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SUMMARY 

Methods were developed to predict population at risk, threatened 

population, and loss of life from hypothetical flood events. The 

population at risk is the number of people who would be inundated by a 

flood if they took no action to evacuate. The threatened population is 

the number of people who are actually inundated by the flood. 

Empirical analysis of past flood events revealed that the 

probability that an individual dies from a flood can be represented by a 

group logit formulation. The probability of loss of life was greater 

with little warning time, in less populated non-urban areas, with greater 

flood depths, and in areas which had experienced flooding in the last ten 

years. Many other explanatory variables were considered, including: 

quality of the warning, time of day, topography of the flood plain, 

existence of special institutions at risk in the inundation area, 

existence of a dam breach, and others. None of these was found to be 

statistically significant. This suggested that a limited number of 

dominant variables were able to discern systematic variations in loss of 

life on a country-wide basis, and that only these variables could be used 

in any general predictive model. This pointed out the importance of 

considering local factors in trying to predict loss of life in particular 

case studies, and the great uncertainty in such estimates. 

Extensive discussion was provided on the application of the 

empirical loss of life function, that was calibrated from the data on 

past floods, to specific case studies. Analytical procedures were 

provided to estimate key data inputs: the population at risk, the warning 



time, and the flood depth. Three methods were develr~ped to esti.mate loss 

of life. All of the methods use a flood routing model to predict 

inundation depths. Secondary data sources are used to compile the 

population distribution. 

The aggregate-empirical model treats each river reach as a single 

entity. The population at risk, a representative warning time, and 

average flood depth are estimated for each reach as a whole. The 

empirical function is used to estimate loss of life. 

The empirical-flood-travel method also uses the empirical function. 

However, distinctions are made among the populations at risk based on 

their locations and elevations. This allows more precise estimates of 

warning times. 

The flood-travel-evacuation method uses hydrograph data from the 

flood routing model. This provides estimates of flood elevations as a 

function of time at given locations. These estimates are compared with 

estimates of evacuation as a function of time, which are based on a 

traffic evacuation simulation model. 

Software has been written to implement the aggregate-empirical 

method. Results from case studies suggest that the method provides a 

good qualitative comparison of loss of life from different inflow flood 

events, from both breach and non-breach scenarios, and for different dam 

remedial measures. Nevertheless, the method may under-estimate loss of 

life in failure floods in areas immediately downstream from the dam, and 

over-estimate loss of life in non-failure events. 



. 1.0 INTRODUCTION 

1.1 Purpose of Study 

The purpose of this study was to develop methods to estimate the 

population at risk, the threatened population, and the loss of life due 

to dam-related flood events. The population at risk is the number of 

people who would be exposed to the flood if they did not take action to 

evacuate the inundation area. The threatened population is the number of 

people still in the inundation area when the flood arrives at their 

location (i.e., if they are outside, the flood water would touch them). 

A dam-related flood event is the spectrum of flooding that could result 

from operating a dam, including discharges from a dam failure, passing 

flood waters through a spillway, or backing up flood waters. The events 

that were considered were plausible, though extreme in magnitude and 

highly unlikely. The analysis was part of a larger U. S. Army Corps of 

Engineers program to implement hazard assessment and risk analysis 

methods for the evaluation of different alternatives for modifying 

existing dams (Institute for Water Resources, 1986b). The estimated 

population at risk (PAR), the threatened population (TP), and the loss of 

life (LOL) under various flood scenarios are among the criteria used by 

the Corps to evaluate the alternatives. 

This report focuses on both empirical and conceptual models to 

estimate loss of life, and on procedures for applying these models to 

selected case studies. Empirical models are based on historical data. 

Conceptual models represent the behavior of individuals and the physical 

attributes of the flood. In each of the two approaches, the loss of life 



estimate is based primarily on the population at risk, the flood travel 

time, and the warning time. For the flooding due to spillway discharge, 

the flood travel time is the interval between initial discharge from the 

spillway, and arrival of the flood. For the flooding due to dam failure 

the flood travel time is the interval between initial failure or 

formation of a breach, and arrival of the flood. The warning time is the 

interval between the first official evacuation notification to the 

public, and the arrival of the threatening flood wave. The population at 

risk, travel time, and warning time vary along different reaches of the 

river downstream (and upstream) from the dam. 

Other factors that may affect the potential loss of life were also 

considered. These include: the depth of flooding; the recurrence 

interval of the flood (e.g. a 100 year flood); the peak discharge; the 

number of previous experiences that an area has had with floods; the year 

of the flood; existence and type of special institutions, such as 

hospitals, with people who would be more vulnerable to a flood; the time 

of day at which the flood occurred; the topography of the inundated area 

i . . ,  either a canyon or a wide floodplain); the rural or urban 

character of the area; whether a dam breach occurred; the effectiveness 

of the evacuation warning; and traffic and the speed of evacuation. 

The rest of this section summarizes background information on the 

study, and provides a list of definitions of important concepts. Section 

2 is a review of previous, related studies. Section 3 presents the 

development of the empirical loss of life function which forms the basis 

of two of the three methods that were developed to estimate loss of life. 

The empirical function is derived from an identification of the factors 



that have affected the number of lives lost in prc2vious floods in the 

United States. 

Section 4 discusses the procedure for estimating loss of life, which 

can be applied to specific case studies. Each of the steps that is 

neces~ar~to compile the input data for the loss of life computational 

methods is discussed in detail: (1) establish the flood scenario, (2) 

estimate the population at risk, and (3) estimate the warning time for 

the population at risk. Section 5 provides a discussion of three methods 

that may be used to calculate loss of life, using the data discussed in 

Section 4. Section 6 gives a numerical example to illustrate the 

application of the aggregate-empirical model, discussed in Section 5.2, 

to the Beach City Dam, Ohio area. 

1.2 ~ack~roundl 

The underlying motivation for this study was to develop a set of 

procedures for implementing U.S. Army Corps of Engineers' policy on 

"Evaluating Modifications of Existing Dams Related to Hydrologic 

Deficiencies" (IWR, 1986b). Many of the dams for which the Corps is 

responsible were designed and constructed under meteorological and 

hydrological assumptions that are now thought to underestimate the 

probable maximum flood (PMF). Rather than incur the high costs of 

modifying all dams to the PMF design standard, the Corps is developing 

Information in this sub-section is taken directly from the U.S. 
Army Engineer Institute for Water Resources (1986b) report on Guidelines 
for Evaluating Modifications of Existing Dams Related to ~ ~ d r o l o ~ i c  
Deficiencies. 



procedures to determine the appropriate extent of modifications on an 

individual dam basis. 

A primary concept in these procedures is the base safety condition 

(BSC) which is the minimm flood event for which t.he proposed 

modification should be designed. The base safety condition flood event 

is that flood where there is no significant increase in adverse 

consequences with dam failure, compared to the adverse consequences 

without dam failure. With a BSC flood, there is no significant increase 

in loss of life and/or economic loss from dam failure compared to the 

spillway flood just prior to failure. If failure always results in a 

significant increase in losses, regardless of the inflow event, then the 

design flood event chosen for dam safety modification design purposes 

should be the probable maximum flood (PMF). In the event that the base 

safety condition is determined to be less than the PMF, then further 

analysis incorporating a probabilistic assessment of failure and non- 

failure losses may be initiated to evaluate modifications for events 

greater than the BSC. Thus, the potential for loss of life from dam 

failure is a primary motivation for considering safety improving 

investments. 

1.3 Definitions of Important Concepts 

Several terms used in this report are peculiar to or most often used 

in rather specialized technical disciplines. Others are used in special, 

restricted senses. Some such terms are defined when first used; others 

are not. For convenience, a number of those technical terms are defined 

in this section. 



ANTECEDENT EVENT. The flood event which according to Corps guidelines 

precedes the event that is being considered. The antecedent event is 

assumed to be one-half the size of the considered event and is assumed to 

occur five days prior to that event. 

AREAL UNIT. A spatial unit defined by political or census boundaries 

within a local or regional area, or grid cells formed by overlaying a 

grid on a map of the inundation area. An areal unit is the basic spatial 

unit for which economic and population data are collected. The areal 

unit may be as small as a city block within urbanized areas, or as large 

as Census tracts or enumeration districts in less urbanized or rural 

areas. 

FLOOD DEPTH. The elevation of the surface of the flood water at peak 

stage minus the elevation of the inundated land. 

FAILURE. An incident resulting in the uncontrolled release of water from 

a dam. May be from overtopping or a breach of the dam. 

FLOOD ROUTING. The determination of the modifying or attenuating effect 

of passage of a flood through a valley, channel, or reservoir. 

HYDROGRAPH. A graphical representation of discharge, stage, or other 

hydraulic property with respect to time for a particular point on a 

stream. At times the term is applied to the phenomenon the graphical 

representation describes; hence, a flood hydrograph is the passage of a 

flood discharge past the observation point. 

INUNDATION AREA. An area adjoining a body of water or natural stream 

that has been or may be covered by flood water. 

LOSS OF LIFE. In this report, loss of life includes all flood-related 

deaths. 



.POPULATION AT RISK. The number of people who would be inundated by a 

particular flood event if they took no action to evacuate the inundation 

area. A person is at risk if he or she would be touched by the flood 

water at peak stage if he or she were to stand outside. 

PROBABLE MAXIMUM FLOOD (PMF). The flood that may be expected from the 

most severe combination of critical meteorologic and hydrologic 

conditions that are reasonably possible in the region. The maximum 

possible inflow event is the PMF, and other flood events may be defined 

as a proportion of the PMF. 

REACH. A part of the inundation area. It is defined arbitrarily, 

usually to encompass a major town or landmark. To facilitate analysis, a 

river reach should be defined and bounded by cross sections downstream 

from the dam. Reach definitions which separate one reach on one side of 

the river from another on the other side of the river should be avoided. 

REFERENCE FLOOD. The combination of dam modification and probable 

maximum flood with breach which results in the maximum inundation of the 

flood plain. The Reference Flood is usually the PMF with breach with a 

modification of the existing dam by raising the crest (only) so as to 

pass the PMF. 

SPILLWAY DESIGN FLOOD (SDF). The largest flood that a given project is 

designed to pass safely. 

THRESHOLD FLOOD. The spillway design flood. 

TIME (EVACUATION). A sequence of time intervals may be defined to 

represent major activities which comprise the evacuation warning process. 

These are listed in temporal order. 



IWZARD DETECTION TIME. The time interval required to detect a possible 

threatening hazard. 

HAZARD APPRAISAL TIME. The interval required for the Corps to fully 

appraise the situation. 

NOTIFICATION TIME. The interval required for the Corps to notify the 

appropriate, responsible agencies, and for those agencies to in turn 

notify other agencies, as required in the official evacuation plans. 

DECISION TIME. The interval required to make a decision on an 

appropriate announcement to the public. 

DISSEMINATION TIME FOR FIRST WARNING. The time interval required to 

disseminate the public evacuation warning. At the end of this interval, 

the official public notification to evacuate has been issued to the 

public (though not all have necessarily received it), and this point in 

time marks the beginning of the warning time that the population at risk 

has to evacuate the hazard zone. 

DISSEMINATION TIME. The time required to disseminate the evacuation 

warning to all of the population at risk. 

TIME OF RECEIPT OF WARNING. The specific point in time at which the 

public evacuation notification is received by the population at risk. In 

the evacuation traffic simulation model, this point in time refers to the 

time at which the first members of the population at risk receive the 

official evacuation notification. 

MOBILIZATION TIME. The interval required for individuals to decide to 

evacuate, to load important personal and household possessions into a 

vehicle, and to begin to drive out of the inundation area. 



VEHICULAR TRAVEL TIIIE. The time required to drive out of the inundation 

area from the point of origin, assuming that the vehicle is already 

mobilized and begins its trip, and assuming no queuing delay time. 

QUEUING DELAY TIME. The interval during which a vehicle is delayed and 

waiting in a queue in the transportation network because of 

transportation congestion. 

CLEARANCE TIME OR EVACUATION TIME. The sum of mobilization time, 

vehicular travel time, and queuing delay time. 

NETWORK CLEARANCE TIME. The clearance time required for all vehicles to 

evacuate the inundation area, if they take action to do so. 

TIME (FLOOD). Other times refer to the flood itself. 

TRAVEL TIME. The time interval that it takes for the flood water to 

arrive at a location from the beginning of flood discharge. For a non- 

failure or spillway flood, the beginning of the flood is at the time of 

initial spillway discharge. For travel time relating to a dam failure, 

the beginning of flooding is at the point at which there is initial 

discharge from the dam (the point of initial overtopping or the time at 

which a breach initially begins to form). The travel time extends to the 

time at which the population at risk is reached. Thus, for different 

individuals or populations at risk, each has a different travel time 

associated with him or her, depending on location and elevation. In 

computational analyses, a representative travel time may be defined for 

the reach as a whole. 

WARNING TIME. The time interval between the time of the initial official 

notification to the public to evacuate the inundation area and the time 

of arrival of the flood. Depending on location and elevation, each 



individual in the population at risk has a unique wzrning time associated 

with him or her. 

ZONE. Refers to the part of a reach in the inundation area which is at 

the same elevation interval. A zone is typically defined by one-foot to 

five-foot interval categories. 

2.0 PREVIOUS STUDIES 

2.1 Overview of Previous Studies 

This section provides a review of past literature on loss of life in 

floods. Session 2.1 provides a review of the circumstances in which loss 

of life has occurred in past flood events. The remaining subsections 

summarize major types of approaches for estimating loss of life. The 

first types are discussed in Sessions 2.3 and 2.4, in which estimates of 

loss of life are based on estimates of damages to buildings or of 

economic losses in general. A simple casualty ratio approach is 

presented in Session 2.5, in which loss of life is expressed as a 

proportion of the population at risk based on a subjective assessment of 

the flood conditions. The Bureau of Reclamation model is summarized in 

Session 2.6. This model represents the most detailed attempt to estimate 

the factors responsible for variations in loss of life in flood events 

across the country using historical data. Session 2.7 surmnarizes 

analyses done as part of this study in which the Bureau of Reclamation 

model was expanded somewhat using their data. Session 2.8 summarizes the 

Stanford/FEMA model which uses subjectively-determined coefficients to 

estimate the size of the threatened population as a proportion of the 



population at risk, and simil rly which uses coefficients to represent 

flood lethality to estimate loss of life as a proportion of the 

threatened in population. Section 2.9 summarizes the Institute for Water 

Resources' extension of the Stanford/FEMA model, in which warning time 

plays a major role in affecting the size of the threatened population. 

Session 2.10 is a discussion of how the Bureau of Reclamation and the 

stanford/~EMA/IWR models are related, and of some insights gained from a 

comparison of the two models - -  one based on empirical evidence and the 

other based on conceptual underpinnings. Finally, Session 2.11 provides 

a summary of these previous approaches. 

2.2 Why Fatalities Occur 

Studies have addressed the question of why or how fatalities 

occurred. Some, but not extensive, data exist on the causes of 

fatalities. French et al. (1983) studied the causes of deaths from 16 

floods and dam failures. They identified drowning as the chief cause of 

death (93%), followed by heart attack (3%), and trauma, electrocution and 

mud slide (1% each). They further differentiated drowning victims by 

cause of drowning. Most people died in floods when they were swept into 

the water while at home, at camp or crossing a bridge (a total of 43% of 

all deaths), or when they were in a car (also 43%). Three percent 

drowned while performing rescues, 2% while engaged in a water sport, and 

2% while attempting to evacuate on foot. 

In 1985, 166 persons died in floods (Natural Hazard Observer, 1986). 

Of these, 48% were vehicle-related. Thirty-seven percent occurred in 

residential structures, and 3% in mobile homes. Male casualties 





.outnumbered female 3 to 2. Three fatalities were attributed to rescue 

attempts. No mention of non-drowning fatalities was made. 

Case studies and data on specific floods provide further 

documentation of why drownings occurred in specific cases. Examples of 

case studies were those by Gruntfest (1977) on what people did during the 

Big Thompson flood, Sorensen (1985) on the Cheyenne River flash flood, 

and Kircher (1985) on the circumstances of flood-related deaths in the 

Connecticut June 1982 flood. These studies suggest that drownings occur 

in a variety of circumstances: 

1. Being trapped in a structure by rising water 

2. Being swept out of a structure 

3. Being in a structure that fails 

4. Attempting to cross flood waters 

5. Being caught in flood waters while in the floodplain 

6. Attempting to rescue others in flood waters 

7. Attempting to drive across a flood-way 

8. Attempting to boat or raft on flood waters. 

Generally there are four basic reasons for drowning deaths. First, 

the flood stage is at a life threatening level. Second, people do not 

receive adequate warning and are caught in a threatening situation. 

Third, they do not take actions fast enough. Fourth, they do the wrong 

thing. 

In practice it is extremely difficult to obtain quantitative 

information on, and especially to predict, the circumstances or actions 

of individuals. Instead, recent studies such as those by Stanford 

University (1984) and the Bureau of Reclamation (1985) have used the 



population at risk, warning time, and flood depth as key explanatory 

variables in models to estimate loss of life. 

2 .3  Estimating Loss of Life From Data on Population and Damage to 
Buildings 

In studies by Friedman (1975), the number of casualties due to 

flooding was sstimated by the number of damaged residential structures. 

An estimate was obtained by multiplying the number of dwellings damaged 

by a factor of 1 casualty per 170 damaged dwellings. For flash floods, 

the casualty rate became 1 per 85 dwellings damaged. The rates were 

derived from annual flood tabulations of the American Red Cross. It was 

suggested that the number of damaged structures could be obtained by 

studying maps of the inundation areas. In the Friedman (1975) study, no 

attempt was made to use Census data to determine the population in the 

flood-prone areas. Instead, an estimate of the number of people at risk 

was obtained by multiplying the number of dwellings exposed in each 

hazard zone by a conversion factor of 3.0 persons per dwelling; this 

factor was derived from summary tabulations of the 1970 Housing Census. 

The Allen and Hoshall (1985) approach to estimating casualties has 

been applied to earthquakes. It took into account the population, the 

employment, and the probable damage to buildings. These were described 

by the type of construction and by their location in each tract within 

the hazard zone. Casualties were estimated for two periods of the day-- 

an "at work or school" period, and an "at home" period during the rest 

of the day. 

For the night-time or early morning (i.e., "at home") casualties, it 

was assumed that most of these would occur in or near the residences. 

12 



Guided by this assumption, four basic elements of data were used for 

determining these casualties: population, the number of housing units, 

the number of single-family residential structures, and the number of 

multi-family residential structures in each area (Census tracts were used 

where possible). Estimates of the fragility of various types of 

dwellings were also used, since certain structures may have a higher 

likelihood of collapsing in an earthquake (or in the case of flooding, of 

being swept away). Some night-time casualties were also postulated to 

occur in non-residential buildings such as hospitals, hotels, and retail 

or industrial buildings with shoppers or night workers. The estimates of 

these casualties were expressed simply as a percentage of the expected 

daytime casualties in these structures. 

For the "at work or school" time period, the Allen and Hoshall 

(1985) study assumed that the residential casualties could be estimated 

as some fraction of the residential casualties that would be expected 

under "at home" conditions; and that casualties in commercial, public, 

and industrial buildings could be based on employment estimates. In this 

case, the casualty rates were assumed to be some proportion of the number 

of affected buildings, with the rate varying depending on the nature of 

the structures. 

2.4 Relationship Between Loss of Life and Economic Damape 

The study by Petak and Atkisson (1982) estimated the number of lives 

lost in an extreme natural event as a function of the economic loss to 

buildings from that event. This relationship was estimated from data on 

past natural disasters. The method implicitly assumed that the recorded 



dollar amounts of damage reflected only building damage, that the lives 

lost were directly caused by the event, that the vulnerability of thc 

population was the same in all regions, and that the values of all types 

of structures in all events were the same. However, these assumptions 

are generally not met. For example, there are instances in which the 

dollar estimates of damage included loss of business or damage to other 

structures other than buildings, instances in which the cause of death 

was unrelated to the event, and differences in flood characteristics and 

in the vulnerability of the population. Any of these differences or 

variations will result in "statistical noise" in the empirical 

calibration. 

In calibrating their model, Petak and Atkisson (1982) used data 

supplied by insurance companies. The researchers noted that building 

losses that are not paid often go unnoticed in this data source. 

Furthermore, other limitations of the approach were noted. The number of 

deaths may be partly related to the evacuation procedures and to the 

level of success of rescue operations, as well as to the physical 

condition or structural characteristics of the properties affected. 

Also, it was suggested that population density, amount of warning time, 

foreknowledge of the effects, psychological impressions of the 

population, availability of shelter, and time of day of the occurrence 

all influence the number of casualties. None of these factors was taken 

into account; and the authors in fact stated that in practice no estimate 

of mortality can take all of these factors into account. 

A further complication in using a loss of life model, which relates 

fatalities to the economic loss of buildings, is the geographic 



,variability in the values of buildings and in population density across 

the country. Disasters in an area with a high value of building wealth 

per person will incur greater economic loss per capita in the given event 

than in areas exhibiting lower wealth per capita. To account for the 

regional variations, an adjustment based on relative income per capita or 

average selling price of residential structures may be required to 

eliminate spurious regional variations. 

