effect of local conditions is of
utmost importance in estimating its loss potential. The assumed influences
of the following local factors were butlt into the generator.

(1) Offshore conditions adjacent to each grid area, as

measured by Jelesnianski's "shoaling factor", are
stored in computer memory as described above.
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(2)

(3)

Elevation of the land in each grid area was roughly
estimated by superimposing a grid overlay upon
elevation maps given in Appendix G. An "average"
eievation of each 35-square-mile area was approxi-
mated for about 3000 grid points that represent
coastal sections of Gulf and Atlantic states sus-
ceptible to the surge hazard. These elevation
estimates are stored in the computer.

Land character of each of these exposed grid areas
was designated as "level" or "sloping." An estimate
of the character of the topography was necessary

for determining the percentage of the various
populations-at-risk in a grid area which is exposed
to a surge of a given depth. A representative varia-
Pility in elevation across the grid area is assigned.
The amount of variability depends upon whether the
area was given a "level” or "sloping" land character
code.

Coastline configuration is a major influence upon the
determination of & realistic estimate of surge depths.
Jelesnianski and other researchers have not described,
at Teast in published papers and reports, a method
of estimating surge depth along an irregularly shaped
shoraline that may inciude bays and estuaries. The
work that has been reported relates to open, straight
coastiines. In the surge generator, an attempt has
been made to produce depths along an irreguiar shore-
line that are closer to what is actually observed
than the calculated depths obtained using the open
coastline assumption.

A very simple set of assumptions was constructed.
Each grid area from Texas to Maine, that is exposed
to open watar, is assigned a coastline configuration
designation:

(a) Open coastline;

(b) Coastline indentation with a restricted
opening to the sea--the width of the
indentation becomes larger with distance
inTand;

(c) Coastline indentation with an opening
to the sea--the width of the indentation
does not change with inland distance:

(d) Coastline indentation with a wide
opening to the sea--the width of the
indentation narrows with inland distance.

The calculated storm surge at each of these grid
areas is modified by a factor that represents the
effect of the coastline configuration. The size of
this multipiicative factor depends upon the type of
coastline and the location of the grid area to the
left or right of the storm's path:
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Grid Area Lies to Grid Area Lies to
Coastline Factor Left of Storm Path Right of Storm Path

1) Open Coastline 1.0 1.0
2} Restricted Bay 0.8 1.2
3} Bay 0.7 1.3
4} QOpen Bay 0.6 1.4

The assumption is that surge depths in coast-
line indentations on the right-hand side of the
hurricane path will be greater than on an open
beach. Onshore winds drive the ocean water against
the coastline on the right-hand side as the hurri-
cane makes landfall. To the left of the path, it
is assumed that offshore winds reduce the surge
depth within coastline indentations more than aloeng
an open coastline.

Distance from water is a factor that must be included
for those grid areas that have a low elevation but

do not adjein an open water area. It is assumed
that surge depth decreases at a rate of two feet

per six miles (the distance across a grid area} if
land elevation is held constant. The duration of
the period of high winds is important in determining
how far inland a surge will flow. In a fast-moving
storm, the surge waters have little time to be driven
a great distance inland before the winds change
divection and decrease in magnitude. In a slow-
moving storm, the storm tide has sufficient time

to move far inland if the elevation of the land is
near sea level. Storm surge water moved many miles
inTland along the Texas coast during the sTow apprecach
of Hurricane Carla in 1967. An average storm speed
is assumed for the two feet per six mile rate men-
tioned above,

Al1Y of the 3000 grid points that are not adjacent
to open water are coded as second, third, or fourth
tier grid areas away from an open beach, a restricted
bay, or an open bay. The depth of the maximum surge
in these areas is based upon four factors: tThe surge
depth in the closest open water area; the distance
from open water; the average elevation of the grid
area; and the character of the intervening land.

"High water level"” is defined as the minimum leve]l
below which buildings would not ordinarily be

placed. The high water ievel is related tc the
maximum height of the highest annual lunar tide.

For illustrative purposes, mean high water level is
assumed to vary from about three feet above mean sea
Tevel along the Gulf coast to nearly seven feet along
New England ccastlines.
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b. Reasonableness of Computed Storm Surge Depths

The surge generator requires the same input information as is
neaded for the hurricane wind generator. These parameters are location
of landfall, direction and curvature of path, storm intensity, storm
speed, and storm size. Data on Hurricane Caria were used to obtain the
computed storm surge gattern shown in Figure IV-3. Depth is expressed in
feet. For depths greater than or equal to ten feet, an alphabetic desig-
nation is used: the letter A stands Tor ten Teet, B denotes 11 feet, and
so forth. The indicated depth in Figure IV-9 represents the maximum surge
expected within the grid area. The depth used in the vulnerability
relationships is much more shallow than the maximum depth because it is
based upon a combination of the effects of elevatian, land character, mean
high water, distance from open water, and an averaged surge depth for that
portion of the grid area covered by water.

A comparison between the calculated and observed patterns is
given in Figure IV-10 for open coast and bay areas. Observed stijll water
depths are plotted. The superimposed effect of wave action increases the
effective depth of the surge as signified by gage depths in Figure IV-8.
Calculated depths do not include the effect of wave action. Correspon-
dence between calculated and observed depths is good when it is considered
that very simple assumptions were used in order to obtain the open coast
and bay area estimates.

An example of the use of the storm surge generator to calculate
surge depths winen a hypothetical storm affects the Florida peninsula is
shown in Figure IV-11. The simulated hurricane moves northward, closely
paraileling the Florida west coast, making landfall on the Florida pan-
handle. The storm then weakens as it moves northeastward across Georgia
and South Carolina. WNote the increased depth of water in Tampa Bay as
compared with adjacent beach areas. Minor surge depths of one to three
feet are calculated for the Georgia and South Carclina coastlines as the
storm moves past these areas. The surge depth drops off rapidiy to tne
left (west) of the storm path.

Major improvement in the accuracy of the estimates can be
obtained by further refinement of the storm surge generator. However,
results of the preliminary runs using the present model suggest that it
can produce an adequate approximation of the actual storm surge mechanism
for the illustrative purposes of this report.
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FIGURE IV-9
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¢c. Population-at-Risk and its Vulnerability to
Storm Surge
The four populations-at-risk described in Chapter 111 are
represented in the 3000 grid areas that have an average elevation of less
than 30 feet along the Gulf and Atlantic coastlines. Vulnerability rela-
tionships are composed of two segments for buildings. Fiest, the percen-
tage of the total number of buildings in a grid area that are affected by
the storm surge is based upeon a relationship between computed maximum
surge depth, mean high water, distance to open water, land character,
coastline configuration and elevation of that grid area. Secondly, the
"most likely" amount of value lost when a building is affected is given
in Table IV-5. The value of single unit residential buildings is based on
U. S. Bureau of the Census information. As with the hurricane wind hazard,
the value of other residential and hon-residential buildings is expressed
in a basic increment of $50,000 and $100,000, respectively.

TABLE IV-5

ASSUMED PERCEMTAGE OF VALUE LOST TO AFFECTED BUILDINGS WHEN
A STORM SURGE COVERS ALL OR A PORTION OF A GRID AREA

Storm Surge Single-Unit Other
Depth Residential Residential Non-residential
{Feet) Buildings Buildings Buildings
1 18.0 9.0 4.5
2 30.0 15.0 5.9
3 40.0 20.0 7.3
4 48.0 24.0 8.4
5 56.0 28.0 9.3
6 66.0 33.0 10.2
7 72.0 3.0 11.0
8 80.0 40.0 11.7
9 86.0 43.0 12.3
i0 84.0 47.0 13.0
11 100.0 50.0 13.6
12 100.0 53.0 14.2

For population, the percentage of the number of people affected
in a grid area was calculated in the same manner as buildings-at-risk.
Time did not permit the inciusion of social disruption relationships
developed on the "Assessment of Research on Natural Hazards® project.
However, to provide at least an order-of-magnitude estimate, an over-
simplified casualty curve was used. Some ratios read from the curve are:
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Ratio of Casualties

Storm Surge to Number of
Depth (Feet) Persons Affected

1 1 per 100,000

7 I per 10,000

14 1 per 1,000

20 1 per 100

25 1 per 10

Assumed vulnerabilities for storm surge, hurricane winds and
earthquakes are based upon the very meagre amount of information that is
presently available. Much additional research is needed to establish
more realistic relationships.

