
ORIGINAL PAPER

A non-traditional approach to the analysis of flood hazard
for dams

Zoran Micovic • Desmond N. D. Hartford •

Melvin G. Schaefer • Bruce L. Barker

Published online: 20 March 2015

� Springer-Verlag Berlin Heidelberg 2015

Abstract The traditional and still prevailing approach to

characterization of flood hazards to dams is the inflow

design flood (IDF). The IDF, defined either deterministi-

cally or probabilistically, is necessary for sizing a dam, its

discharge facilities and reservoir storage. However, within

the dam safety risk informed decision framework, the IDF

does not carry much relevance, no matter how accurately it

is characterized. In many cases, the probability of the

reservoir inflow tells us little about the probability of dam

overtopping. Typically, the reservoir inflow and its asso-

ciated probability of occurrence is modified by the inter-

play of a number of factors (reservoir storage, reservoir

operating rules and various operational faults and natural

disturbances) on its way to becoming the reservoir outflow

and corresponding peak level—the two parameters that

represent hydrologic hazard acting upon the dam. To

properly manage flood risk, it is essential to change ap-

proach to flood hazard analysis for dam safety from the

currently prevailing focus on reservoir inflows and instead

focus on reservoir outflows and corresponding reservoir

levels. To demonstrate these points, this paper presents

stochastic simulation of floods on a cascade system of three

dams and shows progression from exceedance probabilities

of reservoir inflow to exceedance probabilities of peak

reservoir level depending on initial reservoir level, storage

availability, reservoir operating rules and availability of

discharge facilities on demand. The results show that the

dam overtopping is more likely to be caused by a combi-

nation of a smaller flood and a system component failure

than by an extreme flood on its own.

Keywords Hydrologic hazard � Stochastic flood �
Dam safety � Spillway gate reliability � Risk assessment

1 Introduction

The traditional and still prevailing approach to character-

izing flood hazards to dams is unsuitable for use in risk

analysis and assessment for dam safety. This approach

assumes that if dams can withstand the effects of the most

extreme floods and have generally accepted factors of

safety under normal operating conditions they would be

safe in an absolute sense (National Research Council

1985). Extreme floods are characterized in terms of the

‘‘Inflow Design Flood’’, defined in terms of the inflow to

the reservoir (either deterministically as the probable

maximum flood (PMF) or probabilistically as a flood

having a specific probability of occurrence). On the other

hand, extreme earthquakes are characterized in terms of the

seismic ground motion applied to the dam. Note that while

the seismic hazard analysis characterizes the dynamic

ground motions as applied to the dam, the flood hazard

analysis (i.e. reservoir inflow) does not characterize the

dynamic hydraulic forces that are applied to the dam.

This means that in addition to giving a false sense of the

safety of dams in terms of the standards-based approach to

dam safety assessment, the traditional approach to flood

hazard characterization does not provide the necessary in-

formation (i.e. magnitude and probability) on the hydraulic

forces that are applied to the dam. In fact, within the risk
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informed dam safety decision framework, the inflow design

flood, while essential in establishing the total discharge

capacity, is of limited value in the analysis of the hydraulic

safety of many dams, no matter how accurately charac-

terized it is. The reason lies in the fact that the reservoir

inflow and its associated probability of occurrence is

modified by the interplay of a number of factors (initial

reservoir level and available storage, reservoir operating

rules, various operational faults) on its way to becoming

the reservoir outflow and peak level—the two parameters

that characterize hydraulic forces acting upon the dam. It is

therefore essential to change the approach to flood hazard

analysis for dam safety from the currently prevailing focus

on reservoir inflows and instead focus on reservoir outflows

and corresponding reservoir levels. It should be acknowl-

edged, however, that there are many dams without active

discharge control systems and without seasonal fluctuations

of their reservoir level where a full pool assumption is not

unreasonable. For those kinds of dams the IDF concept

could still have its place in dam safety assessment since it

is more closely related to resulting peak reservoir level and

the probability of dam overtopping. Note that the general

focus of the presented study is on dams with seasonally

fluctuating reservoir level with active discharge control

systems such as gated spillways or low level outlets, since

the large majority of high-consequence dams in North

America requiring risk-informed approach to dam safety

belong to that group.

It should be mentioned that traditional approaches such

as the PMF have served the industry well and they still

have an important role with respect to design for flood

discharge capacity and as the ultimate safety check for

capability to pass large floods. However, Hartford and

Baecher (2004) pointed out to the potential for increasing

risk to the public at lesser events in order to provide pro-

tection for the dam at extreme events (i.e. it is not enough

to meet the PMF standard without considering the re-

liability of the gates and power supplies). In the modern

context, operational safety during floods less than the de-

sign flood, and the matters such as other external system

disturbances causing spillway discharge demands over and

above the operational discharges, are increasingly impor-

tant. It is reasonable to assume that in future an increasing

number of dam owners will apply some kind of risk in-

formed decision making process in their dam safety

assessments regarding natural hazards such as flood. This

means that probabilities of reservoir peak outflows and

levels will have to be estimated in order to determine

probability of dam overtopping and downstream flooding

risk. The following examples show that the currently pre-

vailing focus on reservoir inflows in flood hazard analyses

for dam safety could be deficient when it comes to risk

assessments:

• Inflow design flood determined as the PMF hydrograph:

• In most North American jurisdictions (CDA 2007;

FEMA 2012), the PMF is typically prescribed as the

IDF for high/very high/extreme-consequence dams.