Also, several authors such as Dacy and Kunreuther (1969) and the 

U.S. Department of Commerce (1972) have observed a temporal variation in 

the relationship between the number of hazard-induced deaths and the 

economic value of hazard-induced damages to property. Time, as 

represented by the year of the event, provided a statistically 

significant correlation with the number of deaths per million dollars of 

damage, though there was still a considerable amount of unexplained 

variance. 

2.5 Casualty Ratios 

A straightforward approach used by Pat6-Cornell and Tagaras (1985, 

1986) used casualty ratios, in which loss of life was expressed as 

proportions of the population at risk. Census data were used in 

conjunction with inundation area maps to estimate the population at risk. 

The casualty ratio was defined as the proportion of inhabitants who might 

be killed if a dam fails, assuming a weighted average of night and day 

occupancy in the zones at risk. The casualty ratio was suggested to be 

as great as 30% on the path of the wave, and 10-15% in the rest of the 

inundation area. Assuming the absence of a warning and considering the 



l o s s e s  i n  sudden f a i l u r e s  such a s  t h a t  of t h e  Plalpasset Dam i n  France, 

Pate-CornelY and Tagaras  (1986) used 50% a s  t h e  c a s u a l t y  r a t i o  on t h e  

pa th  of t h e  wave. Th i s  f i g u r e  was based on t h e  assumption t h a t  depending 

on t h e  time of t h e  day, some r egu la r  i n h a b i t a n t s  of t h a t  zone may be out  

of t h e  a r ea .  Pa te-Corne l l  and Tagaras (1985) a l s o  noted t h a t  t h e  

c a s u a l t y  r a t i o s  may be s u b j e c t i v e l y  ad jus t ed ,  depending on o n e ' s  

assessment of t h e  e f f e c t i v e n e s s  of t h e  evacuat ion  warning a s  w e l l  a s  on 

any o t h e r  f a c t o r s  t h a t  may impact upon t h e  c a s u a l t y  r a t i o .  

2.6 Bureau of Reclamation Model 

The Bureau of Reclamation (1985) f l ood  l o s s  of l i f e  model used 

warning time and popu la t ion  a t  r i s k  a s  t h e  two key v a r i a b l e s .  Populat ion 

a t  r i s k  was de f ined  a s  t h e  number of people who would be exposed t o  

f l ood ing  i f  t hey  took no a c t i o n  t o  evacuate .  Warning t i m e  was de f ined  a s  

t h e  t i m e  l apsed  between i n i t i a t i o n  of t h e  a c t u a l  warning and t h e  onse t  of 

f looding .  These d e f i n i t i o n s  a r e  c o n s i s t e n t  w i th  t h o s e  used i n  t h i s  

s tudy .  

The focus of t h e i r  s tudy  was on t h r e a t  t o  l i f e  from dam f a i l u r e s .  

Data were compiled from r e p o r t s  on h i s t o r i c a l  f looding  even t s  t h a t  had 

occurred s i n c e  1950 i n  t h e  United S t a t e s  o r  Europe. Only seve re  f looding  

events  wi th  h igh  p o t e n t i a l  f o r  l o s s  of l i f e  were considered.  The f loods  

involved e i t h e r  a  dam f a i l u r e  o r  a  f l a s h  f lood ,  whose consequences were 

s i m i l a r  enough t o  a  dam f a i l u r e  t o  provide  u s e f u l  information about  t h e  

l i k e l y  consequences of dam f a i l u r e .  The popula t ion  a t  r i s k  was gene ra l ly  

equated with t h e  number of persons evacuated o r  t h e  number made homeless. 

The Bureau of Reclamation (1985) s tudy  suggested t h a t  e s t i m a t e s  of 



population at risk probably had an error range of plus or minus 30%. 

Newspaper or agency accounts of the flood were used to estimate warning 

time. However, these.accounts did not always define how warning time was 

measured. 

The Bureau of Reclamation (1985) felt that the warning times for 

their historical events could not be estimated with enough precision to 

develop a reliable continuous relationship between warning time and loss 

of life. Therefore, the warning time variable was dichotomized into 

cases with either "good" or "insufficient" warning, and statistical 

relationships between the population at risk and loss of life were 

estimated separately for each of the two data sets. Based on inspection 

of the data, an arbitrary cutoff point of 1.5 hours was used. 

With "good" warning time (greater than 1.5 hours), the estimated 

equation was: 

where L = loss of life 

P = population at risk 

(.0001) = level of significance, 

with an adjusted R~ of 0.87 (sample size = 8). 

For the "insufficient warning" situation, Vaiont and Stava in Italy 

were screened out as outliers and were used to define the upper boundary 

for loss of life. Likewise, Lawn Lake, Colorado and Teton, Idaho were 

dropped as outliers and used to define the lower boundary. A log-log 

relationship was used and the resulting equation was: 



The best fit exponent in the equation was actually 0.56, with an adjusted 

R~ of 0.60. However, the Bureau adjusted this estimate subjectively to 

0.60 so as to produce a more conservative (i.e., higher) estimate of the 

loss of life. 

2.7 Extension of Bureau of Reclamation Model 

The Bureau data were used to estimate an expanded equation for their 

"insufficient warning" case. The Vaiont and Stava Italy cases were not 

tabulated in the Bureau of Reclamation (1985; Appendix B) report and were 

not included in the analysis. However, the Lawn Lake and Upper Teton 

floods were included. In addition, data compiled by the Bureau on 

warning time were estimated to the closest 15 minute increment. In 

several cases this required some interpretation of their data. In 

general, the estimated warning time was set to be the average if a range 

of times was given, or to a value 15 minutes less than or greater than 

any upper or lower limit, respectively. For example, "less than 1.0 

hour" was set to be 45 minutes, and "more than 1.5 hours" was set to be 

75 minutes for all cases. Regression analysis of these data resulted in 

the equation: 

where 

W = warning time (in minutes). 

The adjusted R~ was 0.89 which was significant at less than .0001. 

This result suggests that for cases with poor warning time, in the 0 

to 90 minute range, the specific amount. of warning time is a 

statistically significant factor that affects the potential loss of life. 
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Although not as statistically significant as the populatim at risk, 

warning time still made a significant contribution to the overall fit of 

Equation (3). Warning time was also considered in the regression 

equation for the cases with good warning time, but was found to be 

insignificant; and the best equation was as given in Equation (1). 

The Bureau of Reclamation (1985) study ranks as a very important 

study of an attempt to develop a model to estimate loss of life. Its 

significance is in its use of a number of historical events to estimate 

an empirical loss of life function through a statistical analysis of 

important past floods. 

2.8 ~tanford/F~~A Model 

Another important model to estimate loss of life in floods was 

developed by McCann, Franzini, Kavazanjian and Shah (1984) of Stanford 

University under contract for the Federal Emergency Management Agency 

(FW). The importance of this model lies in its systematic 

incorporation of several key factors that affect the potential loss of 

life. Another important characteristic of the model is that it attempts 

to estimate loss of life in various reaches of an inundation area, rather 

than simply a total loss of life estimate for the whole area. 

The Stanford/FEMA approach relies on subjective estimates of the 

proportion of the total population at risk which would be remaining in 

the various flood zones at the time of arrival of the flood wave; this 

remaining population is termzd the "threatened population." The 

estimated threatened population in the Stanford/FEMA model was based on 

the assumption that the greater the distance of each population-at-risk 



group from the d m ,  the smaller the proportion of the population at risk 

that will experience contact with the flood water. This assumption is 

consistent with both the Bureau of Reclamation's historical (1985) data, 

and the empirical function derived in Section 3. The quality of the 

evacuation warning and the distinction between urban residential versus 

rural flood zones were also considered to be important, and coefficient 

values in the model were assumed to vary depending on these factors. 

The empirical results in Section 3 tend to confirm this assumption as 

well. 

A second set of subjective estimates was required in the 

Stanford/FEMA model to estimate the proportion of the threatened 

population that would die. It was assumed that this proportion varies by 

flood depth. 

The equation for loss of life was defined as: 

where 

L = the-number of lives lost from a flooding event, 

f(dj) = proportion of threatened population who die 
from the flood of depth d in flood zone j ,  

h(mi) = proportion of population at risk in reach i remaining in 
flooded zone j at time of arrival of flood wave; h(*) is 
also a function of the quality of evacuation warning, 
and of the distinction between urban and rural areas. 

Pij = population at risk in flood zone j, of reach i, mi miles 
from dam, 

dj = depth of flooding in zone j, and 

mi = river miles from dam to reach i (a surrogate for flood 
travel time). 



This equation can be regarded as a definition: the loss of life in a 

reach equals the percentage of people exposed to flooding who lose their 

lives (which depends on the flood depth), times the fraction of the 

people at risk who remain in the area at the time of inundation (which 

depends on the downstream distance, nature of the evacuation warning, and 

the distinction between rural and urban residential areas), times the 

population at risk (which is the number of people in the reach who would 

be exposed to flood water if they did not evacuate). The function f(dj) 

represents the lethality of the flood, and h(mi) Pij is the size of the 

threatened population. The last term, the population at risk Pij, may be 

estimated from Census data. Suggested values for the other terms were 

provided in the Stanford/FEMA (1984) study and are reproduced here as 

Tables 1 and 2. Table 1 gives a casualty ratio expressed as the number 

of deaths as a proportion of the threatened population. This idea is 

similar to the Pat6-Cornell and Tagaras (1985, 1986) notion of casualty 

ratios, except that they expressed the potential loss of life as a ratio 

of the population at risk. Table 2 provides suggested values to estimate 

the threatened population as a proportion of the population at risk. 

The drawback of the Stanford/FEMA (1984) model is that there is no 

specific empirical basis for the coefficient values. The model is like 

an accounting identity and is essentially true by definition. The 

crucial issue is in the specific numerical estimates of the coefficients 

listed in Tables 1 and 2. 

The Stanford/FEMA (1984) study also provided an equation for 

estimating loss of life in commercial or industrial zones: 



Table 1. Suggested Parameters of Stanford/FEMA Loss of Life 
Model.. Loss of Life as Proportion of Threatened 
Population. 

Depth of Inundation 

dj 

Proportion Loss of Life 
f(dj) 

Table 2. Threatened Population as Proportion of Population at Risk 
[i.e., h(mi)] 

Distance (mi) 

Residential Area 
Warning System 
None Good 

Rural Area 
Warning System 
None Good 



where 

Pij = the population at risk in zone j of reach i during 
business hours, and 

b = the percentage of time the business zone is occupied. 

In essence, Equation (5) is a probable loss of life estimate, based on 

the time of day. For simplicity, it may be better to use Equation (4) 

for all zones and to provide different estimates of the population at 

risk in each zone, depending on the time of day of the flood event. For 

example, the Corps' Interim Procedures (IWR, 1986a), for evaluating 

modifications of existing dams related to hydrologic deficiencies, 

suggested estimating the population at risk for different times of the 

day (daytime between 0800 and 1600 hours, and night-time between 1600 and 

0800 hours), as well as accounting for both seasonal and daily transient 

population. 

2.9 Institute for Water Resources' Extension of stanford/FEMA Model 

Another method for estimating loss of life was developed by the 

Institute for Water Resources (1986a). This method was a modification of 

the stanford/FEMA (1984) approach, and also relied on professional 

judgment. The difference between the Institute for Water Resources (IWR) 

approach and the ~tanford/FEMA approach was that IWR estimated the 

threatened population by taking into account the warning time for each 

group of population at risk, instead of the river miles from the dam. 

The equation for estimating loss of life given by the Institute for Water 

Resources (1986a) was: 



where 

g(wij) = propor t ion  of populat ion a t  r i s k  i n  reach  i remaining i n  
f looded zone j a t  t i m e  of a r r i v a l  of t h e  f lood  wave, and 

W i j  = t h e  warning t ime f o r  popula t ion  i n  reach  i i n  f lood  zone j .  

The warning t i m e  was def ined  a s  t h e  t ime between t h e  commencement of t h e  

evacuat ion  warning t o  t h e  pub l i c ,  and t h e  exposure of t h e  zone t o  f lood  

water .  Table 3 shows some suggested va lues  of t h e  parameter g ( . ) .  

The approach used by t h e  I n s t i t u t e  f o r  Water Resources (1986a) t a k e s  

warning t i m e  e x p l i c i t l y  i n t o  account,  r a t h e r  t han  i n d i r e c t l y  through t h e  

number of mi l e s  from t h e  dam t o  t h e  reach,  o r  through a  s u r r o g a t e  measure 

such  a s  t h e  t r a v e l  t ime of t h e  th rea t en ing  f lood  wave. Thus, t o  t h e  

e x t e n t  t h a t  warning t i m e  can be es t imated ,  t h e  IWR approach appears  t o  be 

p r e f e r a b l e  i n  t h a t  it d i r e c t l y  t a k e s  t h e  key concept of warning t i m e  i n t o  

cons ide ra t ion .  The number of m i l e s  from t h e  dam t o  a  reach  is on ly  a  

s u r r o g a t e  f o r  warning t i m e ,  which encompasses n o t  on ly  t h e  geographica l  

l o c a t i o n  of t h e  r each  bu t  a l s o  t h e  e l e v a t i o n  of populated a r e a s  w i th in  

t h e  reach  and t h e  v e l o c i t y  of t h e  f lood  wave. 

Tables  4 and 5 provide  an example of t a b u l a t i o n s  f o r  t h e  popu la t ion  

a t  r i s k  and t h e  l o s s  of l i f e  using t h e  IWR method. Table 4 i l l u s t r a t e s  

t h a t  f o r  a  g iven  reach,  t h e  popula t ion  a t  r i s k  w i l l  g e n e r a l l y  va ry  

depending on t h e  t ime of day, season,  and t r a n s i e n t  popula t ion .  The 

popula t ion  a t  r i s k  a l s o  v a r i e s  a t  d i f f e r e n t  e l e v a t i o n s  w i t h i n  a  reach .  

People s i t u a t e d  i n  low-lying a r e a s  w i l l  be i n  a  h ighe r  f l ood  zone, a s  

measured by depth of water  over t h e  ground a t  peak s t a g e .  



Table  3 .  Threa tened  Popu l a t i on  a s  P ropo r t i on  of Popu l a t i on  a t  Risk,  
Expressed a s  Func t ion  of Warning Time 

Warning 
Time, W i j  
( hou r s  ) 

R e s i d e n t i a l  Area 
Warning System 

Poor Good 

R u r a l  Area 



Table 4. Example of Table f o r  Populat ion a t  Risk i n  Spec i f i ed  Flood 
Zones i n  a  Reach f o r  D i f f e r e n t  Flood Event, by Season of t h e  
Year and Time of t h e  Day.* 

0 - 4 f l o o d  zone begins a t  bank-fu l l  s t a g e  
D = Daytime (between 0800 and 1600 hours)  
N = Nighttime (between 1600 and 0800 hours)  
W = Winter 
Sp= Spring 
S  = Summer 
F = F a l l  

f t  = f e e t  
n/a= not  a p p l i c a b l e  
PMF= Probable Maximum Flood 

Daily 
Trans ient  

Flood 
Event 

.10 PMF 

(peak 
s t a g e  = 
4 f t )  

Population 

D 

0 
n / a  
n / a  
n / a  

0 

0 
0 

' n / a  
n / a  

0 

0 
0 

100 
n / a  

100 

0 
0 

100 
50 
40 

190 

Flood 
Zone 

( i n t e r v a l )  
i n  f e e t )  

0 - 4  
4 - 8  
8 -12 

12 -16 
T o t a l  

N 

0 
n / a  
n / a  
n / a  

0 

0 
0 

n / a  
n / a  

0 

0 
0 

20 
n l a  
20 

0 
0 

20 
10 
10 
40 

Permanent 

.25 PMF 

(peak 
s t a g e  = 
8 f t )  

.50 PMF 

(peak 
s t a g e  = 
12 f t )  

.75 PMF 

(peak 
s t a g e  = 
20 f t )  

D 

2 
n / a  
n / a  
n / a  

2 

- 

D 

50 
n /a  
n l a  
n / a  

50 

0 - 4  
4 - 8  
8 -12 

12 -16 
T o t a l  

0 - 4  
4 - 8  
8 -12 

12 -16 
Tota l  

0 - 4  
4 - 8  
8 -12 

12 -16 
16 -20 
Tota l  

F 

N 

0 
n / a  
n / a  
n / a  

0 

D 

2 
n /a  
n / a  
n / a  

2 

Populat ion 
t 

N 

75 
n /a  
n / a  
n / a  

75 

Seasonal  

W 

N 

0 
n /a  
n l a  
n / a  

0 

Trans ien t  Populat ion 

2 
2 

n / a  
n / a  

4 

2 
2 
7 

n l a  
11 

2 
2 
7 
4 

10 
25 

s 

D 

2 
n / a  
n / a  
n / a  

2 

D 

40 
n / a  
n / a  
n / a  

40 

0 
0 

n / a  
n / a  

0 

0 
0 
2 

n / a  
2 

0 
0 
2 
0 
4 
6 

P 

N 

0 
n / a  
n / a  
n / a  

0 

0 
0 

n/a  
n / a  

0 

0 
0 
0 

n / a  
0 

0 
0 
0 
0 
0 
0 

50 
70 

n /a  
n l a  
120 

50 
70 
60 

n / a  
180 

50 
70 
60 

300 
500 
980 

S 

N 

10 
n / a  
n / a  
n / a  

10 

2 
2 

n/a  
n / a  

4 

2 
2 
7 

n l a  
11 

2 
2 
7 
4 
5 

20 

40 
2 0 

n /a  
n / a  

6 0 

4 0 
2 0 
50 

n /a  
110 

4 0 
2 0 
50 
4 0 

350 
500 

0 
0 

n / a  
n / a  

0 

0 
0 
2 

n /a  
2 

0 
0 
2 
0 
1 
3 

75 1 2 10 
5 

n / a  
n / a  

15 

10 
5 

15 
n / a  

30 

10 
5 

15 
5 

65 
100 

100 
n /a  
n / a  
175 

75 
100 

95 
n / a  
270 

75 
100 

95 
400 
800 

1470 

0 
n l a  
n / a  

2 

2 
0 
0 

n / a  
2 

2 
0 
0 
0 
0 
2 



Table 5 .  Example of Probable Loss of Life Tabulation$: 

Reach Number 1 

Distance from Dsm 
to Downstream Boundary 10 miles 

Elevation of Peak Flow in Reach 932 (ft. msl) 

Bottom Zone 1 900 (ft. rnsl) 

9:ft. msl = feet, mean sea level 
PAR = population at risk 
TP = Threatened Population 
LOL = Loss of Life 

$:*PAR assumed to be evacuated prior to flooding 

Top of Zone 1 
Top of Zone 2 
Top of Zone 3 
Top of Zone 4 
Top of Zone 5 
Top of Zone 6 
Top of Zone 7 
Top of Zone 8 

Elevation 
(ft. msl.) 

904 
908 
912 
916 
920 
924 
928 
932 

PAR 
in 
Zone 

10 
20 

100 
50 
10 
20 
4 0 

5 

255 Totals 

Warning 
Time in 
Zone (hr) 

3. ... ,. ,. 
3. .v. ,. ,. 
.L .L ,. ,. 
1 . 0  
1 . 0  
1 . 0  
1 .0  
1.1 

TP 
in 

Zone 

0 
0 
0 

1 3  
3 
5 

10  
1 

3 1 

LOL 
in 

Zone 

0 
0 
0 

11 
2 
3 
4 
0 

2 0 



Table 5 i l l u s t r a t , : ~  t h e  key f a c t o r s  used t o  ca lL:u la te  t h e  l o s s  of 

l i f e .  For a  g iven  reach ,  t h e  popu la t i ons  a t  r i s k  a t  d i f f e r e n t  e l e v a t i o n s  

are es t ima ted .  Warning t i m e s  a r e  e s t ima ted  f o r  each  f l o o d  zone. Flood 

zones a r e  de f ined  on t h e  b a s i s  of e l e v a t i o n ,  a s  i l l u s t r a t e d  i n  F igu re  1. 

The th rea t ened  popu la t i on  is c a l c u l a t e d  a s  a  p r o p o r t i o n  of t h e  popula t ion  

a t  r i s k ,  depending on t h e  warning t i m e  f o r  t h e  zone. The l o s s  of l i f e  is 

computed a s  a  p ropor t i on  of t h e  t h r ea t ened  popu la t i on ,  t h e  magnitude of 

t h e  p ropor t i on  depending on t h e  depth  of f l ood ing .  