Application of Storm Surge Mode]

Local conditions (land elevation, offshore configuration,
coastline shape) have an important effect upon the severity of the surge
hazard at any given coastal tocation. The character of coastal lands also
controls the possible number and density of population-at-risk exposed to
the hazard, as shown in the topographic maps in Appendix G. As a result
of these influences, there is a greater variability in catastrophe poten-
tial of the storm surge hazard than in the hurricane wind hazard for
hurricane Tandfalls spaced along the ccast from Texas to Maine.

Loss potential of the storm surge associated with these Tland-
falls exhibits a large variation in terms of the size of populations-at-
risk exposed, the number affected, and the relative degree of the effect
as measured by a damage index. The simulated influences of current pro-
tection devices, such as seawalls and sand dunes along the coast, tend to
reduce the magnitude and variability of loss potential along the coast-
Tine.

. The physical characteristics of the hurricane alsc exert a major
influence upon the loss-producing capabilities of the storm surge. It was
indicated during the discussion of the wind hazard that ali hurricanes do
not have the same damage potential for winds; the same holds for surge.
Intensity of the storm, as given by the minimum barometric pressure, is a
good measure of inherent damage-producing capabilities. Table IV-6 illus-
trates the caiculated variation in loss potential of a hurricane's storm
surge with change in storm intensity when other physical variables are
held constant (location of landfall, storm speed, storm size and path).
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Landfall of the hypothetical hurricane is on the central Texas coast about
25 miles northeast of Corpus Christi.

TABLE IV-6

VARIATION IN LOSS PQTENTIAL QF THE STORM SURGE ASSOCIATED
WITH AN OCCURRENCE OF A HURRICANE WITH LANDFALL ON
THE TEXAS COAST NORTHEAST OF CORPUS CHRISTI

a. SINGLE-UNTT RESIDENTIAL BUILDINGS

Hurricane Intensity Intenstty (Minimum Index of Index of
Description Barometric Pressure) Number Affected Damage
Minimal 29.5 in. 0 0
29.0 2 2
Major 28.5 76 24
28.0 300 158
Extreme 27.5 610 469
27.0 1000 1000

b. POPULATION

Casualty Index

Minimal 29.5 in, 0
29.0 1
Major 28.5 43
28.0 174
Extreme 27.5 478
27.0 1000

In the past 100 years, there were 13 minimal intensity hurri-
canes that affected the stretch of Texas coastline, which includes the
simulated landfall (refer to Figure I¥-4). Calculated loss potential of
these storms as given in Table IV-6 is very small (damage index 2 or
less)}. On the other hand, there were four axtreme hurricanes during the
same period. The relative loss-producing capabilities of the surge asso-
ciated with an extreme intensity storm are Targe if the other physical
factors are comparable (damage index between 400 and 1000).

The variability of loss potential due to landfall location can
be shown by shifting landfall cf a 28.00 in. intensity hurricane from the
point northeast of Corpus Christi to a Tocation near, say, the Texas-
Louisiana border (see Figure IV-6). The damage index associated with the
new landfall increases to 5750 for single-unit residential buildings, as
compared with an index of 158 for a 28.00 in. intensity storm and 1000 for
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a 27.00 in. intensity storm near Corpus Christi. The casualty index
increases to 7740, as compared with index of 174 for an identical hurri-
cane with a landfall near Corpus Christi.

The effect of hurricane intensity upon the level of loss poten-
tial to a vulnerable urbanized area can be shown by simulating the occur-
rence of two extreme intensity hurricanes with landfall at Miami, Florida.
The first hurricane has an intensity of 28.00 in. (the least intense storm
within the range defined for the extreme category). The second storm,
with other physical characteristics identical to the first storm, has an
intensity of 27.00 in. (near the most intense storm in the extreme cate-
gory). The path of the simulated storms is across the tip of southern
Florida into the Guif of Mexico on a path sltightly north of west, after
making Tandfall at Miami Beach. Figures IV-12 and 13 dendte the simulated
maximum wind speed patterns associated with the 28.00 in. and 27.00 in.
intensity storms. Figures IV-14 and 15 represent the storm surge patterns
of these hurricanes.

The ratio of the number of people exposed to the storm surge as
compared with the number exposed to high winds during passage of a 28.00
in. intensity hurricane over Miami is about 1 in 4. This compares with a
ratio of 1 in 300 for a comparabie storm with landfall near Corpus Christi.

Table IV-7 gives the percentage increase in twe measures of loss
potential--number exposed and damage index--when the effects of a 28.00
in. intensity storm are compared with those of 27.00 in. storm which both
pass over Miami.

A relatively small change in hurricane intensity can change its
loss potential by a considerable amount.

Interpretation of Storm Syrge Resyits in
Terms of Research and Data Needs

Informational deficiencies on population-at-risk and vulnera-
bility mentioned in connection with the earthquake and hurricane wind
hazards alsc exist for the storm surge hazard. As far as could be ascer-
tained, an inventory of buildings along the coastal sections of the Gulf
and Atlantic coasts of the United States doss not exist. Informaticn on
vulnerability to damage of exposed buildings is also needed.

Results of preliminary computer runs using the storm surge
generator suggest that a realistic approximation of the actual storm surge
mechanism can be obtained by the use of a simple model. The question of
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how close the approximation must be in order to provide usable estimates
of Toss potential is yet to be answered. A series of additional runs must
be made to test the sensitivity of the output to changes in the input
information and to compare calculated patterns with actual storm surge
patterns.

TABLE 1V-7

PERCENTAGE CHANGE IN THE LEVEL QF L0OSS POTENTIAL WHEN THE EFFECTS OF A
HURRICANE WITH A MINIMUM PRESSURE OF 28.00 INCHES (Lower end of
extreme hurricane category) ARE COMPARED WITH EFFECTS OF A
27.00 TNCH HURRICANE (Near upper end of extreme category}

7a. Wind Hazard
Populations-at-Risk

Single-lUnit Other
Residential Residential Non-residential
Buildings Buildings Bui 1dings Population
Number Exposed 57% 33% 67% 57%
Damage Index 530% 380% 379% 540%

7b.  Storm Surge Hazard
Populations~-at-Risk

Single-Unit Other
Residential Residential Non-residential
Buildings Buildings Bui ldings Population
Number Exposed 100% 82% 92% 90%
Damage Index 340% 280% 210% 590%

When testing and model adjustment is completed, a recurrence of
Gulf and Atlantic hurricanes from the past 100 years will be simulated and
the effect upon the current populations-at-risk ascertained, using hurri-
cane wind and storm surge generators as 2 unit. In addition a number of
25-year periods will be simulated with various sequences of hurricane
occurrences aiong the Guif and Atlaniic coasts within the simulated time
periods. An estimate will be obtained of the magnitude and frequency of
future natural disasters caused by the storm surge hazard by changing the
density, geographical spread, and vulnerability of populations-at-risk in
accordance with assumptions about future growth in the exposed coastal
plains.
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The effect of adjustments to the hurricane hazard are jncorpo-
rated by modifying the various input factors:
(1) Weather modification which could affect the output
of the natural hazard generator;

(2) Land use changes which might affect the geographical
distribution of population-at-risk;

{3) Building code changes which affect vulnerability;
and

(4) Insurance which could affect the distribution of
the output of the system--the aggregated loss
potential.
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CHAPTER V

INLAND FLOODING

A computer simulation model was prepared for the U. S. Depart-
ment of Housing and Urban Development (HUD) te provide a means for esti-
mating the overall magnitude of the inland flooding hazard to dwellings
in the United States. This information was used during the development of
the joint insurance industry/Federal government Hational Flood Insurance
Program (Friedman and Roy, 1966). This model has been modified to provide
a basis for estimating the effects of various adjustments to the inland
flood hazard (Friedman and Bocaccino, 1972). Although the inland flood
simuiation model does not utilize the grid system, it can be used as an
example of the computer simulation approach for estimating the effects of
the natural hazards.