After the PMF hydrograph has been derived, it is

routed through a reservoir using a set of assumptions

and the resulting peak reservoir level is determined.

These assumptions vary from place to place and from

owner to owner, with the result that all ‘‘high-

consequence’’ dams (or high hazard dams) are not

equally safe. The peak reservoir level is then used to

assess the freeboard and conclude whether or not the

dam is safe from overtopping. However, despite

being deemed capable of passing the PMF with

sufficient freeboard, a given dam may not be as safe

as we think due to a number of factors that are

typically overlooked in this traditional standard-

based approach to flood hazard assessment. Firstly,

despite the fact that the theoretical PMF cannot be

exceeded, real-life PMF estimates are typically lower

than the theoretical upper limit by some variable

amount that depends on the available data, the chosen

methodology and the analyst’s approach to deriving

the estimate (Micovic et al. 2015). Consequently, the

exceedance probability of PMF’s reservoir peak

outflows and levels is typically greater than zero,

could be relatively high in some cases, and remains

unknown. The second factor that is typically over-

looked is the set of assumptions used in flood routing.

It is generally assumed, conservatively, that the PMF

occurs on a full reservoir and discharge through the

powerhouse is not possible. However, the spillway

gates are typically assumed to be fully operable.

During an unprecedented natural disaster such as

PMF, it is highly likely that some spillway gates

would not be operable due to various reasons (power

disruption, debris jams, mechanical failures, person-

nel unavailability, telecommunication problems,

etc.).

• Inflow design flood determined as a peak flow having a

specific exceedance probability (e.g. 1/10000):

• Most European jurisdictions do not require the PMF

concept and the IDF is derived probabilistically as a

peak inflow having a specific probability of ex-

ceedance, usually 1/10000 for high-consequence

dams (Zielinski 2011). This approach suffers from

similar shortcomings as the PMF approach since

1/10000 peak inflow could be associated with an

infinite number of hydrographs volumes that will,

after reservoir routing, result in peak reservoir level

of unknown probability. Generally speaking, floods
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should always be seen and analyzed in terms of full

hydrograph in all studies leading to any type of dam

safety assessment. Therefore, it is necessary to

convert the peak flow to a flood hydrograph

preferably having the same probability of ex-

ceedance. This conversion is not straightforward

because the peak flow and the flood volume do not

necessarily have the same probability of ex-

ceedance, since floods could be flashy (i.e. extreme

peak, small volume), or have very large volume

with no distinct peak. In addition the temporal

characteristics of the flood hydrograph timing are

also important when it comes to reservoir routing.

The same flood volume will produce different

maximum reservoir outflow and level when routed,

depending whether the flood hydrograph is ‘front-

loaded’ (peak appears at the beginning), centre-

loaded or end-loaded.

• In order to obtain the corresponding peak reservoir

outflow and peak reservoir level, the hydrograph is

routed through the reservoir using a fixed set of

assumptions regarding initial reservoir level at the

start of the hydrograph as well as regarding various

discharge facilities (i.e. availability, start/end of

operation, rate of opening/closing). In reality, the

initial reservoir level and the discharge facilities

availability/way of operation are not constant and

their interplay results in exceedance probabilities of

reservoir outflow and reservoir levels being differ-

ent from exceedance probabilities of reservoir

inflow.

Therefore, no matter how accurate probabilistic char-

acterization of the reservoir inflow is, the probabilities of

peak reservoir level remain unknown using ‘inflow design

flood’ approach to flood hazard analysis. This practically

means that probability of dam overtopping and down-

stream flooding risk cannot be estimated. There could be a

real value in using various stochastic frameworks to better

characterise the exceedance probability of inflows, espe-

cially in jurisdictions where prescribed probability of in-

flow is to be satisfied. Such approaches could produce full

inflow hydrographs and not just peaks and, with inclusion

of reservoir routing in the stochastic model, could yield

fairly robust estimates of the probability of overtopping.

Unfortunately, in many places, it is still common practice

for hydrologists to just develop inflows and pass them over

to the hydraulic dam engineers in different departments for

the reservoir routing and calculation of corresponding peak

reservoir levels. This means that the routing assumptions

remain deterministic removing any possibility of getting

reasonably accurate probabilistic characterization of the

peak reservoir level and consequent risk of dam

overtopping.

The inflow design flood (IDF) concept has been and still is

being used to size the dam and its designated flood discharge

facilities (i.e. spillway, low level outlets) so that the dam

could safely pass either a flood of pre-determined probability

of exceedance (e.g. 1/10000) or any possible flood (PMF).

Note that this concept typically assumes that, during an ex-

treme flood, everything operates according to the plan, i.e.

accurate reservoir level measurements, spillway gates open

as required, necessary personnel available on site, commu-

nication lines fully functioning. In other words, the IDF

concept does not address possibility of ‘‘operational flood’’

in which a dam could fail due to a combination of a flood that

is much smaller than the IDF and one or more operational

faults. The number of possible combinations of unfavourable

events causing such a failure is very large and increases with

the complexity of the dam or system of dams. Consequently,

the probability of dam failure due to an unusual combination

of relatively usual unfavourable events, which individually

are not safety critical, is larger than the probability of dam

failure solely due to an extremely rare flood. Baecher et al.

(2013) stated that, for a complex system such as flow control

at a dam, the number of possible combinations of unfavor-

able events is correspondingly as large as the probabilities of

any one combination occurring are small. As a result, the

chance of at least one pernicious combination occurring can

be large. There are many examples of ‘‘operational flood’’

failures, and the two North American examples are illus-

trated below:

• Canyon Lake Dam on Rapid Creek in South Dakota

failed on June 9th, 1972, resulting in 238 fatalities. The

reason for the dam failure was not the lack of flood

passing capacity but the inability to use the spillway

which was clogged by debris.