2 .10 Discuss ion  of t h e  Bureau of Reclamation and t h e  stanford/FEMA/IWR 
Models 

R e c a l l  t h a t  i n  t h e  StanfordIFEMA (1984) and IWR (1986a) models, t h e  

v e c t o r  of f a c t o r s  a f f e c t i n g  f l ood  l e t h a l i t y ,  - x,  c o n s i s t e d  of one 

v a r i a b l e ,  depth of inundat ion  i n  t h e  f lood  zone. The f u n c t i o n  f  ( 5 )  may 

be desc r ibed  by t h e  c o e f f i c i e n t  v a l u e s  t a b u l a t e d  i n  Table  1. The form of 

t h e  f u n c t i o n  was approximately a  l o g i s t i c  curve ,  w i t h  p ropor t i on  l o s s  of 

l i f e  a s  a  func t ion  of depth  of inundat ion .  The l o g i s t i c  func t ion  had a  

s low rise i n  t h e  p ropor t i on  of l o s s  of l i f e  between 0  t o  4  f e e t ,  a  s t e a d y  

l i n e a r  i n c r e a s e  between 4  t o  12 f e e t ,  and then  a  l e v e l i n g  of t h e  func t ion  

a t  approximately .85 f o r  va lues  of d j  > 12 f e e t .  

I n  t h e  StanfordI~EMA s tudy ,  t h e  set of v a r i a b l e s  a f f e c t i n g  t h e  s i z e  

of t h e  t h r e a t e n e d  popu la t i on  was y = ( d i s t a n c e  from dam, being i n  a  

r e s i d e n t i a l  ve r sus  a  r u r a l  a r e a ,  e f f e c t i v e n e s s  of warning system). The 

f u n c t i o n  g(y) was g iven  by t h e  parameter  va lues  l i s t e d  i n  Table  2. I n  

t h e  IWR formula t ion ,  t h e  d i s t a n c e  from t h e  dam was rep laced  by warning 

t i m e  . 





If one adopts the formulation given by Equation (6) and applies it 

to the Bureau of Reclamation (1985) study, the function f(x) appears to 

be equal to 1.0 in Equations (2) and (3). The reason for this may have 

been the lack of data but this was not discussed in the report. Another 

reason may have been that the Bureau of Reclamation (1985) study 

concentrated on deaths due to darn breaches or major flash floods. Floods 

of lesser importance were not included in the sample used to calibrate 

the loss of life equations. Consequently, the Bureau of Reclamation 

model was implicitly calibrated for inundation depths that were likely 

greater than 12 feet at peak stage. The Stanford/FEMA (1984) study 

postulated that the proportion of the threatened population which lose 

their lives is greater than 0.85 (i.e. approximately 1.0) if the depth 

exceeds 12 feet (refer to Table 1). If this subjective estimate of loss 

of life as a proportion of threatened population is reasonable, then the 

implied f(5) = 1 term in the Bureau of Reclamation study may not be a 

severe problem. However, in reality the peak stage would be less than 12 

feet in at least some of the zones in the inundation area. Thus, it is 

difficult to reconcile the Bureau of Reclamation's (1985) empirical 

result with the formulation in Equations (4) or (6), and the Bureau's 

equations may reflect some misspecification.. 

To consider the function g(y), recall that different equations were 

used in the Bureau of Reclamation's formulations to predict loss of life 

for warning time situations with less than 90 minutes versus those with 

inore than 90 minutes. Thus, the Bureau of Reclamation's empirical 

finding confirmed that warning time is one of the variables in g(y) in 

Equations (4) or (6). For warning time greater than 90 minutes, f(x)g(y) 



' was a constant, as shown in Equation (1). For warning time less than 90 

minutes, y implicitly included the population at risk, P. This means 

that, according to the Bureau of Reclamation's results, in floods with 

little warning, the effectiveness of the warning is greater in more 

populated areas. To explain this, recall Equation (6) and assume that 

for warning time less than 90 minutes, 

The expression g(~,P) signifies that warning time, W, and population at 

risk, P, are the two important variables affecting the size of the 

threatened population relative to the population at risk. The notation 

gw(P) signifies: (a) that the form of the function g(-) depends on the 

assumption that we are dealing with a case in which warning time is less 

than 90 minutes, and (b) that the proportion is a function of P. 

Substituting Equation (7) into (6), and taking the logarithm of both 

sides, one obtains: 

log(L) = log(f(x)) - + (l+a) log(P). (8 )  

With the definition of Equation (6), log(f(q)) exists and is greater than 

zero and less than or equal to one. Since 10g(f(~)) is "missingt' from 

Equation (I), the estimated regression coefficient, 

(l+a) = 0.0002, ( 9  

is a biased estimate of the actual value unless f(q) = 1. This 

statistical property of ordinary least squares estimators in regression 

models with misspecification was discussed in Draper and Smith (1981, 

pp.117-121). If one assumes no other misspecification in Equation (I), 

except for the omission of log(f(x)), - then 
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since log(f) > 0. 

Equation (10) suggests that 

< 0 
where 

0.43 = loglO(e). 

Equation (11) reveals that the greater the. population at risk, the 

smaller the threatened population as a proportion of the population at 

risk. This suggests that warning effectiveness was greater in more 

populated areas. In such areas, direct communication with or observation 

of neighboring people are more likely. A highly populated area is also 

more likely to have more emergency evacuation support services, and to be 

reached by such services. 

Equation (11) and its interpretation are an empirical result of the 

Bureau of Reclamation (1985) study. By contrast, the threatened 

population proport ions in the Stanf ord/FEMA/IWR approach were 

subjectively determined and were not explicitly based on empirical data. 

However, for given distances or warning times, the stanford/~EMA/~~~ 

estimates of the threatened population proportion were greater for rural 

reaches than for urban residential reaches. This was consistent with the 

Bureau's empirical finding. Thus, the Bureau of Reclamation (1985), 

Stanford/FEMA (1984), and IWR (1986a) models have structural similarities 

and may be specific versions of a general formulation to be advanced in 

Section 3.1. 



2.11 Summary of Previous Approaches for Estimating I,ps of Life 

The studies which use economic damage, measured in either dollar 

amount or number of buildings, have a noteworthy shortcoming. The 

economic damage or number of structures is being used as a surrogate 

variable for the population at risk. It seems preferable to use 

population at risk directly rather than to use surrogate measures that 

may vary across geographical regions or over time. 

The second general approach for estimating loss of life was that 

suggested by, for example, Pate-Cornell and Taragas (1986). It uses a 

casualty ratio. This approach may be acceptable in a small study with 

limited data resources, and may be an adequately accurate estimate of 

loss of life. Use of such a ratio, however, is limited by its simplicity 

and omission of important factors that affect the potential loss of life. 

The more preferable methods appear be the Bureau of Reclamation 

(1985) model, and the Stanford/FEMA (1984) approach that was subsequently 

modified by the Institute for Water Resources (1986a). The advantage of 

the Bureau of Reclamation approach is that it used actual historical data 

to develop empirical relationships. The advantage of the 

stanford/~EMA/IWR approach is its logical functional relationship between 

the population at risk, the threatened population, and loss of life. In 

addition, it takes important explanatory variables into account, such as 

warning time, quality of the evacuation warning, rural versus urban 

situations, and depth of flood water. 

The Stanford/FEMA/IWR approach stated that loss of life should be 

calculated for different zones within each reach of the inundation area. 

Although the Bureau of Reclamation approach did not necessarily eschew 



this kind of detail, the empirical data precluded the estimation of loss 

of life equations at the individual reach and/or zone level. Instead, 

loss of life was estimated for the whole inundation area, rather than for 

individual zones and/or reaches. Nevertheless, it may still be possible 

to apply the equations to individual reaches and/or zones for predictive 

purposes. This is discussed further in Section 4.0. 

3.0 DEVELOPMENT OF EMPIRICAL FUNCTIONS TO ESTIMATE LOSS OF LIFE 

3.1 General Equation 

This section summarizes some results on developing empirical loss of 

life functions that may be used to estimate loss of life in the Cochiti 

Dam area (Volume 11, Lee et al., 1986a), Beach City Dam area (Volume 111, 

Lee et al., 19$6b), and other inundation areas. The general approach in 

the development of the empirical functions was to combine aspects of both 

the Bureau of Reclamation (1985) model, and the ~tanford/FEMA (1984) 

approach as adapted by the Institute for Water Resources (1986a). 

The loss of life function was initially assumed to be given by 

Equation (12): 

Lij = f ( x  -1J . )  g(yij) Pij , (12) 

where 

L = loss of life 

i = reach 

j = flood zone 

f(2) = the estimated proportion of the threatened 
population that will be killed by the flood 



x = a vector of variables affecting the ratio - 
of deaths to threatened population 

g ( y )  = the proportion of the population at risk that is 
estimated to remain in the flooded zone at the 
time of the arrival of the flood wave, i.e. the 
threatened population as a proportion of the 
population at risk 

y = a vector of variables affecting the size of the 
threatened population relative to the population at 
risk 

P = population at risk. 

This formulation is simple and parsimonious. It is intuitively 

appealing, and its components distinguish between the two major elements 

affecting loss of life. One element relates to the effectiveness of 

warning and evacuation. The other element is a reflection of the 

physical severity of the flood. The two elements also have a natural 

temporal sequence. The effectiveness of warning and evacuation are of 

primary importance before the flood wave arrives. Once a zone is 

inundated, the physical severity of the flood tends to become more 

important in terms of affecting loss of life. 

Equation (12) was modified somewhat to better reflect the 

interaction among the factors affecting the size of the threatened 

population, and the loss of life relative to the size of the threatened 

population: 

p = the probability of loss of life of an individual in reach i 
at flood zone j . 

In Equation (13), loss of life is expressed as a probability. An 

estimate of Lij is simply p(zij >Yij ) times Pij. The function ) 



is introduced to replace the functions f(xij) and g(yij) in Equation 

(12). The reason is that f(gij) and g(yij) are not truly separable. 

Some of the variables that affect the size of the threatened population 

(i.e., some of the variables in yij) also affect the loss of life for a 

given size of threatened population i . . ,  some of the variables in xij). 

For example, an urban area may have a more efficient warning system that 

results in a smaller threatened population relative to the population at 

risk. Thus, an urban-area indicator may be one of the yij. However, an 

urban area may also have better rescue operations, so that loss of life 

relative to the size of the threatened population is lower. Thus, the 

urban-area indicator may also be one of the gij. There are several other 

variables which have this attribute. Because of this, it is not possible 

to separate statistically the contribution of a variable to yij, and the 

contribution of that same variable to xij. The function f(*) is more 

accurately represented as f (xij 1 g(yij)), and the function g(yij) may have 

some xij in yij . 

3.2 Outline of Methodology for Developing Empirical Function 

Past studies have suggested many different variables that may affect 

the potential loss of life (these are the elements in q and y in the 

function p(*) in Equation (13)). For example, although the Bureau of 

Reclamation's (1985) models only considered the population at risk and 

warning time, its report stressed that any loss of life predictions from 

its models should be regarded as "baseline" estimates that should be 

adjusted subjectively to take into account unique local factors. Among 

these, the Bureau of Reclamation (1985) report made note of: 



(a) extreme lack of warning (less than 15 minutes) 

(b) special characteristics of the population at risk, such as a 

large elderly population or an isolated community (for example, 

isolated in terms of a different language) 

(c) special facilities such as retirement homes, nursing homes, 

hospitals, correction facilities, and others 

(d) absence of previous public information, education or experience 

about the possibility of flooding 

(e) ease of evacuation in terms of traffic congestion, speed of 

movement, and distance to a safe area 

(f) convergence of population to dangerous river crossings 

(g) depth and velocity of flood waters, especially those great 

enough to destroy buildings 

(h) mud, debris, or extremely cold temperatures in the flood 

waters. 

Petak and Atkisson (1982) had cautioned, however, that "no estimate 

of mortality can take all these factors into account.'' The basic problem 

is the lack of data for the area to be studied, and particularly for 

historical events that would be used to calibrate any empirical function. 

Nevertheless, the strategy in developing the loss of life models was to 

attempt to compile data on as many explanatory variables as possible to 

calibrate an empirical function. The goal was to use this function 

together with computed flood hydrographs, assessments of the quality of 

evacuation plans, and evacuation simulations to estimate the threatened 

population and loss of life. These methods are discussed in Sections 4 

and 5. 



The analysis in this section is limited to the empiriczl functions. 

To estimate this function, the approach was to: 

(i) adopt the general formulation for loss of life given in 

Equation (13) 

(ii) review the literature and compile a list of possible factors 

that may affect either the size of the threatened population 

(i.e. the y variables), or the lethality of the flood (i.e. the 

x variables) - 

(iii) identify recent past floods in the United States (ther? is an 

insufficient number of floods if limited to specific study 

areas), and compile data on loss of life, population at risk, 

and the - x and y variables for these floods 

(iv) do exploratory data analysis on the compiled data to identify 

general trends, outliers, or lack of data 

(v) formulate alternative loss of life equations consistent with 

the form of Equation (13) and statistically calibrate the 

equations 

(vi) study and assess the statistical results and select the best 

equation 

(vii) compare the results with the Bureau of Reclamation and 

stanford/~EMA/~~~ models. 

3.4 Selection of Variables 

The selection of variables was based on a consideration of past 

research on factors affecting potential loss of life in floods, and on 

the likelihood of obtaining information on variables of interest from the 



documents to be used as sources of the data. The following variables 

were postulated to affect the size of the threatened population relative 

to the population at risk: 

(1) y -- factors affecting the size of the threatened population 

(a)_ Warning Time (the interval between the time at which an 

official evacuation warning is initially given to the public 

and the time at which flood reaches the population at risk). 

In theory, each individual has a different warning time since 

each is situated at a unique location and elevation. In 

practice, only a single representative number is reported for 

warning time, for the whole inundation area, in the source 

documents for the past floods. Thus, the empirical function is 

estimated using very aggregate data, on a flood by flood basis, 

rather than using micro-data on zones and reaches within a 

given inundation area. Drawing on past research it was 

hypothesized that as warning time decreases, the population at 

risk has less opportunity to evacuate the inundation area. 

Consequently, the threatened population as a proportion of the 

population at risk would be relatively large. Conversely, 

longer warning time will allow more people to evacuate from 

areas at risk. The measurement and importance of warning time 

are discussed in greater detail in Section 4.3. 

(b) Experience or Knowledge of Flooding in the Local Area within 

the Last 10 Years. It was hypothesized that if the population 

had previous experience with floods and evacuation, then they 

would evacuate more efficiently and readily, thus reducing the 



proportion of threatenzd populatj.on relative to the population 

at risk. An opposing hypothesis was that population with prior 

experience with flooding may underestimate the impacts of a 

severe event, and may be more likely to remain in an area at 

risk. 

(c) Existence of Hospital, Retirement Home, School, Recreation 

Area, or Other Unique Facility. Each of these was represented 

by a dummy variable (1 = existence of such a facility in the 

inundation area). It was hypothesized that such groups will be 

more likely to receive or to respond to a warning. The special 

status of these institutions and their ties with public 

agencies suggest that these institutions would have high 

priority to receive a warning. An alternative hypothesis was 

that language barriers, geographic or cultural isolation, or 

lack of social ties would make it less likely for these groups 

to receive or act upon a warning. 

(d) Day or Night. This was a dummy variable (day = 1) to represent 

the postulate that if the flooding begins at night then the 

dissemination of the warning will be more difficult and less 

efficient, thus leading to a higher threatened population. 

( e )  Time of Day. These data provide more specific information on 

the day/night dichotomy above. 

(f) Proportion of Elderly and Young Population. It was 

hypothesized that the elderly population may be less likely to 

receive a warning, less likely to respond, and less mobile. 

For the young population, it was postulated that some may lack 



the maturity to respond properly. They may not take the 

appropriate action in an evacuation, or they may not realize 

the potentially high risk of a flood. For example, in the 

Connecticut flood in June 1982, at least eight of the eleven 

deaths involved people less than 21 years old or 62 years old 

or greater; and many of the circumstances surrounding the 

deaths of the younger victims involved tubing or rafting 

accidents. Demographic data for past flood events were 

unavailable, however, and this variable was not used in the 

empirical analysis. 

(g) Effectiveness of the Evacuation Plan and System. The 

identification of a threat, decision to alert the public, 

interorganizational response, and efficiency of the warning 

process all contribute to the proportion of people who will be 

evacuated from the risk area. Recent study of the Cochiti Dam 

and Beach City Dam case studies identified general criteria for 

assessing the effectiveness of evacuation plans, developed a 

means of quantitatively rating the measures of effectiveness, 

and provided recommendations to improve the evacuation plan in 

the case study areas (Volumes I, 11, and 111, Sorensen and 

Neal, 1986a,b,c). The overall quality of the warning in the 

empirical analysis was represented by a three-category variable 

(needs improvement fair, and good). 

(h) Evacuation Traffic. Simulation of a likely traffic pattern in 

an evacuation with the existing plan, as well as information on 

the optimal routing of traffic patterns, will provide 
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information on the expected and minimum times that it would 

take to evacuate a risk area. These estimates could be 

compared to estimates of the warning times, given some 

qualitative judgement of warning dissemination effectiveness 

and estimates of flood travel times. The efficiency of traffic 

evacuation would have an impact on the size of the threatened 

population remaining in the risk area when the flood wave 

arrives (Volume I, Southworth et al., 1986a). This variable 

was not explicitly used in the empirical function because no 

data were available on evacuation traffic in past floods. 

(i) Size of Population, and Urban Versus Rural Situation. It was 

suggested that in urban areas the evacuation process will be 

more efficient because of the greater number of public agencies 

and officials available to disseminate the warning. Also, the 

greater population density would make it easier for the people 

who are warning the population to spread the warning more 

quickly, as well as for the population to be able to observe 

evacuation actions by their neighbors. Conversely, it was 

suggested that in rural areas, the proportion of the threatened 

population relative to the population at risk would be greater. 

The population at risk was used as a surrogate for all of these 

factors. Population density may be used as a surrogate 

variable for the existence of an urban area. However, no data 

were available for population density in past floods. In any 

event, an urban-area dummy variable may still be preferred if 

it is assumed that urban services, media for communication, and 



social networking are the important factors affecting the 

effectiveness of warning dissemination, rather than population 

density, per se. 

In terms of being consistent with the formulation in Equation (13), 

which separates the factors affecting the size of the threatened 

population from those affecting the lethality of the flood for a given 

size of threatened population, two separate lists of variables have been 

compiled representing those in the vector y (which relate to the warning 

and evacuation) and those in the vector 5 (which relate to flood 

lethality). The variables listed above represented those in y, and they 

are mainly related to the extent and effectiveness of warning, and to 

public response. The variables listed below, on the other hand, are 

those that reflect the lethality of the flood, either in terms of the 

hydraulic characteristics or in terms of characteristics of the 

environment or population that may affect the probability of loss of life 

for a threatened individual. Clearly, however, many of the variables 

affect both the effectiveness of warning and evacuation, as well as the 

lethality of the flood. This is exactly the premise reflected in 

Equation (12). 

(2) x - -  Flood Lethality Factors 

(a) Number of Residences Damaged and the Extent of the Economic 

Damage. These variables may be used to reflect the possibility 

of deaths associated with the collapse or destruction of 

structures. The extent of economic destruction is a surrogate 

for the severity of the flood. Data on this variable was 



generally unavailable on past floods, so that it was not used 

in the empirical function. 

(b) Depth of the Flood. The deeper the water the greater the 

likelihood of death. This may be measured in terms of the 

maximum flood stage for a representative, heavily populated 

zone in a given reach. This variable may also be regarded as a 

surrogate for environmental cues, which affect the likelihood 

and speed of evacuation (i.e, a variable in the y list above). 

Data on depth of flood were available for only about one half 

of the past events, but they were included in the statistical 

analysis. 

(c) Velocity of the Flood Wave. Not only is this a factor that 

affects the warning time, it is also suggested that floods with 

high velocity are more likely to cause a greater number of 

deaths. Data were generally unavailable for this variable. 

(d) Discharge (as measured in cubic feet per second). It was 

postulated that floods with a greater volume and intensity of 

flooding as measured in cubic feet per second are more likely 

to result in a greater number of deaths. The status of the 

data for this variable is similar to that for flood depth. 

(e) Breach of Dam. This binary variable (1 = breach) was used as a 

surrogate for the lethality of the flood. It may also be 

regarded as an environmental cue. 

(f) Topography of Inundation Area: This was a dummy variable (1 = a 

wider flood plain, 0 = a narrow canyon). It was used to 

provide a descriptive measure of the topography of the 



inundation area which may ai..fect the possibility of escaping 

the flood for different members of the threatened population. 

It may also affect the size of the threatened population 

relative to the size of the population at risk. 

(g) Special Characteristics of the Population such as the Very 

Elderly or Very Young. Not only may these people react 

differently from the rest of the population in terms of 

responding to an evacuation warning, they may be physically 

weaker and less likely to survive if exposed to the flood. 

(h) Unique Facilities Such as Hospitals, Retirement Homes, Schools, 

Recreation Areas, or Unique Facilities or Institutions. For 

those people who remain behind and who are caught by the flood 

wave, the people in these special institutions may be more 

vulnerable, with a greater probability of loss of life. 