The purpose of the study was to determine the present level and
future trend in inland flood-loss potential to populations-at-risk located
in the 5539 towns and cities in the United States that are reported by the
U. S. Army Corps of Engineers to have a flood problem. The present level
and trend of Toss potential was determined on the basis of the present mix
of adjustments to the flood hazard and the probable change in mix of these
adjustments if there is no deliberate effort to alter it. In the second
stage of the analysis, the effect of changing old or adding new adjustments
on the magnitude and trend of the Toss potential index was examined.

Population-at-Risk and its Vulnerability

The 5539 cities in the United States determined to have flood
prablems ware broken down by city size category shown in Table ¥Y-1. The
total number of dwelling structures in each city was taken from the 1970
Census. A percentage of these struyctures was determined to be on the
flood plain. These percentages were based upon studies of certain flood-
prone cities requested in 1966 by the U. S. Zepartment of Housing and
Urban Deveiopment from the U. S. Army Corps of Engineers, the Tennessee
Valley Authority, and the U. S. Geological Survey.
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TABLE V-1
NUMBER OF PLACES WITH FLOOD PROBLEMS

Number Size Distributjon Used 1in
City Size of Places SimuTations of 1000 Cities
(PopuTation} —

1,000 to 2,499 1812 328
2,500 to 4,499 1098 198
4,500 to 9,499 992 179
9,500 to 24,499 903 163
24,500 to 49,49G 390 70
49,500 to 99,499 204 37
99,500 to 249,499 88 16
249,500 to 499,499 30 5
499,500 to 999,499 16 3
greater than 999,500 b 1
5539 1000

The flood plain was divided into six nazard zenes, defined in
terms of return period of floods of various depths. The most hazardous
zone had a ftood return period of less than five years, the least hazard-
ous more than one hundred years. Residential properties on the floed
plain were distributed on the basis of results of the empirical studies
of selected flood-prone areas. City size appeared to have no effect on
the distribution of dwelling properties by hazard zone.

As with other hazards, it was difficult to obtain an estimate of
the commercial structures in the cities, since a total count was not
available. As a first approximation, it was assumed that the ratio of
total commercial to residential properties was the same in each of the
cities. A plot of tne rates of commercial to residential properties on
the flood plain indicated that commercial properties may follow the same
relatienship to city size as residential properties, the only difference
being a reduction in the overall number of commercial structures as com-
pared with the number of residential properties. The distribution of
commercial properties by hazard zone was estimated, using the 1966 study,
and found to pe slightly different from the residential distribution. As
with residential structures, city size had no effect on distribution by
hazard zone.

The distributions of value for residential vroperties used in
the 1966 simutation studies (Friedman and Roy, 1966) were updated to 1972
prices. City size again had no effect. Very Tittle information was
available on value of commercial structures. However, it was assumed that
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if commercial structures included "manufacturing® structures, a value of
$10G,000 would be representative for all zones and city sizes. An annual
growth rate, identical for both residential and commercial structures, was
included in the simulation. A growth rate of 3.5% per year was assumed to
be "normal" growth.

In these simulations no attempt was made to use census data to
determine population in the flood-prone areas. An estimate of the number
of people exposed to floods was obtained by multiplying the number of
dwellings exposed in each hazard zone by a conversion factar. In the
preliminary simulation runs, it was assumed that 3.0 (persons per dwelling)
was an appropriate factor for converting a measure of the number of
dweilings to the number of people. This factor was derived from summary
tabulations of the 1970 Census.

Yulnerability relationships utilized in the 1966 studies for
HUD {Friedman and Roy, 1966) were used in the current simu]afions. The
general shape and Tevel of this loss function compares closely with func-
tions derived from informaticn in other studies (Jones, 1971). Table V-2
snows these relationships.

TABLE V-2
VULNERABILITY OF RESIDENTIAL STRUCTURES TO DAMAGE FROM FLOCDING

Depth Abave Percentage of Depth Above Percentage of
First Floor (feet) Value Lost First Floor (feet) Value Lost
1 6.5% 11 29.0%
2 10.5 12 30.5
3 13.5 13 32.0
4 16.5 14 34,5
5 19.0 15 36.5
6 21.3 16 40.0
7 23.0 17 46.5
8 24.5 18 53.0
9 26.0 19 : 6G. 0
10 27.5 20 6G.0

The vuTnerability relationships for commerciai structures was
obtained by weighting the residential structure relationship by a constant
factor of 0.3. The rationale for using this particular weight was to
insure that the total structural commercial damages would be, on the
average, approximately 40% of tne total residential plus commercial struc-
ture flood damages. The 40% figure was obtained from the U. S. Department
of Commerce, National Weather Service annual estimates of flood damages in
the United States by type of structure (U. S. Department of Commerce,

1950-71).
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Yulnerability relationships were also developed for damage to
residential and commercial contents. The loss to residential contents was
determined using an estimated weighted composite of depti damage relation-
ships given in the Federal Insurance Administration's report, Flood Hazard
Factors {1970), for various types of residential structures. Losses for
commercial contents were obtained by weighting the residential depth-
damage curve by a factor 0.3, as was done for commercial structures.

Number of casualties was determined by the number of damaged
residential structures. An estimate of the expected number of casualties
was obtained by multiplying the number of dwellings damaged by a simulated
flood by a factor of one casualty per 170 damaged dwellings. For flash
floods, the casualty rate became one per 85 dwellings damaged. The casu-
alty rates were derived from the annual flood tabulations of the American
Red Cross.

In the simulations, the number of persons who became unemployed
as a resylt of floods was considerad. An estimate of this was given by
the number of commercial structures affected times a factor denoting the
average number of employees per commercial establisnment. This factor
varied by city size: for example, a city of 1000 to 2439 persons nhad an
estimated five employees per commercial establishment; a city of 49,500
10 99,439 had an estimated ten.

Construction of a Flood Generator

The flood generator was designed to develop synthetic loss
experience over a period of years. Memory frcm year to year was not
included in this model. During each year of the simulation, each city is
individually cnhecked by the program for occurrence or non-occurrence of a
flood, through the use of a random number generator.

TABLE V-3
FLOOD ZONE PROBABILITIES

Return Period Probability of
Flood Hazard Type of Floods Occurrence
No flood -— .600
A Less than 5 years .267
B 5 - 10 years .076
C 10 - 25 years .030
D 25 - 50 years .014
E 50 - 100 yeavrs .06
F Over 100 years .007
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When a flood occurs in a given location, the type of flood is also given.
A flood of type A in a city will affect zone A on the flood plain, but not
zone B. A type C flood will affect zones A, B, and C, but not zone D
(refer to Figure V-1). Flood zone probabilities, which were used in the
basic simulations, are given in Table V-3, Alternative sets of assump-.
tions concerning the level were used in later simulations.

Within the various flood types, a range of possible depths was
assumed-. Table V-4a shows the minimum depth by hazard zone for each flood
type. Table V-4b gives the range of flocd depth by zone and flood type.

TABLE V-4
FLOOD DEPTHS

4a LOWER LIMIT OF FLOOD DEPTHS WITHIN ZONE (FEET)

Hazard Flood Type
Zone A B c D E F
A 0 3.6' 6.6 9.6' 12.8' 16.0'
B 0 0 3.6' 6.6' 9.6 12.8!
C 0 0 0 3.6 6.6" 9.6
D 0 0 0 0 3.6' 6.6
E 0 0 0 0 g 3.6
F 0 0 0 0 0 0
4b RANGE FOR FLOOD DEPTHS WITHIN ZONE (FEET)
Hazard Flood Type
Zone A B C D E F
A 3.5 2.8’ 3.0¢ 3.2' 3.2' 3.0°
B 0 3.5 2.9' 3.0' 3.2' 3.2
C Q 0 3.5' 2.9’ 3.0 3.2
D 0 0 0 3.5' 2.9' 3.6'
E 0 0 0 d 3.5 2.9
F 0 0 0 0 0 3.5

When a flood of a certain type is simulated to occur in a city, depth of
the flood water in each hazard zone is specified by use of these tables.
A random number generator is used to determine the depth of water in the
highest zone affected. This is accomplished by specifying a portion of
the range of depth for that particular zone using a random numbey draw.
Having determined the magnitude of the flood, the model then

calculates damages to populations-at-risk using the vulnerability func-
tions outlined previously.
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FIGURE V-1

GRAPHICAL REPRESENTATION OF FLOOD DEPTHS ASSOCIATED
WITH VARIOUS FLOOD TYPES IN HAZARD ZONES

Type A Flood (1-5 year return petiod)

e -
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Zone A ZoneB ZoneC ZoneD Zone E

Type B Flood (5-10 year return period)

]
7

Type C Flood (10-25 year return period}

* A Type F Flood has a retusn petiod of aver 100 years,
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Adjustments to the Flood Hazard

In order to determine the present level of Toss potential of the
flood nazard, it was necessary to determine the current Tevel of adjust-
ments in effect at each of the Tocations. These adjustments include dams,
levees and land use regulations. To obtain a quick estimate of tne type
and combination of present adjustments to the inland flood hazard, a hand
count was made of the number of cities with works constructed by various
agencies. The percentage of places with different fypes of adjustments
was as follows: no flood protection (61.7%), dam only (5.4%}, land use
only (1.5%), Tevee only (21.8%), dam and land use {0.4%), land use and
levee (3.1%), dam and levee (4.6%), and dam, land use and levee (1.5%).