• Taum Sauk Dam in Missouri overtopped and failed on

December 14th, 2005. The reason for the overtopping

was not high inflow but the error in reservoir level

measurement (the pressure transducers that monitored

reservoir levels became unattached from their supports

causing erroneous water level readings—reporting

reservoir levels that were lower than actual levels). In

addition, the emergency backup reservoir level sensors

were installed too high, thereby enabling overtopping to

occur before the sensors could register high reservoir

level.

Additional examples of catastrophic dam failures due to

failure to open spillway gates as summarized in Gross and

Lord (2014) are:
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• Tirlyan Dam, Russia, August 1994 (37 deaths)

• Belci Dam, Romania, July 1991 (25 deaths)

• Tous Dam, Spain, October 1982 (20–40 deaths)

Clearly, risk informed decision making in dam safety

requires more than the IDF concept which is used to size

the dam and spillway for some very large flood under the

assumption that everything that happens between inflows

entering the reservoir and the reservoir reaching its max-

imum level, goes according to some predetermined sce-

nario. Many times it does not, as shown above.

In order to have any scientifically-based idea of the

probability of dam overtopping due to flood, we should focus

on estimating probabilities of peak reservoir level. The

process can be described as follows: the reservoir inflow of a

certain probability of exceedance is the starting value that

gets modified by a complex interplay of starting reservoir

level, reservoir operating rules and decisions, and reliability

of discharge facilities, personnel and measuring equipment

on demand. At the end of the process, the reservoir outflow

and associated peak reservoir level have different ex-

ceedance probability than the reservoir inflow that started the

process. And the exceedance probability of the peak reser-

voir level is what determines the probability of dam failure

due to flood hazard; the exceedance probability of the

reservoir inflow is of minor significance in that context.

For example, the latest IDF selection guidelines pub-

lished by US Federal Emergency Management Agency

(FEMA 2013) suggests that besides the traditional pre-

scriptive approach to IDF selection, a risk-informed hy-

drologic hazard analysis should be carried out at the

discretion and judgment of dam safety regulators and

owners ‘‘for dams for which there are significant tradeoffs

between the potential consequences of failure and the cost

of designing to the recommended prescriptive standard’’.

The guidelines suggest that an integral part of risk-in-

formed hydrologic hazard analysis is the development of

hydrologic loads that can consist of peak flows, hydro-

graphs, or reservoir levels and their annual exceedance

probabilities. Just few months after the publication of

FEMA guidelines, US Bureau of Reclamation issued their

design standard containing their most recent recommen-

dations for selection of IDF for both existing and new dams

(USBR 2013). This USBR design standard is a compre-

hensive technical document that describes the quantitative

risk analysis as ‘‘a key aspect of identifying and selecting

the IDF’’ for their dams. Among other things, the USBR

document illustrates that the same peak reservoir level

could result from very different combinations of peak in-

flow, inflow volume, and initial reservoir level. It is also

interesting to note that, while the PMF concept is still re-

tained as the upper limit of the IDF, the USBR document

makes special effort to always use the expression ‘‘the IDF

or a design maximum reservoir water surface with a design

maximum discharge’’, thereby implying the importance of

the peak reservoir level in the hydrologic hazard analysis.

The peak reservoir level, unlike the reservoir inflow, is

not natural and random phenomenon and, consequently, its

probability distribution cannot be computed analytically

(e.g. by using statistical frequency analysis methods). The

probability of the peak reservoir level is the combination of

probabilities of all factors leading to it, including reservoir

inflows, initial reservoir level, system components failure,

human error, measurement error as well as unforeseen

circumstances. Thus, the only solution for estimating the

probability distribution of the reservoir peak level is some

kind of simulation covering as many scenarios as possible.

It is a rather complex multi-disciplinary analysis which is

currently beyond technical capabilities of some dam own-

ers. However, without it, the proper risk-informed dam

safety management is not possible.

There have been various studies attempting to estimate

probabilities of dam overtopping with different levels of

detail in considering all the contributing factors and possible

scenarios. For example, Kwon and Moon (2006) used

stochastic simulation to estimate the overtopping probability

of a South Korean dam due to flood and wind. The study

used a simplified approach of using only annual maxima for

precipitation and wind speed to develop flood and wind

inputs, and assumed full spillway availability at all times in

flood routing through the reservoir. On the other hand, the

initial reservoir level input was developed from daily data

and it was proven the most sensitive variable in the over-

topping probability simulation. Hsu et al. (2011) also at-

tempted to estimate dam overtopping probability induced by

flood and wind. The flood input was developed using a fairly

simple approach where several frequency distributions were

tested on either annual or monthly peak inflows and result-

ing quantiles were used to develop simple 3-day synthetic

inflow hydrographs to be used in reservoir routing. Probably

the biggest simplification in this study was the use of con-

stant initial reservoir level in all simulations used to estimate

dam overtopping probability. Kuo et al. (2008) also utilized

the simplified approach where peak inflows of various ex-

ceedance probabilities were converted into hydrographs

using the linear concept of unit hydrograph, but considered

spillway gate failures in their stochastic simulation and

subsequent estimation of dam overtopping risk.