(i) Type of Structures. It was suggested that particular types of 

structures such as mobile homes and adobes would be more 

vulnerable to flood wave action, and would be associated with a 

greater likelihood of loss of life. The hypothesis is similar 

to that presented in Item (a). Data were generally unavailable 

for types of structures in past flood events, and this variable 

was not used. 

( j )  Number of Roads and Bridges Crossing the River in the Inundated 

Area. Study of past floods has identified that many flood 

drownings are vehicle-related. Frequently, they resulted from 

vehicles converging to a stream or river crossing and being 

washed away from a bridge or from a road where the water was 



too deep. Unfortunately, data were unavailable for this 

variable and it was not included in the empirical function. 

However, a discussion of how the traffic evacuation simulation 

model may be used to estimate the size of the threatened 

population is given in Section 5.4. 

3.4 Identification of Recent Floods 

Past floods were identified based on review of the literature and on 

previous experience of ORNL researchers. The goal was to develop a set 

of historical cases that would be representative of future severe flood 

events, to the extent possible. The empirical relationship derived from 

historical cases can be used to predict loss of life from hypothetical 

future flood events, as described in Sections 4.0, 5.2 and 5.3. The 

historical events that were considered were generally those that: (a) 

were in areas where there were persons at risk; (b) involved severe 

flooding that had the potential for loss of life; and (c) were fairly 

recent and in the United States so as to provide comparability in terms 

of the structural design of the dams and in the communications available 

for the warning process. 

The complete list of historical cases and data is tabulated in 

Table 6. The cases do not constitute a statistically random sample, but 

rather were determined by the availability of data. The cases included 

those identified in the Bureau of Reclamation (1985) study as well as 

other cases identified as a part of this study. The Bureau of 

Reclamation (1985) study provided a tabulation of data for each case: an 

estimate of the warning time, the existence of a dam breach, year of 



Table 6. Lass o f  L i C e  D a t a  

No Locat ion  
......................................... 

1 Teton ( t o  Wi l fo rd )  - June 76 
2 Teton (Rl=x-Amer F a l l s )  - June 76 
3 Gainesvi 1 l e ,  AL - A p r i l  79 
4 Jackson, MS - A p r i l  79 
5 B u f f a l o  Creek, WV - Feb. 72 
4 B i g  Thornps~n, CO - J u l y  76 
7 San Francisco, CA - June 82 
8 L i t t l e  Dear Creek, UT - June 43 
9 P ike  Co, EY - J u l y  79 

10 Toccoa F a l l s ,  GA - Nov. 77 
11 Aust in,  TX - May 81 
12 Bearwallow, NC - Feb. 76 
13 SW V i r g i n i a  - A p r i l  77 
14 Cheyenne, WY - Rug. 85 
15 H i l l  Country, TX - Aug. 78 
16 B i g  Country, TX - Aug. 79 
17 Mohegan Park, CT - March 63 
18 Denver, CO - June 65 
19 M i l l a r d  CO, UT - June 83 
20 S c h u y l k i l l  R iver  Basin - June 72 
21 Potomac River ,  D.C. Area - June 72 
22 Wifkes Barre, PA - June 72 
23 Har r isburg ,  PA - June 72 
24 Johnstown, PA - J u l y  77 
25 S. C a l i f o r n i a  - Feb. 90 
26 Santa Barbara, CA - Feb. 80 
27 S. C a l i f o r n i a  - Feb./Mar. 78 
28 Kansas C i t y ,  KC,MO - S ~ p t .  77 
29 Old Creek Canyon, A Z  - Feb. 80 
30 Phoenix, A Z  - Dec. 78 
31 Tri-County Area, PA - qug. 80 
JZ Canner t icu t  Flood, CT - June 82 
33 Baldwin H i l l s  Dam, CA - Dec. h3 
34 Hanalu lu - May 6.3 
35 Four M i  1 e Run ( F a i r f  ax Co. ) , VA - Aug. 
36 Tekamah Creek, NE - June h3 
37 Nor th H i l l s ,  PA - June 86 
36 Black H i l l s  (Rapid C i t y ) ,  SD - June 72 
39 Tonto Creek, A Z  - Sept. 70 
40 James R iver ,  VA  - June 72 
41 Brushy H i l l  Pond, CT - June 82 
42 Lawn Lake, C3 - 1992 
43 Northern New Jersey - 1984 
44 Phoenix, A Z  - Feb. 50 
45 Har r i son  Co, WV - Aug. E0 
44 Le2 Lake, MA 
47 E l  Dorado, NV 

Exp. Hasp 
Deaths 1/0 1/0 

--------.----------- ---- 
7 0 0 
4 0 0 
5 0 -9 
4 0 1 

139 0 0 
139 0 n 

9 1 0 
1 0 0 
7 . .2 1 0 

38 1 0 
15 1 0 
4 0 0 
4 0 1 

11 0 1 
27 1 0 

6 0 0 
6 0 0 
6 1 1 
1 0 0 
5 1 -9 

27 1 1 
1 1 1 
1 1 1 

85 1 1 
18 1 1 
20 1 0 
16 1 0 
12 0 0 
7 
'-a 1 r! 

10 1 1 
9 1 (3 

11 1 0 
5 0 0 
4 1 1 

6 3 1 1 0 - 
.3 1 0 
8 1 -9 

245 1 1 
23 1 0 

5 1 1 
0 0 -9 
3 1 0 
2 1 0 
0 1 0 
2 1 0 
2 0 0 
9 1 n, 

Ret. 
1 /0 

Sch. 
1 /0  



Table h. Loss of L i f e  Data (continu:?d) 

Rec  
Area 0 t h  

No 1/0 1/0 
--------------- 

---------- Warning Time 
C a n /  
Fl P Timely Adequ.? Ov.?ra l l  
1/0 1/0 1/0 1-3 

.----------.------- ---- ------.---- 

I n f  o rmat i  an ---------- 

T i  me Occur? When When 
1/0 1/0 1-4 



Tab le  6 .  L - ~ I S S  o f  L i f e  Data (cont inued)  

No PAR 
----------- 
I 2000 
2 23000 
3 1000 
4 25000 
5 4000 
6 2500 
7 30000 
8 50 
9 250 

10 250 
11 3000 
12 4 
13 1000 
14 200 
15 1500 
16 1000 
17 500 
18 22000 
19 400 
20 10000 
21 2000 
22 100000 
23 10000 
24 50000 
25 5000 
26 500 
27 10000 
28 5000 
29 5 0 (3 
30 5000 
31 1500 
32 4000 -- .>.; 1$500 
34 1000 
35 500 
36 3 ~ 0 0  
37 10000 
38 17000 
.: 9 1500 
40 50000 
41 400 
42 5000 
43 25000 
44 6000 
45 2000 
46 80 
47 i 00 

Year ------- 
197b 
1976 
1976 
1976 
1972 
1976 
1982 
1963 
1977 
1977 
1981 
1976 
1977 
1985 
1978 
1978 
1963 
1965 
1983 
1972 
1972 
1972 
1972 
1977 
1980 
1978 
1978 
1977 
1980 
1978 
1977 
1932 
1963 
1963 
1963 
1963 
1986 
1972 
1970 
1972 
1982 
1982 
19B4 
1980 
1980 
19B0 
1974 

Dam 
Break 
.------ 

I 
1 
0 
0 
1 
0 
0 
1 
1 
1 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
0 
0 
0 
1 
0 
1 
0 
0 
0 
1 
0 
0 
1 
0 
0 
0 
0 
1 
0 
0 
1 
1 
0 
0 
(3 
0 
2 

Recurr. 
I n t e r v a l  

(Year) 
,---------- 

-9 
-9 
-9 
-9 

5000 
2000 

25 
-9 
25 
-9 
25 
-9 

100 
100 
250 
400 
-9 
-9 
-9 
-9 
-9 
-9 
-9 

500 
50 
10 
10 

350 
-9 
-9 
-3 

500 
-9 
-9 

100 
150 
-9 

100 
-9 
-9 

500 
250 
100 
-9 
-9 
-9 

500 

Crest  t o  Urb/ 
F t  above Bottom RUP 

c f s  F1 Stagc ( F t  1 110 



Notation for Table 6 
Loss of Life Data 

-9 

Deaths 

Exp. 110 

Hosp 110 

Ret. 110 

Sch. 110 

Rec Area 110 

0th 110 

Timely? 110 

Adequate? 110 

Overall 

Time 

Occur? 110 

When 110 

When 

PAR 

Year 

Missing Information 

Number of Flood-Related Deaths 

Inundation Area Experienced Flooding in the Last 
10 Years (l=Yes, 0-No) 

Hospital in Inundation Area (layes, O=No) 

Retirement Home in Inundation Area (layes, O=No) 

School in Inundation Area (l=Ycs, O=No) 

Recreation Area in Inundation Area (layes, O=No) 

Other Special Institution in Inundation Area 
( l=Yes, O=No) 

Inundation Area Topography ( l=Canyon, Omwider 
Floodplain) 

Timely Warning? (1-Yes, O=No) 

Quality of Warning Adequate? (l=Yes, O=No) 

Overall Subjective Evaluation of Effectiveness 
of Evacuation Warning ( l=Poor, Z=Fair, 340od) 

Warning Time (Minutes). The interval between 
issuance of the evacuation warning to the public 
and the arrival of the flood wave to where most 
of the population at risk was located and/or 
loss of life occurred. 

Was There a Warning? ( 1-yes, 0-NO) 

Time of Day of the Flood (l=Day (light), O=Night 
(dark) 

Time of Day of the Flood (1=6am to llam, 2=llam 
to 5pm, 3=5pm to 6am, otherzspanned several 
parts of the day) 

Population at Risk. Number of people who would 
have been exposed to flood water if they did not 
evacuate 

Year of the Flood 

Dam Break l=Dam Breach, O=No Breach 

Recurr. Interval Recurrence Interval  ears). For example, a 
"100 year flood." 

cfs Peak Plow (measured in cubic feet per second) 

Ft above F1 Stage Number of Feet Peak Flood Stage was Above the 
Stage at Which Population Would be Exposed to 
Flood 

Crest to Bottom (ft) Distance from Crest of Dam to Bottom of Riverbed 
(feet) 

Urb/~ur 110 l=Urban Area of 2 10,000 population; O=otherwise 



' event, population at risk, and number of d?aths. The data for this study 

was compiled independently of the Bureau of Reclamation data, although 

there were several source documents in common. The Bureau data were also 

used to supplement the data in a few cases. A complete list of all 

documents and sources used in the data collection effort is given in 

Appendix A. Interested readers may wish to consult the original 

documents for further information on specific flood events, in addition 

to the data provided in Table 6. A major obstacle to compiling the data 

was that there was no standard, reference source of information. Data 

sources included government reports, research reports, newspaper 

articles, and personal communications. 

In many cases, a considerable degree of subjective judgement was 

used in interpreting the information in the source documents. In 

particular, the population at risk and warning time were usually not 

explicitly defined in terms of how they were measured. For example, if a 

statement is made in a report that "there was no warning," it is unclear 

if it was defined in the same manner as in the Corps' Guidelines (IWR, 

1986b) --  the time between issuance of the evacuation warning to the 

public, and the arrival of the flood so that the population at risk is 

exposed (even minimally) to water. Certain individuals may literally 

have had "no warning. " Perhaps this may have been due to incomplete 

dissemination of the warning; but if a public warning was issued (even if 

it was not received by some of the public) before arrival of floodwater 

then the Corps' Guidelines (IWR, 1986b) would state that there was still 

some warning time. These issues were not fully considered in the source 

documents. 



Another major drawback of the data sources is that information was 

usually given for the event as a whole. If there was a dam breach, for 

example, data were not given separately for the population at risk and 

warning time associated with the spillway flood prior to breach, and for 

the population at risk and warning time after the breach. Also, data 

were not given for individual flood stage zones or river reaches. A 

statement may be made in the source document that "two people died when 

their vehicle was swept off a bridge," but no further information is 

given on where (i.e. the reach and flood zone) it occurred, on the 

population at risk, or on the warning time at that particular location. 

This latter point raises a significant issue. Data limitations 

dictate that an observation in our data set for the empirical analysis is 

a single flood event for the whole inundation area, rather than for 

individual flood zones and reaches. Even though the inundation area may 

cover several hundred square miles and contain several communities at 

different locations along the river, data are available for only an 

aggregate population at risk and some "representative" or "important" 

warning time (its exact meaning usually being undefined). 

This imprecision in the information in the source documents raises 

two general problems. The first is the uncertainty and aggregation error 

in the empirical data and the effect that this will have on the accuracy 

and precision of the statistical results. The second problem is that the 

lack of precision in the data on past flood events limits the type of 

detailed analysis, by reach and by zone, which is described in Section 

2.9. Equations which are calibrated to explain the variance in loss of 

life among flood events throughout the country may be applied to estimate 



loss of life in individual reaches within an inundation ar-a for a single 

flood event. However, one should realize that the equations were not 

calibrated to account for differences between reaches and zones, but 

rather between many flood events in various parts of the country that 

occurred at different times. 

The loss of life models presented in Sections 5.2 and 5.3 use the 

empirical function derived in this Section. The aggregate-empirical 

model described in Section 5.2 is a reach-by-reach computation; and the 

empirical-travel-time model described in Section 5.3 is a more 

disaggregate, zone-within-reach computation. In viewin; any loss of life 

predictions from either of these models, one must be aware of the caveat 

that they are based on an empirical loss of life function that is 

calibrated at a geographical scale that is much more aggregate than the 

scale at which it is being applied. 

3.5 Exploratory Data Analysis 

Notwithstanding the data quality limitations mentioned previously, 

the data listed in Table 6 were subjected to a series of exploratory data 

analyses : 

(a) Scatter diagrams were plotted with the explanatory variables 

and the number of deaths. 

(b) Correlation coefficients were computed. 

(c) The number of deaths expressed as a proportion of the 

population at risk was also used as the dependent variable, in 

place of the number of d?aths. 



(d) The logarithm of this proportion was plotted against warning 

time; and regression analyses were run for different subsets of 

observations, based on different warning time thresholds (e.g. 

warning time less than 90 minutes or warning time less than 120 

minutes). 

(e) Stepwise regression analyses were run. 

(f) Different functional forms, transformations, and error 

structures (i.e., additive and multiplicative) were considered. 

The purpose of these analyses was to gain a better understanding of 

the data and of any data errors, to identify key explanatory variables 

and their possible relationships with loss of life, and to lay the 

foundation for the more detailed statistical analysis presentedin 

Section 3.6. 

The result of these initial analyses was that there was no 

statistically significant (at the .05 level) relationship between most of 

the hypothesized explanatory variables and the dependent variable, either 

loss of life or loss of life as a proportion of the population atrisk. 

Thus the only variables retained for further analyses were the loss of 

life itself, population at risk, warning tim.2, a dummy variable to 

indicate previous experience with flooding in the last ten years, a dummy 

variable to indicate whether the inundated area was urbanized, and the 

depth of flooding at peak stage. 

There are several reasons why the statistical results involving most 

of the variables were insignificant. One primary reason is the extremely 

small sample size. There were only forty-seven observations and in many 

of these observations there were missing data, information that was not 
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available in the original source documents. Consequently, the sample 

size used in the statistical analyses was often much less than forty- 

seven. This was particularly the case for the hydraulic and hydrologic 

variables such as peak depth of flooding, probability and severity of 

flood as represented by its recurrence time, velocity, and peak 

discharge. Also, many of the analyses were done separately for two 

smaller sub-samples -- those cases with warning time less than 120 

minutes, and those with warning time equal to or greater than 120 

minutes. This reduced the effective sample sizes and degrees of freedom 

even further . 
A second reason why most of the variables were not significant is 

that many of the preliminary analyses were bivariate correlation 

analyses. It is extremely difficult to apportion a part of the overall 

contribution to loss of life to one specific factor. This is especially 

compounded with a small sample size. There are so many possible factors 

that interact that it is difficult to identify a statistically 

significant relationship with loss of life involving only one of them, 

except for the dominant variables that were retained for further 

analysis. Stepwise regression analyses were done to help address this 

problem. Yet, multicollinearity among the variables may have caused some 

of their explanatory power to be hidden by the dominant variables. 

Another possible explanation is that some of these variables, such 

as the existence of some unique institution or facility, may have been a 

significant factor in the loss of life for a particular flood event, but 

that they have no general significance when one looks at the overall 

picture in all flood events in the United States. This points out the 



importance of considering local factors and circumstances in tryins to 

explain or predict loss of life. 

In certain instances, a canyon may have been a contributing factor 

in that the population trying to escape the flood wave may have tried 

foolishly to drive along the road through the canyon instead of simply 

abandoning their vehicles and climbing up the hillside. This occurred in 

the Big Thompson flood, in which the topography and the geography of the 

road networks contributed to the loss of life (Gruntfest, 1977). But in 

other flood events, pcrhaps the action of the people or the nature of the 

flood was such that the canyon was r~ally of no significance. These 

possibilities create problems for the analysis. They make it very 

difficult to construct a general model that can be used to predict loss 

of life in specific areas of the United States based on historical 

evidence from the country as a whole. This observation suggests that 

given the current ensemble of information available, only dominant 

variables, such as the population at risk and the warning time, could be 

statistically significant in discerning variations in historical flood 

events on a country-wide basis and that only these variable could be used 

in any predictive model. The positive aspect about this problem is that 

if a lot of the variation in loss of life may be predicted by these few, 

dominant variables, then this would provide a succinct and easily 

understandable explanation of the major factors affecting loss of life. 

It also means that data requirements, in terms of collecting information 

to consider hypothetical future flood events, are reduced and require 

less subjective judgement. 





3.6 Statistical Analysis and Results 

The data in Table 6 were used to develop an empirical function for 

loss of life estimates. Various equations were considered in which loss 

of life was expressed as a function of the population at risk, warning 

time, existence of a dam breach (even though it was not significant in 

the exploratory data analyses), the previous experience with flooding, 

the urbanlrural dummy variable, and depth of flood at peak stage. The 

functional forms for the equations included linear, log linear, log-log, 

and group logit formulations, as well as more complicated non-linear 

forms. The equation that gave the best statistical and logical 

explanation of the variation in loss of life was selected. The major 

criteria used in this assessment were a comparison of the log likelihood 

values for each of the alternative equations, and the significance and 

signs of the coefficients of the explanatory variables. 

In some preliminary analyses, two different loss of life equations 

were derived: one was for cases in which warning time was adequate, and 

the other was for cases in which the warning time was low or non- 

existent. This was much like the Bureau of Reclamation (1985) approach 

except that the statistical analysis found that the optimal cutoff 

boundary between the two sets of warning situations was 120 minutes 

rather than 90 minutes, and that warning time itself was a statistically 

significant variable in situations with low warning time. The major 

results in this preliminary analysis were that: 

(a) the greater the population at risk, then the lower the loss of 

life as a proportion of population at risk 



(b) the greater the warning time, then the lower the loss of life 

as a proportion of population at risk (especially if warning 

time is less than 120 minutes) 

(c) if the inundation area had experienced flooding in the last ten 

r years, then the loss of life as a proportion of the population 

at risk is higher than otherwise expected (especially is 

warning time is greater than 120 minutes). 

These preliminary results were suggestive, but they had one major 

drawback. The problem was that there is a "dislocation" in loss of life 

estimates as one goes from a warning situation in which there is less 

than 120 minutes to one in which there is greater than 120 minutes. 

Although the two equations were rather similar, they were nevertheless 

quantitatively different and this led to some counter-intuitive 

predictions when these two equations were used to predict loss of life in 

two case studies (Volumes I1 and 111, Lee et al., 1986a, 1986b). 

Because of the drawbacks of the 2-equation formulation for the 

empirical loss of life functions, a single-equation formulation was 

calibrated. This took the form of a group logit model in which the 

probability that an individual at risk dies is represented by a logistic 

equation : 

LIP = exp(@'x) I (l+exp(@'x)) . (14) 

The parameters, @, were estimated by maximum likelihood methods. The 

estimated coefficients (with their t-statistics and levels of 

significance in parentheses) and the variables were given by 



where 

L = loss of life 

P = population at risk 

W = warning time (minutes) 

E = dummy variable to denote previous experience with floods in the 
last ten years 

D = depth of flooding at peak stage (feet above flood stage). 

Only 22 observations were used in the statistical calibration of 

Equations (14) and (15) because of missing information on the. flooding 

depth variable in most of the cases (refer to Table 6). 

An alternative to Equations (14) and (15) was estimated, omitting 

the depth variable but including a dummy variable to denote whether the 

inundation are is urbanized. A group logit model was used, as in 

Equation (14). The coefficients were obtained by maximum likelihood 

methods and were estimated as follows: 



where 

U = dummy variable to denote an urbanized area 

and the rest of the notation is as given in Equation (15). 