Modifications in the flood generator, the distribution of
population-at-risk in the hazard zones, and the vulnerability relation-
ships were made as a means of representing the effect of these adjustments
on the flood-loss potential at each city. Type of adjustment was assumed
to be independent of city size. The present level of Toss potential,
including the frequency of cccurrence of events producing very nigh loss
potential (natural disasters), was estimated from a series of 20-year
simulations. holding popuiation-at-risk, vulnerability, and combination of
adjustments constant at current levels.

Time-Phased Changes in Adjustments

To determine the future trend of aggregate loss potential at the
5539 places, probable growth rates by hazard zone were applied to the
population-at-risk, and hypothesized time-related changes in the future
were incorporated into the vulnerabiTity relationships. In addition, it
was necessary to develop a means of estimating the "normal” year-to-year
change in adjustment combinations at varicus places when there was no
explicit effort to alter thne time-phased pattern of adjustments. Table
¥-5 shows a change of state probability matrix derived from currently
available information (Friedman and Bocaccino, 1972).

This change of state matrix incorporates an average annual rate
¢f introduction of a levee adjustment to about 24 out of 1000 cities per
year. The annual rate for dams is set at about 13 cities per year. The
land use rate was established at 25 cities per 1000 per year. Probabil-
ities in the change-of-state matrix operate in such a way that the rate
at the beginning of a simulated period of years is g¢reater than the rate
near the end of the period. The intrcduction of the levee., land use, and
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dam adjustments can occur singly or in cembination with other adjustments
that already are in operation.

TABLE v-5

CHANGES OF STATE PROBABILITIES BY TVPL
OF ADJUSTMENT (STATE 2)

No Dam & Leves Dam
Frotec- Land Land & Land 0Dam & Levee &
tion  Dam Use Levee Use Use Levee Land Use Total
.. _ of Adjustment
(State T)
rotection .9027  .0125 .0225 .0Q300 .0020 .0100 .Q200  .Q003 1.0000
0 .9590 .0000 .00G0 .0300 .0000 .0%00  .0GTO 1.0000
! Use 0 0 .9795 .0000 .0085 .0100 .0000  .0020 1.0G00
_ 0 0 0 .9360 .0000 .0500 .0%00 .004Q 1.0G00
& land use 0 0 0 0 .9995 .0000 .0000  .0Q05 1.0000
— - & land use 0 0 0 0 0 L9850 .0000 .0150 1.0000
% Jevee 0 0 0 0 0 0 .9995 L0005 1.0000
Tevee & land 0 0 G J 0 0 0 1.0000 1.0000

Use of the matrix is illustrated by assuming that a city has no
flood protection in a given year. From the matrix, the probability tnat
it will still not be protected is about 90 qut of 100. The probability
that the place will be protected by a Tevee in tne next year is 3 out of
100. Determination of the future trend in loss potential, when the
“noymal" time sequencing of fiood adjustments is in effecl, was obtained
by simulating aggregate loss experience during each year of a series of
20-year periods. The trend in the production of naturai disasters was
also tabulated.

The final stage of the analysis was to use the model as a
vehicle for measuring the effect on aggregate loss potential of modifying
old adjustments, fntroducing new adjustments and altering the time
sequencing of adjustments implied in Table V-5. A number of 20-year
periods were computed using various combinations of adjustments, including
improved warning systems and flood proofing. Comparisons were made
between the present level and future trend of loss experience based on
current adjustment patterns, and loss experience resulting from the use
of the modified or new adjustment combinations.
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CHAPTER VI

OTHER HAZARDS

Tornadoes, Wind and Hail

Large-scale winter windstorms and severe local storms {tornadoes,
hailstorms, local windstorms) are other natural hazards that produce
natural disasters in the United States. An idea of the annual production
of natural disasters is given in Table VI-T1, which lists the number of
times in each of the past 25 years that tornadoes, wind or hail (singly
or in combination) have caused $1 millian or more in insured property

Tosses.
TABLE VI-1
NUMBER OF TIMES THAT TORNADOES, WIND OR HAIL CAUSED
INSURED PROPERTY LOSSES EXCEEDING $1 MILLION
Number of Number of
Year Coded Catastrophes Year Coded Catastrophes
1949 3 i 1962 17
1950 8 1963 8
1951 4 1964 14
1952 5 1965 12
1953 15 ! 1966 14
1954 7 1967 26
1955 6 ] 1968 18
1956 7 [ 1969 18
1957 10 ¢ 1970 . 17
1958 5 [ 1971 27
1959 4 | 1972 26
1960 8 i 1973 24
1961 11

(Insurance Information Institute, 1949-1974)

The annual number of occurrences of losses exceading $1 million is depen-
dent upon the percentages of the populations-at-risk that are insured, the
amount of coveradges, and the effects of inflation upon tne cost of repair.
However, the numbers given in Table VI-1 provide at least a rough

measure of the annual frequency of catastrophes caused by these hazards.
In the recent past, there have been about 25 occurrences per year.
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The amount of Toss when a catastrophe of this type occurs can
be roughly estimated by adjusting damage amounts for each of the 348 coded
events that occurred between 1943 and 1973 to current dollars. When this
adjustment is made, losses exceed $5 miilion in 50% of the occurrences.
In 10% of the cases, losses are in excess of $25 million. Extreme damage
amounts include losses of nearly $175 million {1950 dollars) from & winter
windstorm in the northeastern Unjted States in November of 1950. A recur-
rence of this storm would probably result in losses between 3500 million
and $1 billion to present day populations-at-risk. The April, 1974,
tornado catastrophe caused insured losses of about $400 million.

1. Squall Line Hazards

Tornadoes, hajlstorms and thunderstorm winds are occasional
byproducts of severe thunderstorm activity that frequently occurs in
various sections of the United States. Many times this thunderstorm
activity occurs along a squall 1ine. Realized (actual) damages caused by
these severe local storms are highly variable because of the small geo-
graphical area affected by the event's severity pattern; there is a low
probability that the storm will overlap a densely packed population-at-
risk array (Friedman and Shortell, 1967). In contrast, the severity
pattern of high winds associated with a hurricane and the earthshock
pattern resulting from an earthquake may be several orders of magnitude
larger than the severity patterns associated with tornadoes, hailstorms,
or thunderstorm winds.

A measure of severity of a hailstorm is the size of the haii-
stones, the duration of nailfall, and whether the stones are wind-driven.
The severity of thunderstorm winds is determined by the maximum wind
gusts. For a tornade, the measure is the distance of its path from the
exposed population-at-risk and the severity level of the particular
tornade (Fyjita, 1970).

The damage potential of a tornada is very large because of its
extreme severity. Fortunately its full potential is very seldom realized
because of the small area affected. The width of a tornado is usually mea-
sured in fractions of a mile; the length of the affected area averages less
than ten miles. The overlapping of this small area with the geographical
array of populations-at-risk is needed to convert potential damage pro-
duction into actual damages. (ver the Great Plains, where the density
of populations-at-risk is very low, a large percentage of the tornadoes
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cause only minor and scattered damages. However, when a squall Tine with
accompanying tornadoes of great severity occurs over more densely popu-
lTated areas of the Middle West, the Great Lakes area, or the eastern
United States, a much larger portion of the potential damage production
is realized. In April of 1974, a squall line produced a number of tor-
nadoes that caused hundreds of millions of dollars in damages from Ohio
southward.