In this paper we present results of stochastic simulation of

floods affecting a cascade system of three dams in western

Canada, and show the progression from exceedance prob-

abilities of reservoir inflow to exceedance probabilities of

peak reservoir level with consideration of initial reservoir

level, storage availability, reservoir operating rules and

availability of discharge facilities on demand. Section 2
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describes the Campbell River hydroelectric system analyzed

in this study. Section 3 provides an overview of the

stochastic simulation approach including detailed consid-

eration of various hydrometeorological inputs contributing

to flood hydrographs, description of complex rules govern-

ing the flood routing in a system consisting of three dams

and reservoirs, as well as discussion on stochastic simulation

of availability of discharge facilities in the system. Section 4

describes specific steps needed to carry out the stochastic

simulation described in Sect. 3. The results were presented

in Sect. 5, followed by discussion and conclusions in

Sect. 6.

2 The Campbell River hydroelectric system

The Campbell River hydroelectric system is located on

central Vancouver Island in the province of British

Columbia, Canada (Fig. 1). The system consists of three

reservoirs. Upper Campbell Lake forms the storage reser-

voir for the 64 MW Strathcona generating station which

discharges into Lower Campbell Lake. Lower Campbell

Lake serves as the reservoir for the 47 MW Ladore gen-

erating station. Ladore generating station discharges into

John Hart Lake, which is the reservoir for the 126 MW

John Hart generating station. The total watershed area

upstream of Strathcona Dam is 1193 km2. The area for the

local watershed between the Ladore and Strathcona dams is

245 km2. The contributing basin area between Ladore and

John Hart dams is relatively small at 25 km2. In terms of

available reservoir storage, the Strathcona dam reservoir is

almost three times larger than the Ladore Dam reservoir,

whereas the storage in John Hart Dam reservoir could be

considered negligible (i.e. less than 1 % of the Ladore Dam

reservoir). The Campbell River System schematic is shown

in Fig. 2. The town of Campbell River (popula-

tion *30000) is located just 10 km downstream from the

John Hart dam. Therefore, the safe operation of the

Campbell River System is of critical importance consid-

ering the potential catastrophic effects of mis-operation or

a failure of the impounding structures.

3 Overview of the stochastic simulation approach

The basic concept employed in the stochastic approach is

the computer simulation of multi-thousand years of flood

annual maxima and their progression through the Campbell

River System. Stochastic flood modeling was conducted

using the Stochastic Event Flood Model (Schaefer and

Barker 2001, 2009) in combination with a deterministic

precipitation-runoff model, the UBC Watershed Model

(Quick 1995; Micovic and Quick 1999). The stochastic

event flood model (SEFM) utilizes the UBC watershed

model (UBCWM) for conversion of the precipitation input

into runoff, and treats the hydrometeorological input

Fig. 1 Location and

topography of Campbell River

System
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parameters as variables instead of fixed values. Monte

Carlo sampling procedures are used to allow the climatic

and storm-related input parameters to vary in accordance

with those observed in nature.

There are three distinct aspects of stochastic flood

simulation in such a complex river system. The first aspect

is the simulation of natural inflows in each of the three

reservoirs within the Campbell River System. The second

aspect is the simulation of reservoir operating rules, i.e.

flood routing for the individual reservoirs as well as the

whole system. Finally, the third aspect is the stochastic

simulation of on-demand availability of various discharge

facilities within the system, i.e. failure of individual spill-

way gates, low level outlets, powerhouse outlets, or some

combination of those.

All three aspects are combined within the stochastic

simulation framework and multi-thousand years of extreme

storm and flood annual maxima are generated by computer

simulation. The simulation for each year contains a set of

climatic and storm parameters that were selected through

Monte Carlo procedures based on the historical record and

collectively preserved dependencies between the hy-

drometeorological input parameters. Execution of the

UBCWM combined with reservoir routing of the inflow

floods through the system and stochastically modelled

failure/availability of various discharge gates, provides the

computation of a corresponding multi-thousand year series

of annual maxima flood characteristics. Characteristics of

the simulated floods such as peak inflow, maximum

reservoir release, runoff volume, and maximum reservoir

level are the flood parameters of interest. An annual

maxima series is created for each of these flood parameters

and the values are ranked in descending order of

magnitude. A non-parametric plotting position formula and

probability-plots are used to describe the magnitude-fre-

quency relationships. Note that the stochastic flood model

employed here is considered an event model even though

the UBCWM is a continuous runoff model. It is termed an

event model because each simulation consists of modeling

the flood and reservoir response from a specific storm event

embedded within the UBCWM continuous simulation pe-

riod. Thus, each simulation produces one maximum for

flood peak discharge, maximum reservoir release, runoff

volume, and maximum reservoir level at each of the three

dams. These maxima are used in assembling annual max-

ima series representing multi-thousand years of flood

events. Following is a description of each of the three main

aspect of stochastic simulation framework.

3.1 Stochastic simulation of reservoir inflows

The UBCWM was used to model hydrological behaviour

of the Campbell River System watersheds and simulate

inflows to the reservoirs. The model can separately simu-

late different streamflow components originating from

rainfall, snowmelt and glacier melt, and as such is par-

ticularly suitable for hydrologic modelling of mountainous

watersheds. Since the hydrological behaviour of the

mountainous watershed is a function of elevation, the

model uses the area-elevation band concept where a wa-

tershed is delineated into zones based on elevation, with

precipitation and temperature time-series defined for each

zone. In terms of the overall structure, the UBCWM has

three main analysis modules namely meteorological, soil

moisture and routing module (Micovic and Quick 2009).