There are several advantages to using a group logit model, as given 

in Equation (14): 

(a) The dependent variable, LIP, is explicitly treated as a 

probability with values between zero and one. Other 

formulations such as the standard ordinary least squares 

regression approach, may use the same dependent variable, but 

it would be treated as a proportion whose predicted value could 

be outside the range O , l ,  depending on the values of the 

coefficients and the values of the independent variables. If 

this were to occur, the predicted loss of life would be a 

negative number or a magnitude which is greater than the 

population at risk. The group logit formulation, on the other 

hand, insures that the probability that an individual (who is 
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in the area at risk) will die is between zero and one, and that 

the total estimated loss of life will be between zero and the 

overall population at risk. The group logit formulation in 

effect considers each individual as an observation in the 

statistical analysis, rather than a whole inundation area or 

flood event as the statistical observation. 

(b) The fact that each individual is treated as a statistical 

observation means that past flood events with greater 

populations at risk are statistically more important when 

estimating the empirical function than flood events in which 

there were few people at risk. For example, in an ordinary 

regression approach, a flood event in which four people died 

out of the four people at risk in a flood event would be 

treated the same statistically as a situation with which the 

population at risk and the loss of life were both 10,000. The 

regression approach would treat these as conveying the same 

amount of statistical information. In contrast, the group 

logit approach would consider the 10,000 LOL-10,000 PAR case as 

conveying more information than the 4 LOL-4 PAR event. 

Computationally, each individual, rather than each flood event, 

would carry equal statistical weight. 

(c) Although this is not unique to a group logit formulation, the 

estimated equation(s) provided a single empirical function for 

loss of life. The form of the group logit equation is highly 

flexible in that the x's in Equation (14) can take on any 



suitable transformation of explanatory variables, as shown in 

Equation (15). 

(d) The fornulation in Equation (14) is consistent with the general 

explanatory model for loss of life given by Equation (13) with 

the probability function being p=exp(@'x)/(l+exp(@'x)). 

Examination of Equations (14), (15), and (16) suggests some 

interesting factors affecting loss of life in past flood events. The 

most significant factor that affects the probability of loss of life for 

an individual in a flood was the warning time. This is reflected in the 

very high t-statistics for the 1/(1+W) terms in Equations (15) and (16). 

The positive-value coefficient for the 1/(1+W) terms and the negative- 

value coefficient for the (wP)~/~ term in both Equations (15) and (16) 

confirm that the greater the warning time, the lower the probability of 

loss of life. The 1/(1+~) function suggests that warning time was 

extremely important for the population at risk directly below the dam, 

where W is small, and that its importance to the probability of loss of 

life diminished the greater the warning time or distance from the dam. 

Thus, with little warning time, "every minute counted." Differences in 

warning time of only a few minutes made a significant difference in loss 

of life. However, if warning time was relatively great, the difference 

of a few minutes had a much smaller effect. In general, the empirical 

results confirm that the greater the warning time, the greater the number 

of people who will evacuate, so that the threatened population is 

smaller, and the probable loss of life is less. When the warning time 

became greater (for example, greater than 2 hours), then the total 

warning time was generally great enough for most of most of the 



population at risk to evacuate the inundation area and u~rning time had a 

much smaller quantitative influence on loss of life relative to the 

population at risk. 

The coefficients of the (wp)lI2 and p1I2 terms in Equations (15) and 

(16) indicate that loss of life was less probable for individuals living 

in an inundation area that is highly populated (though more populated 

areas will, of course, likely have a greater total loss of life). This 

is even more the case if the warning time was very great, as reflected in 

the interaction between warning time and population at risk in the 

(wp)lI2 term. The negative-coefficient for the urban variable in 

Equation (16) provides further corroborative empirical evidence that the 

probability of loss of life for a given individw.1 was lower in more 

populated, urban areas. The results suggest that in urban areas there 

are more public officials to disseminate evacuation warning and to direct 

the evacuation, better communication systems, and better rescue 

operations so that the likelihood of loss of life for a given individual 

is less. Conversely, the results indicate that in less populated, rural 

areas, it is more difficult to disseminate the warning and to notify all 

of the people affected. In rural areas, the people are sparsely settled 

or may be transient visitors to a recreation area. Also, in rural areas 

the warning process may not be as efficient because of the lack of public 

officials and resources to disseminate the warning, as well as the larger 

areal extent that would have to be covered relative to the number of 

people available to disseminate the warning. 

The negative relationship between the probability of loss of life 

(for a given individual) and the size of the population at risk suggests 



further that the problems of traffic congestion, in terms of increasing 

the size of the threatened population through traffic accidents or delays 

in evacuation time because of traffic congestion, were over-shadowed by 

the positive influences of more efficient evacuation-warning 

dissemination. In addition, individuals observing the actions of 

neighbors and others in the process of evacuation may have been more 

likely to evacuate. In general, being in a highly populated, urban area 

had a positive influence in terms of reducing the probability of loss of 

life, though the magnitude of the impact diminished as the size of the 

population increases. This is reflected in the square root term for the 

population at risk in Equations (15) and (16). 

Another important result is the significance of the E term, 

representing the prior experience factor. The empirical results suggest 

that areas with previous flood experience in the last ten years actually 

had a greater loss of life other things being equal. An intuitive 

explanation of this is that people living in areas that have recently 

experienced flood events have developed some skepticism towards the 

necessity of evacuation and a degree of over-confidence in their ability 

to survive the flood. The impact is that fewer of them evacuate. This 

leads to an increase in the threatened population exposed to the flood, 

thus increasing the probability of loss of life. This previous 

experience factor was somewhat less important when the urban variable was 

included as in Equation (16), rather than the depth variable, which was 

used in Equation (15). However, this is not necessarily to suggest that 

this experience factor becomes less important in urbanized areas. The 

11 previous experience" factor provides some interesting evidence about 



d i s a s t e r  response  behav ior .  Moore (1963, 1964) f i r s t  e x p l i c i t l y  n o t e d  

t h e  r o l e  o f  a " d i s a s t e r  subcu l t u r e "  a f f e c t i n g  d i s a s t e r  response .  Moore 

no ted  t h a t  communities o c c a s i o n a l l y  a f f e c t e d  by d i s a s t e r s  b u i l d  i n t o  

t h e i r  systems ways o f  responding t o  a d i s a s t e r .  Moore (1964) and Wenger 

(1978) ,  among o t h e r s ,  have  no ted  bo th  t h e  p o s i t i v e  and n e g a t i v e  e f f e c t s  

o f  a d i s a s t e r  s u b c u l t u r e .  

F i r s t ,  a d i s a s t e r  s u b c u l t u r e  may l e s s e n  t h e  ambigui ty  and d i f f i c u l t y  

i n  c o o r d i n a t i n g  response .  Second, fewer  o r g a n i z a t i o n a l  a d a p t a t i o n s  a r e  

nece s sa ry  t o  f a c i l i t a t e  emergency response .  I n  t h e  words of Wenger, " t h e  

community can u t i l i z e  a t r a d i t i o n a l  (sometimes l a t e n t )  d i s a s t e r  s t r u c t u r e  

(Wenger, 1978, p. 42) .  

However, n o t  a l l  a s p e c t s  o f  an  e x i s t i n g  d i s a s t e r  s u b c u l t u r e  a r e  

p o s i t i v e .  The expe r i ence  of one d i s a s t e r  may n o t  t o t a l l y  t r a n s l a t e  i n t o  

t h e  needs  and r e sponse  f o r  ano the r .  S p e c i f i c a l l y ,  a community, having 

r e c e n t l y  exper ienced  and responded t o  one impact ,  may n o t  r e g a r d  t h e  n e x t  

t h r e a t  a s  s e v e r e l y  as t h e  p rev ious  expe r i ence .  Organ i za t i ons  may n o t  

respond t o  t h e  t h r e a t  as i f  t h e r e  was a  c r i s i s .  I n  f a c t ,  some peop l e  and 

o r g a n i z a t i o n s  deve lop  l e v e l s  o f  overconf idence  t h a t  may i n h i b i t  t h e  

a p p r o p r i a t e  d i s a s t e r  r e sponse  (Wenger, 1978) .  

There fore ,  t h e  p o s i t i v e  r e l a t i o n s h i p  between p r o b a b i l i t y  o f  l o s s  o f  

l i f e  and p r ev ious  f l o o d  expe r i ence  is n o t  t o t a l l y  s u r p r i s i n g .  These d a t a  

sugges t  t h a t  most communities, a f t e r  hav ing  exper ienced  a r e c e n t  s e v e r e  

f l o o d ,  b e l i e v e d  t h a t  no th ing  cou ld  be a s  worse a s  t h e  r e c e n t  f l o o d .  

Wenger (1978, p.  44)  su rmi se s  t h e  s i t u a t i o n  as fo l lows :  

The consequences of d i s a s t e r  s u b c u l t u r e s  f o r  e f f e c t i v e  r e sponse  
are bo th  f a c i l i t a t i v e  and d e b i l i t a t i v e .  However, t o  t h e  e x t e n t  
t h a t  t h e y  r educe  o r  d e l a y  t h e  development o f  a  c r i s i s  
d e f i n i t i o n ,  t h e y  may d e b i l i t a t e  a community's r e sponse  t o  an  



impact that exceeds the experience upon which the subcultural 
patterns have developed. 

The flood depth is the only variable in the empirical functions 

which explicitly represents the hydraulics and hydrology of the flood 

event. The results in Equations (14) and (15) show that the probability 

of loss of life for an individual was greater the greater the depth of 

the flood at peak stage. This provides an empirical basis for what may 

be an intuitively reasonable assumption that the lethality of the flood 

may be represented by its depth. Other variables, such as velocity and 

discharge, were not included because of data limitations. 

When the depth variable was used in the statistical analysis, there 

were a great number of missing observations. An alternative formulation 

that did not include the depth variable was considered. The result was 

Equation (16). The urban variable in Equation (16) confirms the 

hypothesis that the probability of loss of life was lower in urban areas, 

holding constant the size of the population at risk. Another related 

variable that was considered for the empirical functions was the 

population density. However, data on this variable were unavailable in 

the reports and documents that were used as the sources of information on 

the past floods. Nevertheless it may be appropriate to direct future 

research to estimate the population density, which is simply defined as 

the population at risk divided by the area of the inundated zones. This 

would require a detailed case-by-case estimate of the areas of the 

inundated zones in each of the past floods. In any event, the population 

at risk and the urban variable may sufficiently reflect the factors 

affecting loss of life that would be embodied in a population density 

variable. These include such factors as the quality of warning 
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dissemination, communications systems, emergency response personnel, and 

other factors that may affect loss of life. However, the population 

density variable may be important if it is postulated that an area with 

high population density would be expected to have significantly lower 

loss of life than an equally highly populated urban area with low 

population density. 

The recommended empirical function to be used in the loss of life 

models, that are discussed in Sections 4 and 5, is the one given by 

Equations (14) and (15). Even though few observations were available for 

the statistical calibration, the presence of the depth variable is very 

appealing as a logical explanation of loss of life. The flood depth 

represents directly the hydraulics, hydrology, and overall lethality of 

the flood. An empirical function in which the depth and urban variables 

were combined with the other terms was also considered. However, the 

results of the statistical analysis was that the urban variable was only 

marginally significant and that it had a surprisingly positive valued 

coefficient . 

3 .7  Comparison Among Loss of Life Formulations 

A numerical comparison among the Bureau of Reclamation (1985) model, 

the Stanford/FEMA/IWR (1986) formulation, and the empirical functions 

derived in this study is summarized in Table 7. For each of the 

historical cases, Table 7 lists the actual loss of life, the estimated 

numbers based on the two different empirical functions in Section 3.6, 



Tablc 7. Comparison o f  Loss af L i f z  P r e d i c t i o n s  

ORNL ORNL EuRec BuRec 
Pred Pred BuRec Lower Upper IWR 

Obs Locat ion  Actual  #I #2 Pred 95% 95% Pred 
-------------------------------- +----+------------+------------------+------ + 

1, Teton ( t o  M i l f o r d )  7 3 15 96 45 205 13QO 
2 Teton (Rex-Amer F a l l s )  4 10 .i 4 5 .> 5 3910 -7 -7 

3 G a i n e s v i l l e ,  AL 5 2 7 0 0 0 2 
4 Jackson, WS 4 10 27 5 3 6 43 
5 B u f f a l o  Creek, WV 1 39 120 142 145 53 332 3400 
6 B i g  Thompson, CO 135 4 18 109 50 239 1700 
7 San Francisco, CA 9 47 43 485 173 13.51 6375 
8 L i t t l e  Dear Creek, UT 1 2 . 7 . 10 7 15 43 
9 P i k e  Co, KY 3 38 18 27 15 49 213 
10 Toccoa F a l l s ,  GA -7. .; 8 38 18 27 16 48 213 
11 Aust in ,  TX 13 15 21 122 55 272 124 
12 Eearwallow, NC 4 0 0 2 2 3 -71; 
13 SW V i r g i n i a  4 2 8 0 0 0 59 
14 Cheyenne, WY 11 0 2 24 14 41 68 
15 H i l l  Country, TX 27 8 13 0 0 0 5 
16 B i g  Country, TX 6 2 8 0 0 0 7 . . 
17 Mohegan Park, CT 6 1 4 0 0 0 2 
18 Denver, CO 6 207 ' 3 5  4 - 7 

i. 5 37 
19 M i l l a r d  CO, UT 1 1 4 0 0 0 2 
20 Schuyl k i l l  R iver  Eazin 5 14 13 2 1 2 0 
21 Potornac River ,  B.C. Area 27 8 11 0 0 0 0 
22 Wilkes Earre,  PA 1 .-# 7 1 20 14 22 0 
23 Harr isburg ,  PA 1 29 33 2 1 2 17 
24 Johnstown, FA 85 49 39 660 224 1947 17000 
25 S. C a l i f a r n i a  18 10 11 1 1 1 51 
26 Santa Barbara, CA 20 -7 .-. d 0 0 0 0 e 

27 S. C a l i f o r n i a  18 28 33 2 1 2 12 
28 Kansas City,' KC,MO 12 6 22 166 71 388 750 
29 Old Creek Canyon, A Z  3 4 7 42 22 77 340 
30 Phoenix, A Z  10 14 23 1 1 1 0 
31 Tri-County Area, FA 9 8 14 0 0 0 4 
52 Connect icut  Flood, CT 11 17 26 1 1 1 102 
33 Baldwin Hills Dam, C A  5 9 30 .J 2 4 110 7 

34 Honolu lu  4 7 9 153 . , ,  124 213 7-9 

35 Faur M i l e  Run !Fa i r - f . 3~1 ,  VA 1 4 5 42 22 77 10s 
36 Tekamah Creek, NE 3 10 25 122 5 272 255 
37 Nar th  H i l l s ,  PA 8 .-. .-, 33 251 100 631 2125 77 

33 E l a r k  H i l l s  (Rapid C i t y ) ,  SD 245 37 39 7 . .  2 4 2040 
39 Tanta Creek, A Z  ... TT ,A ? 13 80 39 167 319 
40 James R iver ,  V A  5 9 4 1C 7 11 0 
41 Brushy H i l l  Pond, CT 0 1 4 0 0 0 10 
42 Lawn Lake, CO '7 

.-I 21 31 1 1 1 E50 
43 Nor thern  New Jersey 2 13 13 5 . , 5 0 -? 

44 Phoenix, AZ  C 22 27 1 1 1 I0 
45 Har r i son  Co, WV 2 12 19 96 45 205 170 
46 Lee Lake, MA 2 0 1 14 9 21 7 
47 E l  Dorada, NV 9 I rj 7 ? b  10 25 85 

------------------------.---------+----+------------+------------------+------ + 
Hoot Mean Square E r r a r  -- 37' 25 133 47 374 ZE3lCI 



the estimated loss of life using the Bureau of Rec'amztion's (1985) 

model, lower and upper 95% confidence levels using data provided in the 

Bureau of Reclamation (1985) report, and estimates based on the IWR 

(1986a) formulation. Estimates were expressed to the nearest integer 

value, any negative values in the estimated loss of life were set to be 

zero, and any estimates greater than the population at risk were set 

equal to the population at risk. The root mean square errors are 

tabulated at the bottom of Table 7. These indicate the overall fits of 

each of the estimators to the actual loss of life data. 

For each case, the loss of life was predicted by substituting the 

values of the population at risk, warning time, previous experience 

factor (l=previous experience), the urbanized-area d m y  variable 

( l=urban area), and depth from Table 6 into Equations ( 14) and ( 15), and 

into Equations (14) and (16). Equations (14) and (15) are designated as 

ORNL !I1 in Table 7, and Equations (14) and (16) are designated as ORNL 

!I2. For the empirical function which includes the depth of the peak 

flood stage, about one-half of the past cases had missing infurmation on 

that variable. For these cases, the average flood depth of all other 

cases was used in Equation (15). For the case in which past data were 

unavailable on the urban-area dummy variable, the estimate is the average 

of the estimates with the urban variable=l, and with the urban 

variable4. 

The predicted loss of life for the Bureau of Reclamation (1985) 

model was calculated from Equations ( 1) and ( 2 ) ,  by using a warning time 

of 90 minutes as the point at which Equation (1) or (2) is used, and by 

substituting the value of population at risk which is given in Table 6. 



The 95% bands for the Bureau of Reclarnatfon :-stirnates were obtafned by 

using the coefficients 0.5 and 0.7 in place of 0.6 in Equation (I), a:ld 

0.00014 and 0.00022 instead of 0.0002 in Equation (2). These values were 

provided in the Bureau of Reclamation (1985, p. 54) report. 

The last column in Table 7 represents a best-guess estimate of the 

loss of life for each historical case, using information on population at 

risk, warning time, warning quality, urban or rural nature of the area, 

and flood depth. The IWR (1986a) procedure was used, as given by 

Equation ( 6 ) ,  with the coefficients tabulated in Tables 1 and 3. For 

cases with missing observations on flood depths, the average of all other 

cases was used. For the case with missing information on the urban 

versus rural nature of the area, an average value was used. For the 

quality of the warning system, data tabulated in Table 6 were used. 

An examination of the results in Table 7 reveals that both of the 

loss of life functions derived in the study provided more accurate 

predictions of actual loss of life in past floods than either the Bureau 

of Reclamation model or the Stanford/FEMA/IWR model. The root mean 

square error provides a summary indicator of the accuracy of the 

predictions of the models. A lower root mean square error indicates a 

better fit. The empirical function which includes the depth of the water 

as one of the predictor variables affecting the probability of loss of 

life provided a slightly better prediction of actual loss of life than 

the alternative function which had the urban-area indicator. In looking 

at the individual cases, the predictions of these two empirical functions 

were approximately comparable. They did not deviate significantly from 

one another. 



While the loss of life was predicted rather well in many of the 

cases, such as the Buffalo Creek, West Virginia flood, the empirical 

function generally did not predict the great variations in loss of life 

which were actually observed. Loss of life in many of the more lethal 

floods, such as the Big Thompson, Colorado flood, the Johnstown, 

Pennsylvania flood, and the Black Hills, South Dakota flood, was 

significantly under-predicted by the empirical function. In the latter 

two cases, the empirical functions predicted relatively great loss of 

life, compared to the range of estimates in the "ORNL Pred 1" column in 

Table 7, but the predictions were nevertheless below the actual numbers. 

On the other hand, the empirical function over-predicted some of the less 

lethal floods such as those in Denver, Colorado, Harrisburg, 

Pennsylvania, North Hills, Pennsylvania, Lawn Lake, Colorado, Northern 

New Jersey, and Phoenix, Arizona. 

The Bureau of Reclamation model tended to significantly over-predict 

loss of life on average. In fact, the Bureau of Reclamation lower 95% 

confidence band provided a better estimate than the Bureau of Reclamation 

best-guess equation. The StanfordfFEMAfIWR model resulted in extremely 

large predicted loss of life, over-predicting actual loss of life in many 

cases by orders of magnitude. The major reason for this was that the 

f(x) coefficient in Table 1 specified a .85 proportional loss of life 

relative to the threatened population when flood depths exceed 12 feet. 

In most of the historical floods, peak depths of flooding were greater 

than 12 feet, so that the .85 coefficient was used in the calculations. 

This resulted in very high values for the estimated loss of life. 

Empirical evidence suggests that the flood lethality coefficients in 



Table 1, and possibly the evacuation effectiveness coefficients in Table 

3, should be reduced significantly. 

3.8 Uncertainty in Loss of Life Estimates 

The sizeable errors in the estimates in Table 7 point to the fact 

that there is indeed considerable uncertainty in predicting loss of life. 

There are several reasons for this: 

(a) The empirically calibrated functions may be misspecified in 

terms of missing or inaccurately defined variables. Thus, the 

empirical equations may be inaccurate and factors not included 

in the equations may cause the loss of life to be very 

different from those predicted by the equations. 

(b) Even if all of the general factors affecting loss of life are 

included in the models, there are many unique local 

circumstances or conditions whose effects on loss of life are 

difficult to generalize in a statistical sense, but which may 

nevertheless have a major influence in some situations. 

(c) There are unpredictable occurrences that happen by chance. 

( d )  Several approximations were made to estimate missing 

information for several of the cases. 