The area affected by haiil of damaging size may be an order of
magnitude larger than the area affected by a tornado. Strong thunderstorm
wind areas may be several orders of magnitude larger than the geographical
arez affected by tornadoes as a squall line sweeps across an area.

Figure VI-1 illustrates the importance of the overlapping of the
severity patterns of the severe local storms with population-at-risk in
the creation of a natural disaster. Isolines on VI-la represent a measure
of the frequency and severity of severe local storms in the Middle MWest.
If the population-at-risk were spread uniformly across the area, western
OkTahoma and Kansas would probably have the highest frequency of natural
disasters caused by these storms. However, the density and geographic
spread of the population-at-risk is not uniform across the eastern and
middle sections of the United States. Density drops off rapidly west of
the Mississippi River. Consequently, the overlapping of the local storm
severity patterns with a closely packed population-at-risk array is more
likely over eastern sections of the Middle West. The location of
Insurance Service Office coded catastrophes is plotted on Figure VI-1b.

As expected, the dots are not concentrated in the area of highest fre-
quency of severe local storms {(Oklanoma and Kansas). but are displaced
eastward where there is a greater probability that the severity pattern
will affect a dense population-at-risk. Even though these storms occur
1ess frequently east of the Mississippi, when they do occur, there is a
better chance that the pattern overlap will result in the creation of a
natural disaster.

Natural hazard simulation is being used to examine the future
natural disaster potentials of severe Tocal storms in various sections of
the United States. A mathematical generator for producing severity
patterns of tornadoes, hailstorms and thunderstorm winds is currently
being tested. The generated severity patterns can be applied to the
population-at-risk defined by the currently used system of rectangular
grid points, each of which represent 35 square miles of land area.
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However, probability techniques are needed to estimate the percentage of
the population-at-risk in a grid area that will be affected and the degree
of the effect when a simulated tornado path or haiistreak crosses the grid
area. A tornado would normally affect less than 1/10 of the 35-square-
mile grid area. Hailstreaks could cover a larger percentage of the area,
and strong winds could affect the entive grid area as the thunderstarm
moved by.

As mentioned previously, the size of the grid paoint areas repre-~
senting the population-at-risk should be determined by the expected size
and shape of the severity pattern of the geophysical event. Tornadoes
which usually affect a geographical area of a few square miles spread
along the narrow path of the storm ideally should interact with a
population-at-risk array represented by a grid system in which the indi-
vidual grid areas are, for example, 1/10 of the size of the present grid
areas. Other Tocal windstorms requiring a finer grid include the Boulder,
Colorado storms.

The natural hazard generators can be applied to any size grid.

A graphical i1lystration of the generation of very simple severity
patterns 1s given in Figure VI-Z. Vulnerability relationships have been
developed for several populations-at-risk for tornadoes, hailstorms, and
local windstorms using information derived from insurance claim records
(Friedman, 1966). The effect of possibie changes in the density, geo-
graphic spread and vulnerability of populations-at-risk on the production
of future natural disasters caused by severe local storms will be ascer-
tained by using various sets of assumptions in the computer analysis.

2. Otheyr Windstorms

Windstorms not associated with tropical cyclone (hurricane) or
thunderstorm activity are consideved separately because of differences in
the size, shape and gradient in the severity patterns. There are two
types of windstorms in this category: those caused by and tied to local
topographic features of a region--the "Santa Ana® winds in Southern
California and the "Boulder" winds in Colorado; and those not related to
topography, but the result of a tight gradient in atmosphevic pressure
usually associated with an intense extratropical cyclane.

Characteristics of the wind speed severity patterns are related
to local topography for the Tirst type of storm and to the size and shape
of the atmospheric pressure pattern for the second type. Winter windstorms
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FIGURE VI-2
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EXAMPLE OF POSSIBLE SEVERITY PATTERNS ASSOCIATED WITH SEVERE LOCAL STORM
HAZARD (The patterns are oversimplified and are for jllustrative purposes
only.
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are of the latter type and can cover many thousands of square miles. How-
ever, the maximum wind speeds (peak gusts) usually do not exceed 100 miles
per hour, as compared with winds in excess of 200 miles per hour which are
possible over a small area during the passage of an extremely intense
hurricane. These widespread windstorms can occur in the fall, winter and
spring seasons, usually in northern or western sections of the United
States. LExamples of the level of catastrophe potential of these storms

in the past 25 years are given in Table VI-2.

TABLE VI-2

EXAMPLES OF INSURED LOSS AMOUNTS CAUSED BY WIDESPREAD

WINDSTORMS IN THE PAST 25 YE."\RS.I

Date Location Estimated Insured Loss
Nov. 24-27, 1950 Northeastern United States $174,000.000
Oct. 11-13, 192 Calif., Oregon, Washington £1,000,000
Nov. 11-13, 1968 Eastern United States 17,000,000
Nov. 6 - 7, 1953 Northeastern United States 12,000,000
Dec. 18-23, 1955 Califarnia 12,000,000
Feb. 19-20, 1972 Northeastern United States 11,000,000
Mar. 25-26, 1954 Midwestern United States 7,000,000
Nov. 25-27, 1952 Great Lakes Area 7,000,000

]Loss amount not adjusted to current levels.

(Based upon information in the Insurance Information
Institute, 1949-1974)

Yulnerability relationships for widespread winter windstorms
have been developed from insurance claim records. The general shape of
the non-linear curves relating wind speed to damage is similar to the
vuinerability curves for the hurricane wind hazard. However, there are
sufficient differences that the relationships are not interchangeable.
Reasons for these differences are probably duration of tne high winds,
degree of gustiness, steadiness in wind direction, type of building con-
struction, winterizing of the property. and type and condition of trees.

A mathematical model is currently being constructed which will
generate the synthetic severity patterns of the widespread windstorm.
These patterns can be applied to populations-at-risk in various sections
of the United States.
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Drought

It is possible that simulation techniques can also be applied to
creeping natural hazards such as drought as one means of estimating lass
potential. In this case, the mathematical model would have to generate a
time-dependent series of severity patterns that are autocorrelated, rather
than a single pattern needed to represent the instantaneous hazards such
as earthquakes and hurricanes. The populations-at-risk would be types of
crops, and the vulnerability to loss would have to be time-dependent as
related to the period of the growing seascn.
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CHAPTER VII

PROBLEMS AND OPPORTUNITIES

Major Problems

Simulation techniques provide one approach to natural hazard
toss assessment., Results of the analysis can provide unique insights into
catastrophe potential, including conditions Teading to the production of
future natural disasters. Information in this form is not readily obtain-
able by other means. The natural hazard Toss-producing mechanism is
approximated by simulating the effects of the overlapping of the geographi-
cal severity pattem associated with a geophysical event (earthquake,
hurricane, hailstorm) with the spatial array of a population-at-risk
{buildings or population). Major components of the system are a natural
hazard generator which produces the geographical pattern of severity (wind
speed, earthshock intensity), based upon the physical characteristics of
the geophysical event and modified by the effect of Tocal conditions. The
spatial distribution of the exposed population-at-risk is designated by
use of a computerized grid system representing the land area of the United
States. The vuinerability of population-at-risk to Toss at given levels
of intensity (wind speeds, earthshocks) is also included.

Examples of applications of the simulation approach to various
natyral hazards have been presented to emphasize some of the problems
inherent in this type of analysis:

(1) The number and constraining effects of underlying
assumptions that must be made;

{2} Lack of pertinent input data and information on
relationships among physical variables;

(3) The difficulty of obtaining an adequate represen-
tation of the natural hazard loss-producing system
without making the mathematical mode’l unduly com-
plicated and unyielding--how good is good enoughy
and

(4) Unigueness in some of the characteristics of each
geophysical event which cannot be reproduced by a
simple model.
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Opportunities

The simulation approach provides some unique analysis opportun-
ities.
(1) It provides a method for tying together information
from a number of sources, including the physical
sciences, which are not ordinarily used for natural
hazard assessment. Implications of the synthesis

of this information are expressed in the context
of the problem-at-hand.