Besides the streamflow calculation, the UBCWM provides

Fig. 2 Campbell River System

schematics (SCA Strathcona;

LAD Ladore; JHT John Hart)
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information on area of snow cover, snowpack water

equivalent, energy available for snowmelt, evapotranspi-

ration and interception losses, soil moisture, groundwater

storage, and surface and sub-surface components of runoff.

All this information is available for each elevation band

separately, as well as for the whole watershed. The phy-

sical description of a watershed is input for each elevation

band separately in the form of different variables, such as

area of the band, forested fraction and forest density,

glaciated fraction, band orientation and fraction of imper-

meable area. Stochastic flood simulation was carried out

for inflows to Strathcona (1193 km2 drainage area) and

Ladore (245 km2 drainage area) reservoirs. Due to

relatively small local area tributary to John Hart reservoir,

the local inflow to John Hart was not simulated by the

UBCWM but instead estimated by prorating the local in-

flow to Ladore based on the drainage area ratio of 0.1.

Hydrologic calculations are performed on a continuous

basis and the UBCWM may be run on either a daily or

hourly time step. For this study the UBCWM was

calibrated on historically observed data (1983–2014) and

run in continuous daily time step mode to establish basin

state conditions such as snowpack depth, albedo and soil

moisture capacity at the onset of the stochastic storm event.

At that point, stochastic storm events were modelled by the

UBCWM using an hourly time step and thereby obtaining

hourly flood hydrographs.

The hydrometeorological inputs to SEFM and the de-

pendencies that exist in the stochastic simulation of a

particular input are listed in Table 1. Note that natural

dependencies are prevalent throughout the collection of

hydrometeorological variables. The natural dependen-

cies/correlations are preserved in the sampling procedures

with a particular emphasis on seasonal dependencies.

Sampling of precipitation magnitude over the Ladore wa-

tershed is conditioned on the magnitude of precipitation on

the Strathcona watershed based on the behavior of his-

torical storms. The sampling of freezing levels is condi-

tioned on both month of occurrence and 24-h precipitation

magnitude. The watershed conditions for soil moisture,

snowpack, and initial reservoir level are all inter-related

and inherently correlated with the magnitude and se-

quencing of daily, weekly and monthly precipitation. These

inter-relationships are established through calibration to

historical streamflow records in long-term continuous wa-

tershed modelling and the state variables are stored for

mid-month and end-of-month conditions. These inter-de-

pendencies are preserved for each flood simulation through

the resampling procedure.

Regional analysis methods (Hosking and Wallis 1997)

were used in analyzing the characteristics of extreme pre-

cipitation. Using this approach, storm data were assembled

from all locations that were climatologically similar to the

Campbell River watershed. This included assembling pre-

cipitation annual maxima series data for the 72-h duration

from all stations on Vancouver Island and stations between

latitude 47�000N and 52�000N from the Pacific Coast

eastward to the crest of the Coastal Mountains (Canada)

and Cascade Mountains (US). Specifically, annual maxima

series datasets were assembled for each station using a

calendar year basis that included 72-h precipitation max-

ima at automated gages and 3-day precipitation at non-

recording gages and the dates of occurrence. The 72-h

duration (3-day) was selected because it was most repre-

sentative of the typical storm duration for the Vancouver

Island region. Data were obtained from electronic files of

Environment Canada, the National Climatic Data Center in

the United States and from BC Hydro. This totaled 143

stations and 6609 station-years of record for stations with

25-years or more of record. Detailed description of each of

the hydrometeorological inputs from Table 1 as well as the

procedures used in stochastic simulation is provided in

Micovic et al. (2012). A brief description of the main in-

puts is provided below.

3.1.1 Storm seasonality

The seasonality of storm occurrence was defined by the

monthly distribution of the historical occurrences of 72-h

storms with widespread areal coverage that have occurred

over Vancouver Island and nearby areas with similar cli-

matic characteristics. This information was used to select

the date of occurrence of the storm for a given simulation.

The basic concept is that the seasonality characteristics of

extraordinary storms used in flood simulations will be the

same as the seasonality of the most extreme storms in the

historical record.

Storms considered in the analysis were storm events

where 72-h precipitation maxima exceeded a 10-year re-

currence interval at 3 or more stations. This was done to

assure that only storms with both unusual precipitation

amounts and broad areal coverage would be considered.

This procedure resulted in identification of 69-storm events

in the period from 1896 to 2009. A probability-plot was

developed using numeric storm dates (9.0 is September

1st, 9.5 is September 15th, 10.0 is October 1st, and so on)

and it was determined that the seasonality data could be

well described by the normal distribution (Fig. 3). A fre-

quency histogram (Fig. 4) was then constructed based on

the fitted normal distribution to depict the twice-monthly

distribution of the dates of extreme storms for input into

SEFM.

A review of Fig. 3 shows historical extreme storms to

have occurred in the period from near October 1st through

about March 15th with a mean date of December 21st.
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Flood simulations were conducted using SEFM for mid-

month and end-of-month conditions. The probability of

occurrence of a storm for any given mid-month or end-of-

month can be determined from the incremental bi-monthly

probabilities depicted in Fig. 4 (e.g. zero probability for

September mid-month, and probability of 0.0228 for

September end-month).