(e) The independent variables, i.e. the factors that affect the 

likelihood of loss of life, may not have been estimated 

accurately; for example, the actual warning time will be 

different for different individuals living in different zones 

at risk. Also, information on warning time is often difficult 

to find in source documents on historical flood events. In 



addition, even after study of warning and evzcuation procedures 

for an inundation area, as well as experience from test 

exercises in the area, it may still be difficult to estimate 

the actual warning time and behavior of the population should a 

flood actually occur. 

Because of these reasons, a large range in the estimated loss of 

life is to be expected. In fact it is prudent to express loss of life 

estimates as a range such as that defined by 95% confidence limits, or 

possibly by 67% confidence limits which give a narrower band. Also, in 

any study, it seems useful to perform sensitivity analyses by varying the 

values of the population and warning time within reasonable limits, 

particularly if these variables are difficult to estimate. 

4.0 DATA INPUTS FOR ESTIMATING LOSS OF LIFE IN CASE STUDIES 

The general procedure for predicting loss of life is presented in 

the Interim Procedures and in the Guidelines for Eveluating Modifications 

of Existing Dams Related to Hydrologic Deficiencies (Institute for Water 

Resources, 1986a,b). The procedure can be summarized as consisting of 

four steps: 

1) Establish the flood scenario, 

2) Estimate the population at risk, 

3) Estimate warning time, 

4 )  Use loss of life models to estimate the number of deaths, and 

compare results of models. 

The first three steps involve key input variables that are used in 

the loss of life models. The rest of this section discusses these 



variables and methods for estimating their values in case studies. 

Section 5 discusses the loss of life models for estimating the number of 

deaths. 

4.1 - Establish the Flood Scenario 

The flood scenario is established by assuming a flood event, which 

is specified for a particular inundation area. The flood event is 

expressed as a proportion of the Probable Maximum Flood (PMF), and a dam 

breach is considered as a possibility. 

For a given event, information on the flood stage and geographical 

extent of the inundation area are provided through a set of models 

maintained by the Hydrologic Engineering Center (HEC). There are three 

commonly used and readily available computer models that are useful in 

predicting dam failure breach flows and downstream inundation (Institute 

for Water Resources, 1986b). These are: 

(,I) simplified dam-break (SMPDBK), 

(2) HEC-1, 

(3) National Weather Service Dam Break (DAMBRK). 

The most sophisticated and potentially most accurate is DAMBRK. It 

provides a complete solution to the breach and flow hydraulics. However, 

it does not have the capability to generate inflow hydrographs, so that a 

watershed model, such as HEC-1, is needed to compute the reservoir and 

tributary inflow. DAMBRK is considered by the Corps of Engineers to be 

the preferred model for dam failure analysis (IWR, 1986b). HEC-1 has 

somewhat less sophisticated hydraulic calculations than DAMBRK and should 

not be used for dam failure analysis where significant backwater problems 



occur. HEC-1 is probably more fmiliar to most dam designers and dam 

safety analysts and has the advantage of integrating the hydraulic and 

hydrologic analyses. SMPDBK is less sophisticated and less accurate 

compared to DAMBRK but may be more accurate for dam failure analysis than 

HEC-1. SMPDBK, however, should be used only for a preliminary estimate 

of the flood wave. 

To begin the analysis, the DAMBRK model is applied to a set of 

hypothetical flood events such as: 

1) Probable maximum flood (PMF) with dam breach, 

2) Probable maximum flood (PMF) without dam breach, 

3) 0.8 PMF with breach, 

4) 0.8 PMF without breach, 

5) Spillway design flood (e.g., 0.64 PMF) of existing dam, with 

breach, 

6) Spillway design flood (e.g., 0.64 PMF) of existing dam, without 

breach, 

7) .37YMF. 

The choice of events is somewhat arbitrary, although "with" and "without" 

breach scenarios should be included for the PMF, for the threshold flood 

at which failure may occur, and for a lesser flood (without breach). TO 

compare dam modification alternatives the same set o$ events would be 

selected (except that the modification may eliminate some breach 

scenarios), and the complete loss of life analyses would be repeated. 

The key considerations to be considered in determining flows and 

inundation from flood events are discussed in Step 2 ("Determination of 

the Existing Threshold Flood"), Step 3 ("Determine Total Flows and 



Downstream Inundation from the Threshold Flood With and Without Dam 

Failure and from Lesser ~loods") and Step 4 ("~orn~ute the Hypothetical 

Maximum Dam - Failure Flows and Downstream ~nundation") of the Corps' 

Guidelines (IWR, 1986b). An antecedent flood is generally assumed to 

begin five days prior to the onset of the flood event under 

consideration. The antecedent event is assumed to be 50% of the 

succeeding, full flood event. The initial level of the reservoir for the 

succeeding flood is determined by routing the antecedent event through 

the reservoir. 

The freeboard should be computed according to the guidelines 

referenced in the Corp Guidelines (IWR, 1986b). Freeboard is indicated 

to provide overtopping protection against wave and wind effects on a full 

reservoir, and should always be at least three feet. The operation of 

the outlet works and spillway gates, if any, should follow the 

regulations set forth in "Water Control Manual" or historical operating 

criteria for .the project. In using the DAMBRK model, a range of 

different breach formation parameters should be used, as discussed in the 

Corps' Guidelines (IWR, 1986b). 

The cross-sectional profiles are a key set of input to the DAMBRK 

model. Downstream cross-section points should be selected judiciously to 

reflect not only important river valley and off-channel storage 

considerations, but also the locations of economic development and the 

population centers. This is especially important since estimates of 

inundation for the zones within each reach are calculated by 

interpolating the DAMBRK data. These inundation estimates are a key 

factor in the depth-damage functions that are used to estimate the stage- 



damages and economic losses (Volume I, Das et al., 1986),  as well as the 

size of the population at risk. Output from the DAMBRK model is used 

to identify the extent of the inundation area and to estimate the depth 

of the flood at downstream cross-sections along the river. The 

inundation boundary is used to delineate the areas that would be exposed 

to potentially life-threatening flooding. 

The scenario that results in the hypothetical maximum flow and 

greatest downstream inundation is termed .the "Reference Flood." It 

results from the PMF with a breach of a dam designed to hold the PMF. 

Flood stages for other hypothetical events are expressed as an 

incremental difference below the Reference Flood stage along cach 

downstream cross-section. These cross-sections are those defined for the 

DAMBRK input profiles. Estimates of the Reference Flood stages at each 

of the cross-sections are used to interpolate flood stages for each unit 

area throughout the reach. This is done by visual inspection of maps of 

the area. The unit areas are defined in terms of city blocks in 

urbanized areas, and Census tracts and enumeration districts in rural 

areas. Microcomputer software may be used to delineate the inundation 

area, and to estimate zonal flood depths and populations at risk on a 

Census Tract/Enumeration District/Block basis. This is accomplished by 

an automated comparison of flood stages and land elevations for each of 

the areal units throughout the overall area at risk. The terrzin in each 

areal unit (which is as small as a city block) is represented by three 

elevation values. For the lowest ("MIN") of the three elevations, three- 

quarters of the structures (and presumably of the population at risk) 

within the unit area are at elevations greater than or equal to the 



designated MIN elevation. The second elevation is a median ("MEDIAN") 

elevation, and the third is an upper quartile ("MAX") elevation. The HTN 

and MAX elevations are extrapolated to estimate two additional 

elevations, MMIN and MMAX, in each Census ~ractl~numerat ion 

~istrict/~lock. Consequently, the population in each areal unit is 

estimated to be at one of five zones, as illustrated in Figure 2. 

4.2 Estimate the Population at Risk 

The second step of the analysis is to estimate the population at 

risk. It is defined as the number of people who would be exposed to 

flooding if they took no action to evacuate. The population at risk is 

identifi~d for each of the areal units in the inundation area. These 

areal units consist of city blocks, Census tracts, and enumeration 

districts; and the populations at risk in these areal units are added to 

compute the total population at risk in each of several pre-defined 

reaches. The reaches are defined arbitrarily ~ n d  correspond to 

individual communities or large concentrations of population. The 

number of reaches may, for example, number around eight or nine. The 

specification of population on a reach by reach basis appears to offer a 

reasonable spatial compromise given the inherent uncertainty and 

inaccuracies in measuring the size of the population, flood travel times, 

flood depths, and evacuation notification times on a unit area basis. 

The procedures that were developed to estimate unit area populations 

are documented elsewhere in Volume I (Evans et al., 1986). The 

procedures rely largely on Census data as provided in Summary Tape Files 

1B and 3A of the Census of Population and Housing, 1380 (the most recent 
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Census should be used). These data provide estinztes of the number of 

people, by place of residence, for each Census area. In the cities, the 

smallest Census area is at the city block level. The level of geographic 

aggregation in the Census data increases to block groups, Census tracts, 

and enumeration districts as one shifts to more rural areas. The 

location and elevations of each Census area are identified by inspection 

of Census and U.S. Geological Survey maps, which have Census area 

boundaries and elevation contour lines, respectively. Since the Census 

data are by place of residence, the population estimates compiled 

directly from the Census data are interpreted as estimates of the 

population at night, when most people are at home. 

These estimates do not provide as accurate a picture of the 

population at risk during daytime or working hours, however, and a method 

was developed to estimate population during work hours by using several 

other secondary sources of data (volume I, Evans et al., 1986). The most 

important of these was County Business Patterns, which was used to 

estimate levels of employment in each area. The equation used to 

calculate the daytime population is: 

Pj = Q j  - T -  + E j  
J 

where 

Pa = the population in area j during the working hours, 3 

Q j  = the Census population, by place of residence, 

Tj = an estimate of workers, students, and others who would likely 

not be at home during working hours (estimated from Census 

data), 



E- = level of employment and associated activity in area j, J 

estimated from _County Business Patterns. 

The estimate of T. is the sum of the number who are employed (and J 

who live in j), the number who reside in j who are of school age, and 

some proportion of the rest of the people in j who are assumed to be away 

from the residence at the time of the flood (e.g., shopping). The value 

of Ej can be defined to include not only employment, but other activity 

such as the number of shoppers, expressed as a proportion of retail 

employment. In general, employment data are unavailable at the city 

block level, so that estimates of daytime population at risk are at the 

more aggregate Census Tract/Enumeration District level, and are thus less 

precise than the estimates of the night-time PAR. 

For the evening, which spans the time between work hours and the 

late night hours, some of the population are not at home and may be at 

retail centers or recreation facilities, as well as at some work areas. 

For these,evening hours, however, published population estimates are 

usually unavailable. In general, estimates of population for these hours 

would be subjective and based on the Census information; on knowledge of 

special events; and on the locations of buildings, retail areas, arenas, 

and motel/hotels that would attract population during the evening hours. 

In certain parts of the country, the number of people in an 

inundation area will vary significantly depending on the time of day, 

week, and season. Thus estimates of the transient population such as 

tourists, travelers, and other visitors must be taken into account. This 

includes people residing in the area who may not be in town and who would 

not be at risk, as well as visitors from outside the area who would be 



exposed to the flood. The transient population should be a net figure 

that includes both groups. Data on visitors to an area may, in some 

cases, be obtained from the local Chamber of Commerce, Visitors' Bureau, 

Tourism Office, registries of visitors at recreation and tourist sites, 

and other similar sources. 

Further discussion on estimating the population and threatened 

population are given in the Corps' Guidelines ( IWR, 1986b): Steps 7 

("Determine Population at Risk from the ,Threshold Flood and Lesser 

Events") and Step 10 ("Estimate the Baseline Probable PAR, Probable TP, 

and Probable LOL from the Threshold Flood and Specified Lesser Floods"). 

4.3 Estimate the Warning Time 

After population at risk is estimated for ezch reach, it is 

necessary to estimate the warning time for each reach. This is defined 

as the interval between the first official notification of the evacuation 

warning and the time of flooding at that reach. For any given flood 

event and dam modification alternative, there is a different warning time 

for each location within any reach. 

To estimate the warning time, one should consider two separate time 

lines. One of the time lines encompasses the warning and evacuation 

process. The second time line is associated with the physical events of 

the flood in terms of the rise in flood elevation as a function of time 

and location downstream (and upstream) from the dam. 

Major segments of the warning and evacuation system have been 

discussed in detail elsewhere in Volume I (Sorensen and Neal, 1986; 

Southworth, et al., 1986). Sorensen and Neal (1986) identified a 



sequence of evacuation warning activities. These are illustrated in 

Figure 3. The labels on top of the time line refer to specific points in 

time at which events occur (e. g., detection of the hazard). The labels 

on the bottom of the time line refer to time intervals in which various 

warning-related activities occur. The first time interval is the hazard 

detection time. Because of the severe flood events being considered, 

this would be an ongoing process with continual monitoring at the dam. 

The first significant event in the time line in Figure 3 is the detection 

of a possible hazard. After this determination, there is a period during 

which the potential magnitude of the hazard is appraised. This 

corresponds to the next time interval along the time line. At a certain 

point, it is decided that there is a significant threat. At this point, 

the Corps staff begins the notification process. The time interval for 

notification of the threat among public agencies includes the time for 

the required officials within the Corps to be notified, as well as for 

inter-organizational communications to notify officials in other public 

agencies such the local sheriff's office, the governor's office, and 

others. Once the officials are notified, some period of time is -required 

to make the decision on whether to issue the evacuation warning. This is 

the next time interval on the time line in Figure 3. Once a decision is 

made to issue the warning, it is then issued to the media and to the 

public at large. The time at which the first official notification is 

issued to the public to evacuate the inundation area is the next 

significant event. This event is identified in the Figure 3 time line, 

and it is the beginning of the "warning time". The dissemination of the 

evacuation warning to the public continues over a period of time, as 



Figure 3. Events and time intervals associated with 
evacuation warning process 
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indicated on the bottom of the time line in Figure 3. At some point in 

time, the flood wave arrives at a particular location rising to a 

specific flood zone or elevation. The interval between the beginning of 

the warning time (i.e., the time at which the first notification was 

issued to the public) and the arrival of the flood at that location in 

the specific elevation zone marks the length of the warning time for the 

population at risk in that zone. Any population at risk remaining in the 

zone at the time the flood arrives constitutes part of the threatened 

population. The flood may arrive and impact some of the population at 

risk while the evacuation warning is still being disseminated to portions 

of the public. This is illustrated in the time line in Figure 3 in which 

the time interval for dissemination spans some of the flood impact times. 

At some point, the evacuation warning is disseminated to as much of the 

population at risk as possible, and this time of "last warning" is 

identified in the time line. As the flood progresses, the size of the 

threatened population increases as more of the area at risk becomes 

inundated. Finally, the flood reaches peak stage, which is the maximum, 

last zone of impact. 

It is important to emphasize that the time at which the first 

notification is made to the public to evacuate the area is the beginning 

of the warning time (i.e., warning time = 0 at this point). The warning 

time does not take into account the time for dissemination of the warning 

to all members of the public or to any single individual. 

Once the warning is disseminated, the evacuation response of the 

population at risk affects the size of the threatened population. Figure 

4 illustrates the major time components of the transportation evacuation 



Figure 4. Time intervals  associated with evacuation 
of vehicular t r a f f i c  from inundation area 
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process. Once the evacuation warning is received by the population at 

risk, it takes some "mobilization time" for the population to assess the 

situation, decide on a plan of action, load the vehicles with important 

household possessions, and begin to evacuate. Once a vehicle is on the 

street or highway, it will take some "vehicular travel time" for the 

vehicle to travel from the place of origin to a shelter or to some other 

point outside the inundation area. Part of the total time required to 

evacuate the area may include "queuing delay time" due to traffic 

congestion and bottlenecks. The total of mobilization time, vehicular 

travel time, and queuing delay time is termed the "clearance time" or the 

evacuation time. The "network clearance time" is the total time for 

mobilization, vehicular travel, and any queuing delays for all vehicles 

evacuating the inundation area to shelters or other locations outside the 

inundation area. Depending on the time at which the evacuation warning 

is received by the public at risk, the network clearance time, and the 

travel time of the flood wave, some of the population at risk will. 

evacuate the inundation area while others may be reached by the flood. 

Individuals in vehicles reached by the flood become part of the 

threatened population.. Further discussion of a evacuation traffic 

simulation model that may be used to estimate the clearance time is 

provided elsewhere in Volume I (Southworth et al., 1986). 

The discussion up to this point has concentrated on the one time 

line which involves the threat assessment, decision making, and 

evacuation response on the part of individuals. As evacuation warning 

activities are progressing, a series of flood events is unfolding. 

Whereas the first time line is associated solely with decision making and 



communication activities, response to evacuation warning, and evacuztion 

actions, the second time line is associated with the physical events of 

the flood. The key concept i.n this second time line is the flood "travel 

time". According to the Corps Guidelines (IWR, 1986b), for non-failure 

floods, the travel times should be measured from the time of initial 

spillway discharge until the time at which the flood water reaches the 

specified stage at which the population at risk is located in each 

downstream reach. For the threshold flood, i.e., the flood capable of 

overtopping a dam, the travel time should be measured from the time the 

dam overtops until the flood water reaches the specified stage in the 

reach downstream. Thus, the flood travel time for the failure cases 

includes the time that it takes for the breach to form. Under either 

scenario, failure or non-failure, the end of the travel time also marks 

the end of the warning time for the population at risk that is located at 

a specified elevation and reach. Thus, the starting point for the 

warning time to a population at risk is determined by the sequence of 

activities relating to the decision to notify the public to evacuate, and 

the end point for the warning time is established by the arrival of the 

flood. 

The concept of travel time is illustrated in Figure 5. This is a 

hypothetical hydrograph for a particular cross-section downstream from 

the dam, similar to the hydrograph that is printed in the DAMBRK output. 

The horizontal axis in Figure 5 is "Time", which is usually given along 

the vertical axis in the DAMBRK output in multiple-hour increments. The 

vertical axis is the elevation of the flood water at each-given point in 

time, for that particular cross-section. In the DAMBRK output, the flood 
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elevation is given as a stage (in feet) above the river bed gauge 

elevation, itself a user input. Each flood elevation corresponds to a 

discharge at the cross-section, which is measured in cubic fezt per 

second (cfs). For rather severe flood events, the water level from the 

antecedent event would commonly be above flood stage, before the full 

event begins inundating some of the zones at risk. In the DAMBRK 

hydrograph, this is reflected in spillway discharge at the beginning of 

the hydrograph. The flood level recedes somewhat before the ensuing full 

event. The "Reservoir Depletion Table1' in the DAMBRK output indicates 

the time at which there is renewed flooding from spillway discharge due 

to the second, larger flood event. This point in time marks the 

beginning of the non-failure flood travel time for all populations at 

risk. 

Downstream from the dam, there is a time lag before this renewed 

spillway discharge reaches the cross-section. When spillway discharges 

initially flow from the dam, water is still receding downstream. After a 

period of time, the discharge at the cross-section begins to increase, 

first slowly, then very rapidly, as illustrated in Figure 5. As 

discharge increases, so does the stage of the flood. After reaching peak 

flow, the discharge diminishes and the stage begins to recede. 

As the stage of the flood increases, it progresses up in elevation, 

zone by zone, and begins to inundate areas at which the popnlation at 

risk are located. Any populations at risk remaining at the time their 

zone is inundated become part of the threatened population. The time at 

which the flood arrives at a particular zone and cross-section, minus the 

time of initial spillway discharge from the full event, is the travel 
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Figure 7 . E s t i m a t i o n  of Warning Time 
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time frames. The secorid time line combines Figures 5 and 6, and shows two 

representative hydrographs on the sanT.e time scale as the first time line, 

so that time=O is the beginning of the full inflow event in both cases. 

The third time line is a combination of the first two and it illustrates 

how the warning time for the population at risk in a particular zone and 

cross-section is the time between the first official evacuation 

notification to the public and the time of arrival of the flood at that 

zone. When flooding reaches the indicated stage, then the population at 

risk in a given zone and cross-section is potentially exposed to the 

flood. Thus, travel time will differ not only between cross-sections 

within the reach, but also between different elevations at each cross- 

section. At a given cross-section, travel time to a low-lying area is 

shorter and warning time for the population at risk is less than for 

those at higher elevations. 

Figure 7 also illustrates the crucial comparison between the time 

intervals required for the various threat-identification, communication, 

and decision-making activities against the time of the initial spillway 

discharge and the movement of the flood and its travel time downstream. 

For reaches that are immediately downstream from the dam, travel times 

may be so short that many of the zones are inundated soon after any 

official evacuation warning, before the population at risk has the 

opportunity to evacuate. On the other hand, for reaches which are well 

downstream, for example greater than 50 miles from the dam, the travel 

time should be sufficiently long that the population at risk in those 

locations should have ample time to evacuate. For the reaches between 



these two extremes, however, the time for evacuation relative to the 

spread and rise of the flood water becomes more crucial. 