{2) Long-term climatology of severe storms can be trans-
Tated into a measure of loss potential to a given
population-at-risk. For example, information
implicitiy contained in charts of the paths of
past hurricanes along the Gulf and East Coasts can
be expressed in terms of less potential fo a speci-
fied population-at-risk arrvay. This is done by
utilizing consistencies inherent in retationships
between such things as storm path and intensity
which imply resultant size, shape and gradient of
the high-wind pattern produced as the hurricane
moves through an area. The same translation can
be made for the esarthquake hazard by converting
information contained in long-term maps of epicenter
Tocation and intensity of past earthquakes into
measures of loss potential to a specified geographi-
cal array of exposed population-at-risk.

{3) Natural hazard simulation can create a natural
disaster from the occurrence of a moderate or
severe geophysical event near a populated area in
a fashion similar to that produced in nature.
Natural hazard Joss potential is expressed on a
continuous scale ranging from zero to very high
{(implying a natural disaster), depending upon the
interaction of the severity pattern of the geo-
physical event with the population-at-risk and its
vulnerability to loss.

If this approach were to be extended and refined for use as a
natural hazard assessment tool, productive areas for further research and
development would include the following:

(1) Refinement of the natural hazard generators could
be achjeved by incorporation of the results of
current research being conducted in universities
and government agencies on the physical charac-
teristics of the natural hazards (earthquakes,
hurricanes, tornadoes), inciluding the effect of
local conditions.

(2} More accurate specification of vulnerability of
various populations-at-risk to the effects of the
natural hazards, and improved definition of the
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(3)

(4)

measure of severity for each hazard and its effect
upon loss production are needed.

Development of a meaningful population-at-risk
inventory for all sections of the United States,
including mobile homes, is desirable.

Better definitions of current adjustments to the
natural hazards, the relationships among them, and
the time sequencing of pessible new adjustment com-
binations in the future are necessary. For example,
development of a method of projecting building code
and land use changes is vital.

More accurate specification of the geographical distri-
bution of populations-at-risk can be accomplished by

the development of a better inventory of the populations-
at-risk, and by the use of a computer system with
smaller-sized grid areas in which the population infor-
mation is mapped. The current system, which is based
upon 0.1° Jatitude by 0.1° Jongitude increments, utilizes
grid areas of about 35 square miles (large-scale grid).
Approximately 85,000 of these qrid areas are needed to
represent the land area of the 48 contigucus states.

For a number of the natural hazards, including tornadoes,
hailstorms, some windstorms and many riverine floods,

it would be desirable to use a system based upon smailer-
sized grid areas, since the size of the individual

grid areas representing population-at-risk should be
small relative to the size of the hazard's severity
pattern. The number of grid areas needed to represent

a geographical area increases nonlinearly as the size

of the latitude and longitude increments used in
defining the size of the grid areas is shortened.

When the increment is changed from 0.1° to 0.01°, the
number of grid areas required to represent a region
increases by a factor of 100. The average size of

the new grid area is about 1/3 of a square mile (small-
scale grid). [Eight and one-half million of these
smaller grid areas would be needed to approximate the
Tand area of the United States excluding Alaska and
Hawaii. The lack of appropriate population-at-risk
information for the entire Tand area of the United
States, which is needed as input into this small-scale
system, as well as the large number of grid areas,

makes the construction of the entire system impractical.
However, detailed mappings of selected urban areas

using the small-scale ¢grid system could be made by
utilizing U. S. Bureau of the Census tabulations of

city block and of smaller-sized gensys track informa-
tion. Data preparation for these small-scale system
segments would probably be comparable to the rates for
the large-scale grid system which are about 2000 grid
areas per man-month for preparation of 1970 Census
information on population and single-unit residential
structures. The rate for updating between censuses is
approximately 3000 grid areas per man-month. Concurrent
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simulation of the same geophysical event on the
large- and small-scale grid systems would provide a
means of estimating the overall catastrophe potential
of the event (large-scale grid}, and a detailed esti-
mate of the effect of the event upon urban areas
(small-scale grid) that happened to be affected by
the event.

National Facility for Simulating Naturai Hazard Effects

In mitigation efforts, there is recurrent need for an objec-
tive means to approximate the effects of natural hazards upon populations-
at-risk fn various sections of the United States under different combina-
tions. Natural hazard effects, including the creation of natural disas-
ters, result from the interaction of a number of factors--some known and
soite unknown. The interaction of all these factors provides a degree of
uniqueness to the effecls produced by each individual geophysical event.
Some of the more important factors, including the physical properties
of the geophysical event and the characteristics of exposed populations-
at-risk, can be defined and quantified.

Computer simulation of natural hazard effects is based upon a
representation of the interactions among the identifiable and measurable
factors. The Assessment studies show that natural hazard simulation can
provide realistic approximations of actual natural hazard effects.
Resuits of the simulation analysis can be used to produce order-of-
magnitude estimates. The infiuence of those other factors that cannot be
included in the simuiation model can then be superimposed subjectively.
Usefulness of the results obtained with simulation can be increased by
refining the simple mathematical models presented for illustrative pur-
poses in this report. Improvements aisc can be made in the guality and
quantity of computerized information on populations-at-risk and their
vulnerability to the various natural hazards.

Output from the model could be expandad to express ranges of
possible economic and social impacts that might reasonably be expected
from a recently reported occurrence of a geophysical event somewhere in
the United States. It could also be used to outline the range of catas-
trophe potential implied in the prediction of gecphysical events. For
example, if earthquake prediction is to include epicenter location and
Richter Magnitude, it is 1ikely that initially those forecasts will be
couched in terms of a geographical area in which the epicenter is most
Tikely to occur, and a range in which the actual magnitude will probably
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fall. Estimates of catastrophe potential could be calculated for various
combinations of epicenter location and magnitude which iie within the
forecast geographical area and magnitude range. Likewise, the effect of
possibie error in predicting the intensity and Tandfall location of an
on-rushing hurricane could be expressed in terms of a series of catastro-
phe potential estimates based upon selected landfalls located to the left
and right of the predicted location, and a serfes of possible storm
intensities. With a properly sized grid system and local conditions de-
fined by information from flood hazard maps, effects of predicted floods
could also be approximated.

Cross-hazard capability of the natural hazard simulation system
includes comparison of the effects of a hurricane with those of an earth-
guake. It might be expanded to some of the man-made hazards. This
extension would be consistent with the overall objective of providing
estimates of hazard effects that can be used in work on disaster causa-
tion and impact, disaster operations, emergency systems evaluations, and
on the use of various adjustments such as warning systems, land use re-
strictions, and building codes as a means of reducing the detrimental
effect of future natural disasters. One of the more important applica-
tions could be in promoting the development of community hazard awareness
and preparedness.
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II.

ITI.

v.

VI.

VIIL.

VIII.

IX.

APPENDIX A
MODIFIED MERCALLI INTENSITY SCALE OF 1931

Not felt except by a very few under specially favorable circum-
stances (I Rossi-Forel Scale).

Felt unly by a few persons at rest, especially on upper floors of
buildings. Delicately suspended objects may swing {I £o II Rossi-
Forel Scale).

Felt quite noticeably indoors, especially on upper floors of
buildings, but many people do not recognize it as an earthquake.
Standing motorcars may rock slightly; vibration like passing of
truck. Duration estimated (III Rossi-Forel Scale).

Buring the day felt indoors by many, cutdoors by few. At night
some awakened. Dishes, windows, doors disturbed; walls make
creaking sound. Sensation like heavy truck striking building;
standing motorcars rocked noticeably {1V to V Rossi-Forel Scale].

Felt by nearly everyone, many awakened. Some dishes, windows
broken; a few instances of cracked plaster; unstable objects
overturned. Disturbances of trees, poles, and other tall objects
snmet;mes noticed. Pendutum clocks may stop (V to VI Ressi-Forel
Scale).

Felt by all, many frightened and run outdoors. Some heavy furni-
ture moved; a few instances of fallen plaster or damaged chimneys.
Damage slight {VI to VII Rossi-Forel Scale}.

Everybody runs outdoors. Damage negligible in buildings of good
design and construction; slight to moderate in well-built ordin-
ary structures; considerable in poorly built or badly designed
structures; some chimneys broken. Noticed by persons driving
motorcars (VIII Rossi-Forel Scaje).

Damage silight in speciaily designed structures; considerable in
ordinary substantial buildings with partial collapse; great in
poorly built structures. Panel walls thrown out of frame struc-
tures. Fall of chimneys, factory stacks, columns, monuments,
walls. Heavy furniture overturned. Sand and mud ejected in small
amounts. Changes in well water. Persons driving motorcars dis-
turbed (VIII+ to IX Rossi-Forel Scale).