3.1.2 Magnitude of 72-h precipitation within extreme

storms

Storms for the Strathcona basin are scaled within SEFM by

precipitation magnitudes obtained from the 72-h basin-

average precipitation-frequency relationship for the

Strathcona basin (Fig. 5). This relationship was developed

through regional analyses of point precipitation and spatial

analyses of historical storms to develop point-to-area

Fig. 3 Probability plot of numeric date of occurrence of extreme

storms at the 72-h duration for Vancouver Island

Fig. 4 Frequency histogram of dates of occurrence of historical 72-h

extreme storms for the Campbell River watersheds

Table 1 Listing of hydrometeorological inputs to SEFM

Model input Dependencies Probability model Comments

Storm seasonality Independent Normal distribution End-of-month storm occurrences

72-h precipitation

magnitude

Independent 4-parameter Kappa

distribution

Developed from regional precipitation analyses and

isopercental spatial storm analyses

Temporal/spatial

distribution of storms

Independent Resampling from

equally-likely

historical storms

15 prototype storms, 72- to 144-h long time-series

Temperature temporal

pattern

Temporal patterns are

matched one-to-one to

prototype storms

Resampling from

historical storms

Pattern indexed to 1000 mb temperature and freezing level

for day of max. 24-h precipitation

Temperature at 1000-mb Storm magnitude Physically-based

stochastic model

For day of maximum 24-h precipitation in storm

Air temperature lapse-

rate

Independent Normal distribution For day of maximum 24-h precipitation in storm

Freezing-level 1000-mb temperature,

temperature lapse-rate and

storm magnitude

Physically-based

stochastic model

For day of maximum 24-h precipitation in storm

UBCWM antecedent

conditions (snowpack,

soil moisture)

Seasonality of storm Resampling of

historical conditions

Oct 1983–present

Sampled from the mid-month and end-of-month antecedent

condition files. Sampled year is independent, sampled

month corresponds to month sampled from seasonality of

storm occurrence

Initial storage in

reservoirs/reservoir

level

Seasonality of storm and

UBCWM antecedent

conditions

Resampling of

historical conditions

Jan 1998–present

Sampled from recorded reservoir level data. Sampled year

has similar antecedent precipitation as year sampled for

UBC Model antecedent conditions. Sampled month and

day corresponds to 30 day period surrounding sampled end

of month for storm occurrence
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relationships and determine basin-average precipitation for

the Strathcona basin. Regional L-moment ratios and Kappa

distribution parameters (Hosking and Wallis 1997) for the

Strathcona basin precipitation-frequency relationship are

listed in Tables 2 and 3. The uncertainty bounds were

developed through Latin-hypercube sampling method

(McKay et al. 1979; Wyss and Jorgenson 1998) where

regional L-moment ratios and Kappa distribution pa-

rameters were varied to assemble 150 parameter sets and

perform Monte Carlo simulation using different probability

distributions for individual parameters.

Storms for the Ladore basin are scaled within SEFM

by precipitation magnitudes obtained from the 72-h

basin-average precipitation-frequency relationship for

the Strathcona basin. Specifically, the spatial and tem-

poral storm templates are scaled by the ratio of the

Ladore to Strathcona basin storm amount for the se-

lected storm.

A comparison of the best-estimate precipitation-fre-

quency relationship with historical storms is shown in

Fig. 6. The slope of the best-estimate precipitation-fre-

quency relationship is slightly steeper than the historical

values for the Campbell River watershed. This difference

can be attributed to natural sampling variability for the

shorter record lengths for stations within and near the

Campbell River watershed relative to longer record lengths

for stations within the regional dataset.

3.1.3 Temporal and spatial distribution of storms

Scalable spatial and temporal storm templates are needed

for stochastic generation of storms. A spatial storm tem-

plate contains the spatial distribution of precipitation over

the basin and is made up of the 72-h precipitation amount

for each elevation zone, which aggregates to the 72-h

basin-average precipitation for the basin. The temporal

storm template consists of a collection of dimensionless

precipitation mass curves, one mass curve for each eleva-

tion zone in the basin. Nine dimensionless precipitation

mass curves are needed for the Strathcona basin and five

mass curves are needed for the Ladore basin corresponding

to the number of modelled elevation zones in each basin for

each storm. Construction of the storm templates in this

manner allows for scaling of storms to any desired pre-

cipitation magnitude and the storm template for a given

historical storm is given the name prototype storm.

Stochastic storm generation is accomplished by linear

scaling of the spatial and temporal storm patterns for a

selected prototype storm. Specifically, the spatial and

temporal storm templates are scaled by the proportion of

the desired 72-h basin-average precipitation relative to the

72-h basin-average precipitation observed in a selected

prototype storm. A brief summary of the process for de-

velopment of temporal and spatial storm templates can be

described as follows:

Fig. 5 Computed 72-h

precipitation-frequency curve

and 90 % uncertainty bounds

for the 1193 km2 Strathcona

basin

Table 2 Estimates of population L-moments for basin-average 72-h

precipitation for the 1193 km2 Strathcona basin

Regional L-moments

At-site mean L-Cv L-skewness L-kurtosis

189.0 mm 0.117 0.158 0.151

Table 3 Estimates of Kappa distribution parameters for basin-aver-

age 72-h precipitation for the 1193 km2 Strathcona basin

4-Parameter kappa distribution parameters

Xi (n) Alpha (a) Kappa (j) h

168.560 mm 30.576 0.001 -0.06
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• The historical storm record for the Campbell River

watershed for the period from 1980 through 2009 was

reviewed and 15 storms were identified for use in

stochastic modeling of floods. (BC Hydro began

comprehensive measurement of hourly precipitation

for the Campbell River watershed in the early 1980s.)