It is expected t.hat most evacuation from the area at risk will be in 

automobiles and light trucks. The traffic evacuation simulation model 

can provide a useful tool for estimating the size of the threatened 

population, as well as for evacuation traffic planning and control 

(Volume I, Southworth et al., 1986). The model encompasses the concepts 

illustrated in Figure 4. After they receive the evacuation warning (or 

possibly as it is still being disseminated), households who are 

potentially at risk will make appraisals of the situation, load their 

vehicles, and begin to evacuate. This is the "mobilization time" in 

Figure 4. In the MASSVAC2 simulation model used in Volume I (Southworth 

et al., 1986), mobilization time was represented as a logistic function. 

This function conforms with the limited quantitative empirical 

observations available on evacuation in past natural disasters. Typical 

mobilization curves are illustrated in Figure 8 adapted from elsewhere in 

Volume I (Sorensen, 1986). 

The simulation model loads vehicles onto the road network, which is 

represented in a data file obtained from digitizing road maps of the 

inundation area. Next, it simulates the movement of the vehicles from 

their points of origin to destinations outside of the inundation area. 

Various kinds of vehicular travel behavior can be assumed in the model: 

the vehicles may be assumed to go to the nearest shelter, they may go to 

various shelters according to a probability distribution which is a 

distance-decay function of distance of the destination from the origin, 

or they may go to a pre-specified destination. There is also some 
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flexibility in the selection of routes taken by th'z vehicles. Optimizing 

(i.., time-minimizing) as well as non-optimizing vehicular route 

selections and travel behavior may be used. 

After these behavioral assumptions are inputted into the traffic 

simulation model, it is necessary to select other parameters so as to 

optimize (i.e., minimize) the total clearance time of the vehicles from 

the network. It is important to realize that this optimal selection of 

parameters does not necessarily imply optimal behavior on the part of 

motorists or evacuation planners, since those assumptions are imbedded in 

the value of the other behavioral and network parameters which are also 

input into the model. Output from the MASSVAC traffic simulation model 

provides data for plotting the percentage of the population at risk which 

is evacuated from a given reach as a function of time. Some typic21 

curves (taken from elsewhere in Volume I, Southworth et al., 1986) are 

shown in Figure 9. 

The hydrograph. output from the DAMBRK flood routing model can be 

used with the population data base compiled in Volume I (Evans et al., 

1986), which is described in Section 4.2, to estimate the percentage of 

the population at risk which would be inundated if they took no 

evacuation measures, as a function of time. This function is illustrated 

in Figure 10. It can be compared with the mobilization time in Figure 8 

and the network clearance time (which encompasses the mobilization time) 

which is given in Figure 9. Figure 11 combines Figures 9 and 10. The 

graphs in Figures 11 provide an indication of the severity of the flood 

event. A situation in which the flood travel time curve quickly 

overtakes the network clearance or evacuation curve s~.ggests a situation 
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in which the size of the threatened population relative to the population 

~t risk will be greater. 

It is important to realize that Figure 11 should be interpreted only 

in a qualitative sense. The curves do not provide any quantitative 

estimate of the threatened population. The It% PAR" values for the flood 

travel time and for the evacuation time are not directly comparable. In 

the flood travel time curve, % PAR is measured by place of residence or 

origin. In the evacuation time curve, , %  PAR is measured as the 

proportion evacuated from the area. For example, if the evacuation time 

curve intersects the flood travel time curve at Zone 4, as illustrated in 

Figure 11, it does not necessarily imply that all of the population in 

Zone 4 becomes inundated. The reason is that populations at risk in this 

zone may well have begun to evacuate soon after the evacuation warning 

was issued. Zone 4 may be very close to a shelter outside of the 

inundation area and it may not take very long to travel the distance from 

Zone 4 to a point outside the inundation area. Conversely, the 

intersection of the evacuation and travel time curves in Figure 11 does 

not necessarily imply that all of the population at risk in Zones 1, 2, 

and 3 are able to evacuate the inundation area before being overtaken by 

the flood. Some of the population at risk in Zone 1 may delay their 

departure from their residences or they may encounter traffic problems. 

Consequently, they may still be at a relatively low-elevation location 

when the flood arrives. In general, the evacuation time curve depicts 

the total percentage of the population at risk that has evacuated the 

inundation area as a function of time, regardless of their origin and 



regsrdless where vehicles may be located on the road system relative to 

the elevation of the flood. 

5.0 METHODS FOR ESTIMATING LOSS OF LIFE 

5.1 Introduction 

This section provides step by step descriptions of three methods for 

estimating loss of life in hypothetical, extreme flood events. 

Section 5.2 describes the aggregate-empirical model. This approach 

is the most aggregate of the three models in that each reach is treated 

as a single entity. The population at risk, a representative estimate of 

the travel time, and a representative warning time are estimated for each 

reach as a whole. The empirical loss of life function, derived in 

Section 4.0, is used on a separate reach by reach basis. 

Section 5.3 describes the empirical-flood-travel method. As before, 

the empirical function is used on a reach by reach basis. However, 

unlike the aggregate-empirical model, distinctions are made among the 

populations at risk that are located at different places and at different 

elevations within each reach. Because of these distinctions, the 

populations at risk will have different warning times based on the 

different travel times to reach the different individuals. 

Section 5.4 describes the flood-travel-evacuation method. This is 

the most disaggregate of the three methods. The empirical function is 

not used in this method. Rather, estimates are computed for the 

threatened population in each reach by comparing the flood travel times 

with the times for evacuation of the population at risk. The MASSVACZ 

traffic simulation model is used to predict the evacuation of vehicles in 



the street and highway network. Consequently, this is a dynamic process 

in which the elevation of the flood is compared to the elevations of the 

evacuating vehicles, in discrete time increments until the peak flood 

stage is reached. 

5.2 Aggregate-Fmpirical Model 

The aggregate-empirical method uses aggregate rsach-by-reach data on 

the population at risk, warning time, and depth of flooding in the 

empirical function derived in Section 3.6. The method is the easiest of 

the three to use. However, because of its aggregate spatial nature and 

its use of a composite surrogate measure for the flood travel time, the 

method is also the least precise and probably the least accurate of the 

methods. On the other hand, its simplicity allows quick comparisons of 

loss of life for different flood event scenarios and dam remedial 

alternatives. 

The steps in this method are as follows: 

(1) Follow the procedure discussed in Section 4.1 to establish the 

flood event scenarios. A range of hypothetical flood events 

should be selected. They should include severe events as well 

as lesser events below the threshold flood. Also, both failure 

and non-failure scenarios should be considered for both the 

existing dam as well as for an 2.lternative dam remedial 

measure(s). 

The DAMBRK model should be used to route the flood. The DAMBRK 

model provides the output that is used in subsequent steps to 



identify the population at risk and to estimate the travel 

times, by reach. 

Flood depths are estimated on a Census Tract/Enumeration 

~istrict/Block basis. For urbanized areas, block-level data 

are available from the Census for population. For less 

urbanized areas, Census data are compiled by Census Tract or by 

Enumeration District. DAMBRK estimates of Reference Flood 

stages at each river cross-section are interpolated to estimate 

Reference Flood stages for each Census ~ract/Enumeration 

District/Block. 

Estimates of flood stages for the other events are based on the 

detailed Reference Flood estimates at the Census 

Tract/Enumeration District/Block level. The Reference Flood 

levels are adjusted by subtracting an incremental difference so 

that, for example, the .80 PMF flood level for a given block 

may be four feet less than its Reference Flood level. A 

different incremental difference should be calculated for each 

reach, for each flood event. 

The incremental difference is comput~d by comparing a 

representative, weighted average flood stage for the Reference 

Flood with that for another flood (e.g., .80 PMF). For each 

.reach, the representative flood elevation is calculated by 

means of a weighted average of the flood elevations at the 



appropriate, representative cross-sections for ezch reach. The 

weights assigned to the different cross-sections lying in (or 

spanning) that reach are proportional to the size of the 

population in the reach that was ,located around that cross- 

section. The relative locations of the river cross-sections, 

populated areas, and river reaches can be identified in a flood 

scenario map of the area. 

(2) Compile the estimates of the population at risk (PAR), by 

reach, as outlined in Section 4.2. The PAX is estimated for 

each areal unit (i.e., city blocks, Enumeration Districts, and 

Census Tracts) within the inundation area. Each areal unit has 

a unique numerical identifier, which is given on Census- 

boundary maps and which is also specified in the Census data 

used to compile the population estimates. The PAR data are 

merged with data on the corresponding land elevations for each 

of these areal units. The land elevations are estimated 

through a manual process by visual inspection of topographic 

maps and interpolation of the contour lines on those maps. 

Five representative elevations, which span the geographical 

distribution of the population within an areal unit, are 

derived for each Census TractjEnumeration DistrictjBlock. 

Software is used for an automated comparison of the land 

elevations (and their corresponding populations at risk) with 

the flood elevations (which were estimated from the DAMBRK 



output in Step (1)). Any land elevations which are less thzn 

the flood elevation estimated for that portion of the Census 

~ract/Enumeration ~istrict/Block are assumed to be inundated, 

and the population located at that land elevation within the 

Census Tract/Enumeration District/Block is assumed to be 

population at risk. This automated comparison is done for each 

of the five elevation zones within an areal unit, and the 

estimates of PAR are aggregated by reach, for each of the flood 

events. 

(3) Estimate warning times. The warning time is defined as the 

time between the initial official notification to the public to 

evacuate and the time of arrival of the flood. The warning 

time consists of two major components: decision making 

associated with the warning process and public evacuation 

response, and flood travel time. If quantitative estimates are 

available for the times taken in the various warning and 

evacuation activities, then these may be used to establish the 

time at which the first official notification to the public 

would be issued. This point in time is the beginning of the 

warning time for all of the population at risk. The various 

time intervals that should be taken into account are: 

hazard detection - -  the time interval required to detect a 

possible threatening hazard 

hazard appraisal - -  the interval required for the Corps to 

fully appraise the situation 
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notification - -  the interval for the Corps to notify the 

appropriate, responsible a~encies, and for those agencies 

in turn to notify other agencies as required in the 

official evacuation plans 

decision making --  the interval required to make a decision 

on an appropriate announcement to the public 

dissemination of the warning - -  the time interval required 

to disseminate the public evacuation warning so that it is 

received by a member of the public. 

In practice, it is extremely difficult to estimate the length 

of each time interval. Thus, the warning time may be assumed 

arbitrarily to start at some specified time relative to the 

beginning of discharge (i.e., relative to the beginning of the 

flood travel time). Sensitivity analyses should be considered 

here so as to calculate estimates of loss of life for a range 

of warning time scenarios. For example, it can be assumed that 

the evacuation warning is first issued sixty minutes before the 

beginning of discharge, sixty minutes after, or exactly at the 

same time of the initial discharge. 

Flood travel time is estimated for a representative locztion, 

on a reach-by-reach basis. A surrogate is used for the flood 

travel time. This surrogate is defined as the difference 

between the peak stage at the d m  and the time of peak stage at 

a representative location in the reach. The times of peak 



stages are given in the DAMBRK output for individual cross- 

sections, as well as interpolated between cross-sections. A 

representative location within each reach should be selected 

based on the population distribution within the reach. The 

representative point is essentially the centroid of the 

population distribution. 

It should be realized that this surrogate measure is not the 

travel time, as defined in the corps' Guidelines (1986b). In 

the strictest sense, as specified in those Guidelines, travel 

time is different for each individual depending on his or her 

location and elevation in the inundation level. Since the 

analysis in this approach is at a reach-by-reach scale, 

individual travel times are combined into a single, 

representative measure. In addition, the further 

simplification is made that, the flood travel times associated 

with the antecedent event, the non-failure flow, and the 

failure discharge are all combined in a single composite 

surrogate for the flood travel times. The use of this single 

surrogate measure has obvious limitations in terms of its 

aggregate scale. In addition, it should be noted that because 

of the great computational burden, flood travel times for 

individuals are not estimated and averaged for the reach as a 

whole. (This more detailed method is suggested in Section 

5.3.) In contrast, the times between peak flood stages at the 



d m  and at downstream cross-sections can be read directly from 

the DAMBRK output. 

Even with the simplification of calculating one travel time for 

the reach, the DAMBRK output may result in "inconsistent" 

estimates of travel times. Thus, some subjective adjustments 

are required (especially for reaches directly below the dam) so 

as to develop a set of travel time estimates that are 

I 1  consistent" in the following ways: (a) travel time to a reach 

should be less than that for a reach downstream from it, (b) 

travel time for a given flood event should be less than that 

for a lesser event, assuming the same dam modification 

alternative, ( c )  the travel time for a dam failure event is 

less than that for a non-failure, (d) travel time for upstream 

reaches are not available from the DAMBRK output and must be 

estimated subjectively. 

These are general guidelines to insure "consistencyt' in the 

estimated travel times. In reality, these rules are not always 

met. But they are qualitatively reasonable and offer a simple 

means of approximating travel time. 

(4) Use empirical loss of life function. The data compiled in the 

three previous steps are used in an empirical loss of life 

function, such as that given in Equations (14) and (15) ,  or 

Equations (14) and (16). The data are compiled on a reach-by- 



reach basis, and are substituted into the empirical loss of 

life function to estimate loss of life within each reach. The 

variable W for warning time is calculated as discussed in the 

previous step. The population at risk is compiled on a reach- 

by-reach basis and is described in Step (2). The depth of 

flooding is estimated for the reach as described in Step (1). 

The previous experience factor is assigned a value of one or 

zero depending on whether the area had experienced severe 

flooding within the last ten years. The probability that an 

individual within a given reach will die is represented by a 

logistic function, as given in Equation (14). The estimated 

total loss of life in reach i is given by Equation 17: Li = Pi 

exp(Blxi) / (1 + exp(@'xi)) (17) 

5.3 Empirical-Flood-Travel Method 

This method is more disaggregate than the aggregate-empirical 

method. Travel times and populations at risk are defined within each 

zone of a reach, rather than compiled for the reach as a whole. Thus, 

the major advantage of this method is its more accurate representation of 

the flood as it spreads downstream and rises to higher elevations. 

Computer software has not yet been written to implement this method, 

though in principal it is preferred to the first method. 

The empirical--flood-travel method consists of the following steps: 

(1) Consider a range of inflow flood event and dam modification 

scenarios, as before in Step (1) of Section 5.2. Use the 

DAMBRK model to simulate dam breach and flood routing for each 



inflow event and dam modification alternative. For each 

combination of flood event and dam alternative, both the 

antecedent event and the ensuing, full event should be routed. 

Before doing the DAMBRK runs, select a representative river 

cross-section for each reach. This cross-section should 

correspond as closely as possible to the location of the 

greatest population within the reach. Hydrographs should be 

plotted in the DAMBRK output for each of these selected cross- 

sections. Thus, there is a representative hydrograph for each 

reach. 

(2) Compile the population at risk for the whole inundation area, 

as described previously. The population at risk is tabulated 

for each Census ~ract/Enurneration ~istrict/Block within each 

reach. The population within each areal unit is further 

separated into five land elevations and a flood depth is 

calculated for .each of the five land elevations within each 

areal unit. 

Identify the population at risk from the antecedent event 

alone. This is done by comparing the peak stage elevation with 

the land elevations within each Census ~ract/Enumeration 

~istrict/~lock. 

(3) For each reach i and zone j, compute an average depth of 

inundation for the (i,j). Populations at risk in the same zone 

will generally experience different depths of flooding, 



depending on t h e i r  l o c a t i o n s  ( i . e . ,  u p s t r e m  o r  downstream) 

w i t h i n  t h e  reach .  An average  dep th  of f l ood ing  is r e q u i r e d  f o r  

t h e  e m p i r i c a l  f unc t i on .  Th i s  should  be a  weighted average ,  

w i t h  t h e  weigh ts  expressed  r e l a t i v e  t o  t h e  s i z e s  of t h e  

r e s p e c t i v e  popu1,ations. 

( 4 )  From t h e  DAMBRK ou tpu t  f o r  t h e  an t eceden t  f l ood ,  i d e n t i f y  t h e  

t i m e  of  i n i t i a l  sp i l lway  d i s c h a r g e  (from t h e  DAMBRK R e s e r v o i r  

Dep l e t i on  Tab l e ) .  Th i s  t i m e  marks t h e  beginning o f  t h e  f l o o d  

t r a v e l  t i m e .  

( 5 )  From t h e  hydrograph p l o t t e d  a t  t h e  end of t h e  DAMBRK o u t p u t ,  

i n s p e c t  t h e  hydrograph and i d e n t i f y  t h e  t i m e  of  a r r i v a l  o f  t h e  

f l o o d ,  by zone. Th is  is a  r e p r e s e n t a t i v e  f l o o d  t r a v e l  t i m e  

f o r  e ach  r each  i and zone j .  Note t h a t  t h i s  a r r i v a l  t i m e  is 

n o t  s p e c i f i e d  f o r  each Census Tract /Enumerat ion D i s t r i c t / B l o c k  

w i t h i n  t h e  reach ,  s i n c e  a DAMBRK hydrograph is p l o t t e d  f o r  o n l y  

a s i n g l e  c r o s s - s e c t i o n  w i t h i n  each  reach .  Th i s  r e p r e s e n t a t i v e  

a r r i v a l  t i m e  is used f o r  a l l  of  t h e  popu l a t i on  a t  r i s k  w i t h i n  

zone j i n  r e ach  i. 

( 6 )  C a l c u l a t e  a  r e p r e s e n t a t i v e  f l o o d  t r a v e l  t i m e  f o r  r e ach  i, zone 

j .  Th i s  is  ob ta ined  from t h e  r e p r e s e n t a t i v e  a r r i v a l  t ime  f o r  

zone j i n  r e ach  i, which was c a l c u l a t e d  i n  S tep  ( 5 ) ,  minus t h e  

t i m e  a t  which sp i l lway  d i s c h a r g e  commenced, which w a s  g i v e n  i n  

S t e p  ( 4 ) .  A s  w i th  t h e  a r r i v a l  t i m e ,  it should be no t ed  t h a t  



t h e  t r a v e l  t i m e  i s  r e p r e s e n t a t i v e  f o r  a l l  l o c a t i o n s  w i th in  an 

e l e v a t i o n  Zone j i n  a  given Reach i. 

i 

( 7 )  I n  order  t o  perform s e n s i t i v i t y  ana lyses ,  set t h e  t i m e  of t h e  

i n i t i a l  o f f i c i a l  evacua t ion  warning t o  t h e  p u b l i c  a t  a  t i m e  

r e l a t i v e  t o  t h e  s t a r t  of t h e  f lood .  For example, some p o s s i b l e  

va lues  may be 60 minutes be fo re  t h e  s t a r t  of t h e  f l ood ,  60 

minutes a f t e r ,  and a t  t h e  same t i m e  of t h e  i n i t i a l  sp i l lway  

d ischarge .  Compute t h e  warning t i m e  a s  equa l ing  t r a v e l  t i m e  

(from Step  ( 6 )  ) plus/minus some adjustment  f o r  t h e  evacua t ion  

n o t i f i c a t i o n  t i m e .  

( 8 )  Compile any o t h e r  d a t a  such a s  t h e  prev ious  exper ience  f a c t o r  

o r  u rban-area  i d e n t i f i e r .  S u b s t i t u t e  t h e s e  va lues  of Ei ( o r  

Ui), Pij from Step  ( 2 ) ,  W i j  from S t e p  ( 7 ) ,  and D i j  from S tep  

( 3 )  i n t o  a  l o s s  of l i f e  empi r i ca l  func t ion .  Using t h e  func t ion  , 

given by Equations (14)  and (151, one ob t a in s :  

where 

= a set of c o e f f i c i e n t s  a s  g iven  i n  Equation (15) ( t h e  ' 
denotes  t h e  t ranspose  of t h e  v e c t o r ) .  

( 9 )  Compute Lij = P r ~ b a b i l i t y C L ~ . ~ )  Pij . 
ELij= Li,  t h e  es t imated  l o s s  of l i f e  i n  Reach i due t o  t h e  j 
an tecedent  event .  



(10)  Complete t h e  f l ood  r o u t i n g  f o r  t h e  f u l l  f l ood  event .  S t ep  ( 2 )  

through Step  ( 9 )  were computed f o r  t h e  an t eceden t  f l ood  event .  

Repeat t he se  s t e p s  f o r  t h e  sp i l lway  f l ood  f o r  t h e  f u l l  event .  

The t i m e  of renewed d ischarge ,  o r  i n c r e a s e  i n  d i s cha rge ,  from 

t h e  sp i l lway  is des igna ted  a s  t h e  s t a r t  of t h e  t r a v e l  t i m e .  A s  

be fo re ,  t h e  hydrographs may be used t o  e s t i m a t e  t h e  t i m e s  of 

a r r i v a l  f o r  each Zone j and Reach i. The popu la t i ons  a t  r i s k  

i n  t h e  sp i l lway  f l o o d  i n  t h e  f u l l  even t  should n o t  inc lude  

t h o s e  t h a t  were a l r e a d y  taken i n t o  account i n  t h e  an t eceden t  

f l ood .  Thus, Zones j i n  Reaches i, which were a l r e a d y  f looded 

from t h e  an tecedent  even t  should n o t  be inc luded  i n  t h e  i n  

c a l c u l a t i o n s  f o r  t h e  sp i l lway  f lood  f o r  t h e  f u l l  even t .  For a  

f a i l u r e  f l ood ,  a  s e p a r a t e  DAMBRK run  is r e q u i r e d  f o r  a non- 

f a i l u r e  s i t u a t i o n  s o  a s  t o  i d e n t i f y  t h e  popu la t i on  a t  r i s k  

under a  non - f a i l u r e  s cena r io .  The r e s u l t  of r e p e a t i n g  t h e  

ca , lcu la t ions  i n  S teps  ( 2 ) - ( 9 )  is an e s t i m a t e  of l o s s  of  l i f e  i n  

Reach i due t o  t h e  sp i l lway  f lood  i n  t h e  f u l l  even t  t h a t  

fo l lows  t h e  an tecedent  event .  