Damage considerable in specially designed structures; weli-
designed frame structures thrown out of plumb; ¢reat in substan-
tial builidings, with partial collapse. Buildings shifted cff
foundations. Ground cracked conspicuously. Underground pipes
broken {IX+ Rossi-Forel Scale).
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XI.

XII.

Some well-built wooden structures destroyed; most masonry and
frame structures destroyed with foundations; ground badly cracked.
Rails bent. Landslides considerable from riverbanks and stieep
stopes. Shifted sand and mud. Water splashed (slopped) over
banks (X Rossi-Forel Scale).

Few, if any, masonry structures remain standing. Bridges des-
troyed. Broad fissures in ground. Underground pipelines com-
pletely out of service. Earth slumps and land slips in soft
ground. Rails bent greatly.

Damage total. Waves seen on ground surfaces. Lines of sight and
level distorted. Objects thrown upward into air.
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APPENDIX C
MULTEISTORY BUILDING INVENTORIES

a. Multistory building inventory based on information given in NOAA
Reports (1972, 1973)

Number of Buildings

City 4-8 Story $-13 Story 14 or more Stories Total
San Francisco 1287 165 102 1554
Los Angeles 1066 255 51 1372
Oak 1and 167 27 1 205
Long Beach 63 20 6 89
Berkeley B8 15 2 85
Santa Monica 35 14 g 58
Pasadena 42 1 2 55
San Jose 41 12 0 53
Palo Alto 13 4 1 23
Santa Ana 10 11 0 21

B. Multistory building inventory based on information given in Whitman

(1973)
Number of Buildings
5-7 8-13 14-18 19 or more
City Story Stary Story Staries Total
Los Angeles Area 916 588 85 57 1646
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APPENDIX D-1

DAMAGE FXPERIENCE TO SINGLE-UNIT RESIDENCES CAUSED BY
A RECURRENCE OF EARTHQUAKES LISTED IN APPENDIX B

Earthquake Number Number Damage
Numbe r Year Magnitude Distance Exposed Affected Index
5 1857 7.8 80 3,707,000 275,000 1000
2 1812 7.7 105 2,631,000 203,000 650
1 1769 7.5 30 3,437,000 224,000 548
44 1971 6.6 30 2,503,000 162,000 355
34 1952 7.7 80 2,435,000 157,000 346
6 1872 7.8 170 2,734,000 167,000 291
4 1855 6.1 15 2,062,000 135,000 289
26 1933 6.3 35 2,239,000 135,000 244
10 1893 6.4 35 2,244,000 132,000 182
19 1918 6.8 65 2,411,000 130,000 165
22 1823 6.3 55 2,263,000 113,000 133
8 1830 6.0 45 2,151,000 106,000 103
32 1941 5.4 15 1,775,000 89,000 101
9 1892 7.4 205 2,231,000 107,000 101
11 1894 7.0 70 2,058,000 100,000 99
3 1852 6.3 55 2,145,000 107,000 91
27 1933 5.4 20 1,753,000 89,000 86
17 1910 6.0 55 2,173,000 104,000 73
13 1899 6.7 105 2,229,000 104,000 68
12 1899 6.1 45 2,210,000 97,000 29
40 1968 6.5 130 2,181,000 92,3600 45
16 1807 6.0 65 1,774,600 67,000 35
18 1816 6.0 70 1,901,000 72,000 27
20 1820 5.0 15 1,419,000 57,000 26
37 1952 6.1 105 258,000 12,600 26
21 1922 6.5 130 1,372,000 45,000 25
25 1930 5.2 25 1,559,000 62,000 24
35 1952 6.4 80 1,566,000 56,000 24
7 1889 4.8 15 1,687,000 65,000 23
15 1503 4.8 15 1,665,000 63,000 22
24 1927 7.5 190 €94,000 29,000 22
| 1947 5.9 80 1,602,000 57,000 17
43 1970 5.4 50 1,275,600 44,000 14
30 1937 6.0 100 1,330,000 45,000 12
38 1952 5.8 85 163,000 7,000 8
36 1952 6.1 95 396,000 15,000 8
33 1946 6.3 120 936,000 30,000 7
23 1925 6.3 90 637,000 22,000 7
29 1834 7.1 240 379,600 13,000 6
4] 1969 5.8 110 587,000 19,000 5
28 1934 6.0 170 301,000 11,000 4
39 1952 6.0 205 124,000 5,000 2
14 1502 6.1 135 30,000 1,008 1
42 1969 5.1 75 ] 3 0

]Distance is measured in miles from epicenter to center of
Los Angeles
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APPENDIX D-3

DAMAGE EXPERIENCE TO OTHER RESIDENTIAL BUILDINGS CAUSED BY A
RECURRENCE OF EARTHQUAKES LISTED IN APPENDIX B

Earthquake Number Number Damage
Number Year Magnitude [Distance  Exposed Affected Index
5 1857 7.8 80 167,120 20,300 1000
2 1812 7.7 105 122,510 15,860 703
1 1769 7.5 80 158,570 16,750 499
44 1971 6.6 30 117,690 12,750 351
4 1856 6.1 15 102,940 11,350 339
34 1952 7.7 80 111,960 11,780 282
26 1933 6.3 35 110,810 10,940 247
) 1872 7.8 170 123,260 12,300 206
10 1893 6.4 35 108,310 10,480 157
19 1918 6.8 £5 115,210 9,900 110
32 1941 5.4 15 91, 361 7,600 91
22 1923 6.3 55 110,600 8,690 88
11 1894 7.0 70 100,700 7,950 87
9 1892 7.4 205 110,470 8,450 77
3 1852 5.3 55 104,990 8,640 69
8 1890 6.0 45 105,490 8,270 69
27 1333 5.4 20 90,150 7,500 68
i7 1910 6.0 55 107,460 8,150 47
13 1899 6.7 105 108,450 8,000 42
12 1895 6.1 45 107,080 7,530 36
40 1968 6.5 130 107,420 7,224 30
20 1920 5.0 15 77,000 5,150 22
25 1930 5.2 25 83,600 5,510 17
16 1907 6.0 65 89,580 5,210 16
21 1922 6.5 130 71,630 3,710 16
18 1916 6.0 70 94,450 5,760 16
37 1952 6.1 105 8,580 590 15
7 1883 4.8 15 87,450 5,350 13
35 1952 6.4 80 77,820 4,410 13
15 1903 4.8 5 86,730 5,230 12
31 1941 5.9 80 84,690 4,930 11
24 1927 7.5 190 26,210 1,65C 9
43 1970 5.4 50 62,600 3,330 6
30 1937 6.0 100 57,030 3,050 5
23 1925 6.3 90 36,450 1,880 4
33 1946 6.3 120 49,240 2,450 3
29 1934 7.1 240 14,7190 810 3
38 1852 5.8 95 5,860 380 3
36 1952 6.1 95 15,650 390 3
47 1969 5.9 110 22,850 1,210 3
28 1934 6.0 170 7,630 450 2
39 1952 6.0 205 4,170 270 1
14 1902 6.1 135 1,140 80 1
42 1969 5.1 75 dJ a U

1
Angeles.

Distance is measured in miles from epicenter to center of Los
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DAMAGE EXPERIENCE TO NON-RESIDENTIAL BUILDINGS CAUSER BY A