• The 10-day period encompassing each storm of interest

was examined and the starting and ending times for the

72-h basin-average precipitation maxima were

identified.

• The spatial storm template for a given storm was

developed analyzing hourly rainfall data from point-

measurements and using GIS analyses to compute

basin-average 72-h precipitation for the Strathcona and

Ladore basins and to compute areally averaged 72-h

precipitation for each elevation zone. For illustration,

the spatial distribution of 72-h precipitation maxima for

the October 1984 storm is shown in Fig. 7.

• The 10-day period of precipitation encompassing the

72-h precipitation maxima was examined using daily

synoptic weather maps, radiosonde data and air

temperature temporal patterns. The time span was

identified during which there was a continuous influx of

atmospheric moisture from the same air mass where

precipitation was produced under similar synoptic

conditions. This assessment identified the starting and

ending times for the precipitation segment that is

independent of surrounding precipitation and scalable

for stochastic storm generation. Figure 8 depicts the

observed 10-day period of basin-average precipitation

for the storm of October 14–23, 2003 for the Strathcona

basin, with the portion of the hyetograph (in blue) that

was identified as the independent scalable segment of

the storm and therefore adopted for use as a prototype

storm for stochastic storm generation.

• The temporal storm pattern was developed for each

elevation zone in the Strathcona and Ladore basins as a

weighted-average of hourly precipitation time-series

from precipitation stations operating during a given

storm. These were stored as dimensionless precipitation

mass-curves where the indexing value was the 72-h

precipitation maxima for each elevation zone obtained

from the spatial storm templates. The collection of

dimensionless precipitation mass-curves for the various

elevation zones is termed the temporal storm template.

General characteristics of the 15 prototype storms for

the Strathcona and Ladore basins are listed in Table 4

showing a considerable diversity among analyzed storms in

terms of temporal distribution of precipitation within the

96-h period.

It was mentioned earlier that the 72-h duration is chosen

for the frequency analysis as the most representative of the

typical storm duration for the studied region. In theory,

many durations, especially shorter ones could be included

in the frequency analysis in order to examine effects of

joint probabilities involved in storms with different char-

acteristics. For example, it is conceivable that a 6-h high-

intensity storm, if located over the inundated areas of the

catchment, may yield higher reservoir levels than a 72-h

storm. However the focus of the study was on Strathcona

Dam which has very large reservoir storage and is sensitive

to flood volume and is not sensitive to high peak flows that

are not supported by a large flood volume. Therefore, the

emphasis was on inclusion of longer-duration storm events

with larger total volume of precipitation. Furthermore, the

suite of 15 scalable storms used in the stochastic analysis

includes a diversity of storm events with regard to duration

and maximum intensities. The approach taken in modeling

was to assemble a collection of storms that were repre-

sentative of storms on the catchment with regard to both

duration and maximum intensity. The representativeness of

the suite of storms was demonstrated by assembling

probability-plots of depth-duration values for a range of
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durations from 6-h through 96-h. Two of these plots, for

6/24 and 24/72 h ratios are shown in Fig. 9. These plots

demonstrate both the representativeness of the temporal

characteristics of the sample of 15 storms and the wide

range of storm characteristics in the storm sample.

3.1.4 Temperature temporal patterns

Temperature temporal patterns are used in computing

snowmelt runoff. Scalable temperature temporal patterns

were created by first computing hourly time-series for the

1000 mb temperature and freezing level. This was accom-

plished using land-based hourly air temperature data from

the Campbell River Airport, BC Hydro stations located

within and near the Campbell River watershed and twice-

daily radiosonde temperature measurements from Quil-

layute, Washington. An example of 1000 mb temperature

and freezing level hourly time-series are shown in Fig. 10a

for the storm of Oct 14–23, 2003. Resultant air temperature

time-series for selected elevations are shown in Fig. 10b

along with the basin-average precipitation temporal pattern

(Fig. 10c). The temperature temporal pattern for 1000mb air

temperature was created by rescaling the hourly ordinates of

the observed 1000mb temperature time-series by subtracting

the 1000 mb index value.

The 1000 mb index value is the highest 6-h average

1000 mb temperature observed during the day of max-

imum 24-h precipitation, which for the storm of Oct 2003

storm was 12.9 �C for the 6-h period from hours 106–111.

In a similar manner, the temporal temperature pattern for

freezing level was created by rescaling the freezing level

hourly time-series by subtracting the index freezing level,

which was 3100 m for the Oct 2003 storm. The index

freezing level is the average freezing level for the same 6-h

Fig. 7 Spatial pattern of 72-h

precipitation maximum for the

October 1984 storm
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period used to compute the temperature index. The indexed

1000 mb temperature and freezing level temporal templates

are shown in Fig. 10d. During operation of SEFM, 1000

mb temperature and freezing level time-series are created

by reversing the process used to create the temperature

temporal templates. Stochastic simulations are used to

generate a 1000 mb temperature index value and a freezing

level index value for a selected prototype storm. These

values are then used to rescale the indexed 1000 mb tem-

perature and freezing level temporal patterns (Fig. 10d) by

adding the simulated index values. This yields simulated

1000 mb temperature and freezing level hourly time-series

similar to those shown in Fig. 10a. Hourly interpolation

between the 1000 mb temperature time-series and freezing

level time-series allows air temperature time-series to be

computed for each elevation zone.