(11) Analogous t o  S tep  ( l o ) ,  r e p e a t  S t e p s  ( 2 )  t o  ( 9 )  f o r  t h e  

popula t ions  a t  r i s k  and t r a v e l  t i m e s  a z ~ o c i a t e d  w i t h  t h e  

f a i l u r e  f lood .  The f a i l u r e  f l ood  s t a r t s  wi th  i n i t i a l  d i s cha rge  

from a  breach o r  from dam overtopping. This  p o i n t  in t i m e  czn 

be i d e n t i f i e d  i n  t h e  Reservoi r  Deplet ion Table  i n  t h e  DAMBRK 

ou tpu t .  Following t h e  approach f o r  t h e  sp i l lway  f l o o d ,  t h e  

popula t ions  a t  r i s k  due t o  t h e  f a i l u r e  f l ood  should i nc lude  



only those in Zones j and Reaches i that are not inundated by 

the antecedent event or by the spillway flood from the full 

event, but rather are reached only by the failure flood. As 

mentioned in Step (lo), a separate DAMBRK run is required for a 

non-failure situation so as to calculate the population at risk 

from the non-failure flood. Any remaining population at risk 

is only at risk in the failure flood. The result of the 

calculations is an estimate of the loss of life (in Reach i) 

which is due to the failure flood. 

(12) For each Reach i, add the loss of life estimates which were 

calculated in Steps ( 9 ) ,  (lo), and (11). This loss of life 

estimate includes 'fatalities that result from the antecedent 

event prior to the full flood, the spillway flood resulting 

from the full event, and the failure flood. 

Figure 12 illustrates that for a given reach or cross-section, there 

are different populations at risk: those at risk from the antecedent 

event, the additional increment which is at risk due to the spillway 

. flood from the ensuing full event, and the final increment which is at 

risk because of dam failure. In calculating the time of arrival of the 

full flood, for a given Zone j within Reach i, the same DAMBRK output is 

used for the spillway flood that precedes the failure, as well as for the 

failure event. The population at risk from the non-failure flood may 

experience an earlier arrival time than expected, due to failure. Some 

of these people, as well as those at risk solely from the failure, would 

appear to be the most vulnerable to loss of life. The reason is that the 
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flood travel times and tl~c rzsulting warning times are the least for 

these segments of the population. In contrast, populations at risk in 

the antecedent event as well as many of the populations at risk from the 

spillway flood, will have substantial warning time because flooding in 

these cases rises rather slowly, taking several hours for one foot in 

elevation. 

This method for estimating loss of life combines the empirical 

function calibrated from historical floods with a representation of flood 

travel dynamics and rise in the water elevation. The method provides a 

more precise spatial representation of the flooding events than the 

aggregate-empirical method. The antecedent event, the spillway flood 

from the full event, and the failure flood in the full event are 

distinguished and treated separately. Because of this, travel times for 

the populations at risk in each Zone j within a Reach i are estimated 

more accurately. This should help alleviate the bias in the aggregate- 

empirical approach in which the use of a single composite flood travel 

time for a reach results in a possible under-estimation of the spillway 

flood travel time (and thus an over-estimation of the associated loss of 

life) and an over-estimation of travel time associated with dam failure 

(thus resulting in an under-estimation of loss of life due to failure). 

5.4 Flood-Travel-Evacuatian Model 

Unlike the other two approaches, this method explicitly takes into 

account the evacuation of the population at risk, the time required for 

vehicles to escape the inundation area, and a comparison of evacuation 



t i m e s  and f l o o d  t r a v e l  t i m e s .  The p rocedure  c o n s i s t s  of t h e  follo.c:.ing 

s t e p s :  

(1) Use t h e  DAMBRK model t o  do t h e  f l o o d  r o u t i n g  f o r  t h e  a n t e c e d e n t  

f l o o d .  S e l e c t  r e p r e s e n t a t i v e  c r o s s - s e c t i o n s  f o r  e a c h  r e a c h  and -- 

p l o t  t h e  hydrographs i n  t h e  DAMBRK o u t p u t .  

( 2 )  Determine t h e  p o p u l a t i o n  a t  r i s k  f o r  t h e  a n t e c e d e n t  e v e n t  by 

comparing t h e  e l e v a t i o n s  o f  t h e  p o p u l a t i o n s  a t  r i s k ,  which are 

d e f i n e d  by Census T r a c t / ~ n u m e r a t i o n  ~ i s t r i c t / B l o c k ,  w i t h  t h e  

d e p t h  of f l o o d  a t  peak s t a g e .  P o p u l a t i o n  d a t a  are compiled 

from Census d a t a  a s  d e s c r i b e d  i n  S e c t i o n  5 .2 .  Flood e l e v a t i o n s  

are g i v e n  f o r  e a c h  r i v e r  c r o s s - s e c t i o n  i n  t h e  DAMBRK o u t p u t ,  

and are i n t e r p o l a t e d  t o  p r o v i d e  e s t i m a t e s  f o r  each  a r e a l  u n i t ,  

as d i s c u s s e d  i n  S e c t i o n  4.  

(3)  I d e n t i f y  t h e  t i m e  o f  t h e  i n i t i a l  s p i l l w a y  d i s c h a r g e  i n  t h e  

antecedent .  e v e n t .  T h i s  is  determined from t h e  R e s e r v o i r  

D e p l e t i o n  T a b l e  i n  t h e  DAMBRK o u t p u t .  

( 4 )  From t h e  hydrographs ,  i d e n t i f y  t h e  t i m e s  of  a r r i v a l  o f  t h e  

f l o o d ,  by zone ( e l e v a t i o n )  a t  e a c h  g i v e n  c r o s s - s e c t i o n .  

(5)  E s t a b l i s h  a s p e c i f i c  t i m e  f o r  r e c e i p t  o f  t h e  e v a c u a t i o n  

warning; and set t h e  f l o o d  t r a v e l  t i m e s  and t h e  e v a c u a t i o n  

times t o  be c a l c u l a t e d  i n  t h e  t r a f f i c  s i m u l a t i o n  model on t h e  

same t i m e  s c a l e .  

( 6 )  E s t i m a t e  t h e  e l e v a t i o n s  o f  t h e  o r i g i n  nodes and road  l i n k s  i n  

t h e  t r a n s p o r t a t i o n  network.  T h i s  i s  a  manual p r o c e s s  i n v o l v i n g  

v i s u a l  i n s p e c t i o n  of t o p o g r a p h i c  maps. E n t e r  t h e  d a t a  i n t o  t h e  

network d a t a  base .  



(7) Run the MASSVAC2 traffic evacuation simulation model (refer to 

Volume I, Southworth et al., 1986) for only the population at 

risk from the antecedent event. Run the traffic model for only 

a single time increment, such as 15 minutes. Use the DM3RK 

hydrographs to check the elevation of the flood at the cross- 

section for the time corresponding to the time after the 

traffic simulation run. These times are "clock times'' zs set 

in Step (5). Close any roads which are inundated. Any 

population left at origin nodes that are inundated (i.e., 

elevation of the node is less than elevation of the flood) are 

part of the threatened population. 

(8) Re-run the traffic simulation model for another time increment 

and repeat Step (7). 

(9) Continue running the traffic simulation model until the 

evacuated population approaches some asymptote. This signifies 

that there are populations at risk that,do not evacuate, on 

that cannot evacuate because of roads which are closed due to 

inundation. Any population not evacuated, including 

populations at risk which are left at the origin nodes when the 

flood arrives, constitutes the threatened population. 

(10) Multiply the threatened population by a fractional coefficient 

to provide a subjective estimata of the loss of life, 

calculated as a proportion of the threatened population. 

(11) Repeat all of the prior steps for the full event, that follows 

the antecedent event. The population at risk in the full event 

excludes those at risk from the antecedent event. After 



repeating all of the sL=ps above, an estimate of loss of life 

can be computed for the full event. 

As in the empirical-flood-travel method described in Section 5.3, it 

is an approximation to use a cross-section as being representative of a 

reach. If a reach contains several populated towns, then separate cross- 

sections would be required to represent each of those towns. As with the 

empirical-flood-travel method, software for the flood-travel-evacuation 

method has not yet been written. Both methods are much more complicated 

than the aggregate-empirical method, and the flood-travel-evacuation 

method would require some re-coding of the MASSVAC2 model which is used 

for the evacuation traffic simulation. 

5.5 Discussion of Sources of Errors in Loss of Life Predictions 

It is important to stress that any numerical predictions of loss of 

life should be interpreted in terms of qualitative or relative 

differences and trends as a function of alternative scenarios rather than 

as absolute, precise estimates. There are many sources of uncertainty 

when trying to develop estimates of loss of life. Most of these have 

been covered in previous s~ctions of this report and are summarized here: 

(a) Estimates of the population at risk 

(b) Flood travel time 

(c) Time for the official notification process to issue the 

evacuation warning, and time for the dissemination of the 

public warning 

(d) Minimum depth of flooding required to have a potentially lethal 

situation 



(e) Spatial aggregation 

(f) Inherent uncertainty in the calibrated empirical functions 

(g )  The importance of unique site-specific and circumstance- 

specific factors and events (such 2s the road network, 

topography, etc.) 

The analytical methods used to estimate the population at risk have 

some inherent inaccuracies. One problem is that the 1980 Census was used 

to estimate the population at risk for the current year (1986). In the 

Cochiti Dam case study (Volume 111, Lee st al., 1986b), this was somewhat 

less of a problem than that expected for other areas because most of the 

new development in Albuquerque occurred on higher ground outside the 

inundation area. In the other reaches, north and south of Albuquerque, 

residential development has been rather stable. Thus, there was 

relatively little change in population between 1980 and the present time. 

If anything, there has probably been a decline in the population in the 

inundation area. This is particularly true in the downtown Albuquerque 

area, as there has been a transition in land use from older residential 

structures to commercial establishm?nts. In other parts of the country, 

however, the situation may be different. Each situation should be 

considered on a case by case basis. 

There is also uncertainty in terms of estimating the night-time 

population directly from the Census data on place of residence, and 

estimating the daytime population strictly in terms of Census and 

secondary employment data. However, it seem that from results in case 

studies, errors in measuring population at risk will not be a major 

problem in the reaches well downstream from the dam. From these previous 



numerical rcsults, one can infer that errors in estimating the population 

at risk, which are xpected to be about 25%, will have almost no impact 

for reaches with warning times of at least two hours. 

Discussions in the previous sections alluded to some of the 

complications in attempting to measure travel time. The estimation of 

travel time using the DAMBRK model is a rather mechanical process. It 

provides estimates of dam overtopping and travel times from user- 

specified parameters such as the inflow hydrograph, the antecedent 

condition of the reservoir, the time for a complete breach to develop, 

minimum elevation of breach bottom, breach bottom width, and breach side 

slope. Thus, travel times can be estimated relatively precisely. 

However, many of the user-specified parameters are arbitrary and this 

results in considerable uncertainty in the accuracy of the calculatsd 

travel times . 

Another problem with measuring travel time is the estimate used in 

the aggregate-empirical method. The time between peak stage at the reach 

and peak stage at the dam is used as a surrogate variable for travel 

time. However, the surrogate is far from completely satisfactory, and is 

in some cases a rather inaccurate measure of actual travel time. In 

addition, the use of a single composite time for the whole reach may very 

well result in a consistent over-estimation of travel times associated 

with failure flooding and an under-estimation of non-failure travel 

times . 
The time at which the official evacuation warning is initially 

disseminated to the public presents another source of uncertainty in 

predicting loss of life. The timing of the warning reflects the 



activities, actions, and decisions of several agencies and individuals. 

Because of this, it is difficult to estimate precisely when the decision 

making process begins, and how long it takes the various agencies and 

offices to make decisions. The optimistic case is one in which many of 

the steps in the decision making process have already been carried out as 

a result of the severe precipitation and threatening situation. Under 

this scenario, it is a case of the officials at the dam site monitoring 

the developments carefully and then informing the agency, that is to make 

the announcement, at some agreed upon designated water level in the 

reservoir. Under these circumstances, all of the prior arrangements and 

communications have already taken place, so that thc final decision point 

reduces to a very streamlined procedure that all responsible parties have 

agreed upon in advance in the days or hours before the threatening 

situation reaches a critical level and before an evacuation warning is 

deemed to be necessary. Under these optimistic circumstances, the 

notification time may occur before any severe flooding and certainly well 

before a dam breach. 

Examination of results in the case studies suggests that the 

estimates of travel time and of the time at which the evacuation warning 

is received have a major bearing on the estimated loss of life. For 

example, in the Beach City Dam case study, estimated loss of life in 

Strasburg for a PMF with breach increases from 2 to 60 if the evacuation 

warning is issued 60 minutes after the beginning of flooding rather than 

60 minutes before flooding. By extrapolation, it is easy to see that if 

warning dissemination begins before the start of the travel time, then 

loss of life would be decreased dramatically. With such early warning 



two important factors come into play. One of these is the time that it 

takes the population at risk to evacuate the risk area after the 

evacuation warning is made (i.e., evacuation time). This depends on the 

haste with which families will begin to evacuate (i.e., mobilization 

time) as well as on the traffic flow conditions for the local 

transportation network i . . ,  vehicular travel time and queuing delay 

time). Evacuation traffic simulation models that hzve been applied to 

the Cochiti Dam inundation area suggest total evacuation time for most 

reaches to be between 1 and 2 hours, with the Albuquerque urbanized area 

requiring much greater evacuation times of around 5-6 hours (Southworth 

et al., 1986). These times are extremely important for the first reach 

below a dam where warning times are of the essence, but much less 

important for the other downstream reaches since flood travel time and 

the resulting warning time under any reasonable notification scenario is 

hypothetically great enough to allow for full evacuation of the 

population at risk. 

Another source of uncertainty is in the depth of flooding. This can 

be regarded in two ways. One consideration is the flood stage that 

results from a given flood event. Once the DAMBRK input parameters have 

been established, then the hydraulic and hydrologic models are able to 

predict flood stages reasonably precisely, though not necessarily 

accurately. A second issue raised by the question of flood stage is the 

depth of flooding that is regarded as posing a serious and potentizlly 

lethal situation. If the presance of flood water at any level more than 

zero feet is assumed to subject the population to risk, then this will 



obviously result in a very large popu1;tion at risk. This is the 

definition used in the Corps' (1986b) Guidelines. 

The issue of spatial aggregation is another source of uncertainty in 

the loss of life predictions. Although population and flood stage 

information was estimated on a unit area basis, the population estimates 

were aggregated to a reach level, with for example, nine reac3es for an 

inundation area. Not only are the PAR aggregated laterally along a 

reach, they are also grouped vertically (i.e., in zones of, for example, 

4 foot increments of elevation). The main problem with this is that 

warning time estimates will be imprecise. To alleviate this shortcoming, 

a detailed analysis could use unit areas as specific as the city block 

level in urban areas, though this would be unnecessary. The reason is 

that frequently the warning time is not a crucial factor for many areas 

well downstream from the dam. Warning time is great enough that it 

hypothetically allows for full evacuation. Thus, it is unnecessary to 

specify population at risk and warning times for individual city blocks. 

On the other hand, warning time is usually very crucial for the first 

reach closest to the dam. Even for this situation, however, it is 

difficult to justify a level of aggregation finer than the four 

subreaches identified in the Cochiti Dam case study. This is mainly 

because of the uncertainty in estimating the warning times and the 

inherent limitation in using an aggregate loss of life model, that was 

calibrated for comparisons of flood events across the country, to highly 

disaggregate reaches within a single inundation area. 

Another spatial aggregation problem involved unit areas which were 

along the inundation boundary. It is straightforward, though tedious, to 



partition that portion of the population within a unit area that would be 

exposed, from the portion that would be outside the inundation area. 

Inspection of maps of the Cochiti Dam area, for example, revealed that 

most of the population nodes in the large (in terms of area) rural 

Enumeration Districts are situated on the floodplain close to the Rio 

Grande River and would likely be at risk. For Albuquerque, on the other 

hand, the specific estimate of the population at risk did not affect the 

predicted loss of life by very much; and in any event, the level of 

aggregation, which is at the city block level, resulted in relatively 

small inaccuracies compared to the primary source of uncertainty, which 

is in the empirical function used to predict loss of life. 

The primary source of uncertainty in predicting loss of life is 

undoubtedly in the empirical function that was derived from a limited 

sample of past flood events. Local, unique situations and circumstances 

are extremely important to. explaining differences in loss of life among 

different events, but these considerations generally do not follow any 

consistent systematic relationship. The confidence bands for the 

estimates would give one a quantitative indication of the precision that 

is justified when using the models to estimate loss of life. Although 

these bands have not been computed for the group logit model, the order 

of magnitude of these confidence bands is reflected in a comparison of 

predicted and actual loss of life in Table 7. 

6. NUMERICAL EXAMPLE 

Table 8 gives a numerical example that summarizes an application of 

the aggregate-empirical method for estimating loss of life. The case 



Table 8 : Surnmzry a8 Lass of LfCe Przd ic t ians  Car Beach C i t y  Dam 
PMF w i t [ ?  Breach - B d a ~  c Modi f i ca t ion  

Nightt ime Flood 

Time o f  Evacuation Warning: 0 Minutes A f t e r  S t a r t  o f  Flood 

Travel Warning 
T i  me* Time* Pred Loss % Loss 

Clbs Reach PAR (Ifin.) (Piin. 1 of  L i f e  o f  L i f e  ------------------------------------------------------------------------- 
I Bnach City/Brewstcr 2630 320 320 3 0.11 
2 S t r a s b ~ r g  1590 60 60 3 0.19 
3 Dover 1160 320 320 2 0.17 
4 New Ph i lade lph ia  3220 360 360 3 0.09 
5 Urichs./Gnadenhutten 2380 920 920 2 0.08 
6 Newcomerstown 3070 1730 1730 2 0.07 
7 Carshoeton 3220 2870 2870 2 0.06 
8 Zanesvi l l e  5990 4690 4690 1 0.02 
9 McConnelsvi l l e 910 5230 5250 1 0.11 ------------------------------------------------------------------------- 

24 170 19 0.08 

* Travel and  Warning Times are representa t ive  
o f  those f a r  t h e  PAR i n  t he  reach. 



s tudy  ?:as f o r  t h e  Beach C i ty  Dam, Ohio inundat ion  a r ea .  The PAX 

e s t i m a t e s  were aggregated from u n i t  a r e a  d a t a  i . . ,  c i t y  block,  

enumeration d i s t r i c t ,  and t r a c t )  Census in format ion ,  t o g e t h e r  with t h e i r  

corresponding e l e v a t i o n s ,  a s  descr ibed  i n  S e c t i o n s  4 .2  and 5 . 2 ( 2 ) .  The 

t i m e  a t  which t h e  evacuat ion warning is f i r s t  i s sued  was a r b i t r a r i l y  

expressed  a s  being a t  t h e  s t a r t  of t h e  f l o o d  t r a v e l  t i m e .  The t r a v e l  

t i m e  was c a l c u l z t e d  from t h e  DAMBRK ou tpu t  by t a k i n g  t h e  d i f f e r e n c e s  i n  

t h e  times of t h e  peak s t a g e  a t  t h e  f i r s t  c r o s s - s e c t i o n  ( a t  t h e  dam) and 

a t  t h e  c r o s s - s e c t i o n  presen t ing  t h e  reach ,  a s  desc r ibed  i n  S e c t i o n  

5 .2 (3 ) .  Th i s  is  an approximation of t h e  p r e f e r r e d  method which was 

descr ibed  i n  Sec t ion  5 .3 .  The p r i o r  exper ience  v a r i a b l e  i n  Equation (15)  

was set t o  be zero .  

The r e s u l t i n g  e s t ima te s  f o r  l o s s  of l i f e  a r e  t a b u l a t e d  i n  t h e  two 

r i g h t  columns i n  Table  8.  Resul t s  comparing l o s s  of l i f e  e s t i m a t e s  among 

a  number of f l o o d  event  s cena r io s  a r e  summarized g r a p h i c a l l y  i n  F igure  

An expanded d i scus s ion  of t h e  numerical  example is g iven  i n  t h e  

r e p o r t  on t h e  Beach C i t y  Dam a r e a  (Volume 111, Lee e t  a l . ,  1986b). 
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