APPENDIX D-4

RECURRENCE OF EARTHQUAKES LISTED IN APPENDIX B

Earthquake Number Number Damage
Number Year Magnitude Distance  Exposed Affected Index
5 1857 7.8 80 826,210 74,250 10000
34 1952 7.7 80 544,970 42,320 3343
2 1812 7.7 105 589,860 55,5620 3293
1 1769 7.5 80 771,058 60,290 3143
4 1855 6.1 15 470,294 37,470 1558
44 1971 6.0 30 562,330 44,150 1502
26 1933 6.3 35 509,006 36,706 923
6 1872 7.8 170 608,140 44,380 760
19 1918 6.8 65 542,950 34,580 718
11 1894 7.0 70 468,164 26,830 572
22 1923 6.3 55 512,730 29,970 433
i0 1893 6.4 35 508,078 35,780 329
32 1941 5.4 15 407,820 24,470 250
37 1852 6.1 105 54,950 2,550 231
9 1892 7.4 205 507,490 28,490 177
8 1890 6.0 45 487,870 28,240 172
2] 1922 6.5 130 318,840 11,980 164
27 1933 5.4 20 402,590 24,270 114
3 1852 6.3 55 487,100 29,000 638
40 1968 6.5 130 494,940 24,290 45
17 1910 6.0 55 494,350 27,550 43
13 1899 6.7 105 504,260 27,410 42
7 1889 4.8 15 388,200 17,370 38
35 1952 6.4 30 358,550 14,780 36
12 1839 6.1 45 499,680 25,670 35
16 1907 6.0 65 406,080 17,600 28
24 1927 7.5 190 150,280 7,350 26
38 1952 5.8 95 36,310 1,840 22
20 1920 5.0 15 332,100 15,730 17
18 1916 6.0 70 434,230 19,050 14
36 1952 6.1 85 86,420 3,680 8
29 1934 7.1 240 79,290 3,200 7
31 1941 5.9 &0 373,080 15,467 5
25 1930 5.2 25 363,810 17,100 5
39 1952 6.0 205 26,510 1,200 4
15 1803 4.8 15 383,645 16,800 4
14 1302 6.1 135 £,70C 350 3
23 1925 6.3 %0 154,160 5,960 3
28 1934 6.0 170 60,500 2,500 3
41 1969 5.9 110 124,510 4,750 3
43 1970 5.4 50 289,090 11,390 3
30 1937 6.0 160 289,600 11,220 2
33 1846 6.3 120 218,740 7,940 2
42 1969 5.1 75 0 0 0
]Distance is measured in wiles from cpicentor Lo center of Los
Angeles.
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APPENDIX D-5

DAMAGE EXPERLENCE TO HIGH-RISE BUILDINGS IN LOS ANGELES COUNTY
CAUSED BY A RECURRENCE OF EARTHQUAKES LISTED IN APPENDIX B

Earthquake Pre 1933 Post 1933 Damage
Number  Year Magnitude Distance  Structures Structures  Index
5 1857 7.8 80 $81.,075,000 $127,862,000 10000
2 1812 7.7 105 58,726,000 112,810,006 8210
4 1855 6.1 15 26,111,000 103,382,000 6198
1 1763 7.5 80 25,738,000 46,299,000 3451
44 1971 6.6 30 15,649,000 40,337,000 2680
34 1962 7.7 80 6,317,000 16,214,000 1078
6 1872 7.8 170 6,155,000 11,833,000 866
ic 1893 6.4 35 4,932,000 10,327,060 730
32 1941 5.4 15 5,809,000 7,635,000 643
26 1933 6.3 35 3,904,000 7,264,000 534
27 1933 5.4 20 1,044,000 3,889,000 236
3 1852 6.3 55 1,152,000 3,348,000 215
11 1894 7.0 70 751,000 2,323,000 147
20 1920 5.0 15 302,000 2,588,000 138
19 1918 6.8 85 934,000 1,507,000 136
22 1923 T 6.3 55 462,000 1,008,000 70
8 1890 6.0 45 446,000 966,000 68
17 1910 6.0 55 337,000 754,000 52
12 1899 6.1 45 243,000 606,000 41
25 1930 - 5.2 25 136,000 657,000 38
9 1832 7.4 205 176,600 471,000 31
13 1899 6.7 105 175,000 425,000 29
18 1816 6.0 70 84,000 286,000 17
7 1889 4.8 15 91,G00 219,000 15
40 1268 6.5 130 71,000 199,000 13
15 1803 4.8 15 80,000 187,000 13
35 1952 6.4 80 22,000 121,000 7
16 1907 6.0 65 26,000 71,000 5
21 1522 6.5 130 7,000 48,000 3
43 1970 5.4 50 9,000 23,000 1
33 1946 6.3 120 3,000 12,000 1
Z3 1925 6.3 80 1,000 17,000 1
30 1937 6.0 100 2,000 5,000 1
14 1902 6.1 135 0 4] 0
24 1927 7.5 190 0 0 4]
28 1934 6.0 170 0 Q 4]
29 1934 7.1 240 0 0 0
31 1341 5.9 a0 0 0 G
35 1952 6.1 95 0 0 4]
37 1952 6.1 105 a 0 0
38 1952 5.8 35 0 0 0
39 1952 6.0 205 Q 0 0
41 1969 5.9 110 0 g a
42 1969 5.1 75 0 U 0

1Distance is measured in miles from the epicenter to center of Los

Angeles.
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CASUALTY EXPERIENCE OF POPULATION CAUSED BY A RECURRENCE

APPENDIX D-6

OF EARTHQUAKES LISTED IN APPENDIX B

Earthquake Number Casualty

Number Year Magnitude Distance Exposed Index
5 1857 7.8 80 16,033,700 1000
2 1812 7.7 105 11,493,900 753
1 1769 7.5 80 14,983,400 647
44 1971 6.6 30 10,974,800 465
34 1952 7.7 80 10,599,900 409
4 1855 6.1 15 9,222,600 405
6 1872 7.8 170 11,831,700 381
26 1933 6.3 35 9,995,900 351
10 1893 6.4 3% 9,926,000 294
19 1918 6.8 65 10,624,800 249
22 1923 6.3 55 10,050,500 200
3 1852 6.3 55 9,532,500 180
8 1890 6.0 45 9,569,800 178
9 1882 7.4 205 9,957,600 177
32 1941 5.4 15 8,042,000 177
11 1854 7.0 70 9,158,500 165
27 1933 5.4 20 7,936,700 163
17 19210 6.0 55 9,706,600 152
13 1899 6.7 105 9,882,400 147
12 1899 6.1 45 9,786,800 125
40 1968 6.5 130 9,712,100 108
25 1930 5.2 25 7,183,300 72
18 1876 6.0 70 8,510,000 71
20 1920 5.0 15 6,567,100 71
16 1907 6.0 65 7,979,400 71
7 1889 4.8 15 7,660,400 67
15 1903 4.8 15 7,574,200 63
3 1941 5.9 80 7,337,100 53
35 1952 6.4 80 7,020,300 52
21 1922 6.5 130 6,252,900 4]
43 1970 5.4 50 5,684,200 37
30 1337 6.0 100 5,678,500 34
24 1927 7.5 190 2,853,000 31
37 1952 6.1 105 1,626,600 21
33 1946 6.3 120 4,279,400 21
23 1925 6.3 90 2,995,500 18
4 1969 5.9 110 2,422,600 13
36 1952 6.1 95 1,648,600 13
29 1934 7.1 240 1,536,000 10
38 1952 5.8 95 677,500 9
28 1934 6.0 170 1,126,800 7
39 1952 6.0 205 430,700 4
14 1902 6.1 135 124,900 2
42 1969 5.1 75 g 0

1. . S ;
Distance is measured in miles from epicenter to center of Los

Angeles.
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APPENDIX G

GULF AND ATLANTIC COASTAL FLOOD PLAINS:
10", 20", AND 30' CONTOURS

The 10', 20', and 30' contours as shown on these maps represent an average
contour Tine; irregularities were ignored and an estimated average Tine
drawn where there was no continous contour.

The information for these maps came from the Topographic Maps prepared by
the U. 5. Geclogical Survey and made available through the Yale University
Map Department. Approximately 1,000 maps were used to cover the coastal
area from Brownsville, Texas, to Eastport, Maine. Maps with a scale of

1: 62,500, or approximately T mile to the inch, were used whenever
possible; maps with a 1: 24,000 scale, or 2,000 feet to the inch, were
used when the 1: 62,500 were not suitable or avaiiable.

Where no maps were available or the available maps did naot show contours
at 10 foot intervals, estimates were made on the basis of the contours

of adjoining areas. Where large areas were not available, the best esti-
mate was shown as a dotted line.

Some of the maps were quite old, though none dated prior to 1901 were
used. These maps presented plotting problems since many towns and roads
on recent maps were not shown on these cider maps. It is possible that
in some arsas the contours may have changed.

The last two pages of this section show some of the larger cities in this
area at a larger scale. These cities were chosen for their size, exposure
to coastal flooding, and the completeness of contour information on them,

(Presented as Appendix in Friedman and Roy, 1966)
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