3.1.5 1000 mb temperature simulation

Temperatures at the 1000 mb level (near sea-level) during

extreme storms were simulated using a physically-based

probability model for 1000 mb dewpoint temperatures

derived from monthly maximum dewpoint data (Hansen

et al. 1994). This probability model utilizes end-of-month

upper limit dewpoint data and the magnitude of the max-

imum 24-h precipitation within the storm relative to 24-h
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Fig. 9 Probability-plots of depth-duration data for 6/72 and 24/72 h ratios of precipitation maxima for 15 prototype storms for Strathcona basin

Table 4 Values of computed 24-, 72- and 96-h basin-average precipitation for storms used to develop prototype storms for Strathcona and

Ladore basins

Prototype storm number Storm date Strathcona Ladore

24-h

(mm)

72-h

(mm)

96-h

(mm)

Ratio

24/72-h

Ratio

96/72-h

24-h

(mm)

72-h

(mm)

96-h

(mm)

24/72-h 96/72-h

1 Mar 5–14, 1983 104.8 130.9 142.6 0.801 1.089 54.9 66.7 71.0 0.823 1.064

2 Oct 2–12, 1984 117.8 247.5 275.5 0.476 1.113 55.5 126.9 138.0 0.437 1.087

3 Mar 1–7, 1987 115.2 210.9 215.2 0.546 1.020 52.3 95.5 99.9 0.548 1.046

4 Nov 5–17, 1990 137.7 247.5 287.3 0.556 1.161 56.2 110.7 136.0 0.508 1.229

5 Nov 18–27, 1990 182.3 213.1 213.1 0.855 1.000 110.9 132.7 136.3 0.836 1.027

6 Jan 25–31, 1992 112.8 186.3 210.3 0.605 1.129 66.5 126.3 136.3 0.527 1.079

7 Nov 25–Dec 5, 1993 106.9 141.3 149.4 0.757 1.057 64.1 94.4 106.5 0.679 1.128

8 Nov 2–12, 1995 139.1 165.9 176.0 0.838 1.061 91.3 116.4 118.8 0.784 1.021

9 Nov 11–21, 1995 121.1 191.3 195.6 0.633 1.022 71.2 114.7 117.5 0.621 1.024

10 Oct 14–23, 2003 101.0 239.9 243.9 0.421 1.017 51.9 115.8 121.0 0.448 1.045

11 Jan 13–23, 2005 84.5 171.6 187.6 0.492 1.093 37.5 86.4 97.4 0.434 1.127

12 Jan 1–10, 2007 109.8 166.3 171.7 0.660 1.032 59.1 91.2 92.2 0.648 1.011

13 Nov 1–7, 2006 85.0 136.4 160.5 0.623 1.177 47.2 68.2 74.0 0.692 1.085

14 Nov 12–23, 2006 150.5 197.7 203.7 0.757 1.030 83.4 97.7 98.0 0.854 1.003

15 Nov 10–20, 2009 130.2 188.6 200.0 0.690 1.060 88.1 130.6 134.2 0.675 1.028
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PMP. The 1000 mb dewpoint temperatures are drawn from

a symmetrical Beta Distribution bounded by lower and

upper bounds as depicted in Fig. 11.

Simulated 1000 mb air temperatures on the day of

maximum 24-h precipitation are obtained by adjusting the

simulated 1000 mb dewpoint temperature upward by 2 �C.
This accounts for relative humidity being near but some-

what less than 100 % as observed in the historical data.

The resultant 1000 mb air temperature is then used for

scaling of the 1000 mb temperature temporal pattern (e.g.

Fig. 10d). The range of possible 1000 mb dewpoint tem-

peratures for a given maximum 24-h basin-average pre-

cipitation amount within a storm shown in Fig. 11 indicates

that larger storm amounts are generally associated with

higher 1000 mb dewpoints. This occurs because high levels

of atmospheric moisture are needed to support large pre-

cipitation amounts and high levels of atmospheric moisture

require higher air temperatures to sustain those moisture

levels. A separate relationship, similar to Fig. 11, is used

for each end-of-month because 1000 mb dewpoint clima-

tology changes with season. Higher maximum 1000 mb

dewpoints are possible in the fall months of October and

November than in the colder winter months of January and

February. Thus, freezing levels tend to be somewhat lower

for storms in the colder winter months.

3.1.6 Air temperature lapse-rates

Air temperature lapse-rates are used in the stochastic

modeling of freezing levels. Analyses of data from Quil-

layute WA and Oakland CA found that air temperature

lapse-rates on the day of maximum 24-h precipitation for

noteworthy storms were well described by the Normal

Distribution (Fig. 12). The mean value was found to be

5.1 �C/1000 m, which is near the saturated pseudo-a-

diabatic lapse-rate. Similar results were found if examining

the data from Quillayute WA or Oakland CA separately

and the data from the two stations were combined to pro-

vide a larger sample for computing the distribution

parameters.

3.1.7 Freezing level

Freezing level on the day of maximum 24-h precipitation is

used for scaling the freezing level temporal pattern (e.g.

Fig. 10d). Simulations are conducted by stochastically

generating a 1000-mb air temperature as described above,

selecting an air-temperature lapse-rate from the Normal

distribution depicted in Fig. 12 and computing the resulting

freezing level. The computed freezing level is then used to

scale the freezing level temporal pattern by adding the

value of the computed freezing level to the indexed tem-

poral pattern.

Figure 13 shows an example of 600 computer simula-

tions of freezing level, which shows moderate variability in

freezing level with storm magnitude. The behaviour of

freezing level for extreme storms adds some non-linearity

to the flood response in that higher temperatures and larger

snowmelt contributions are associated with larger pre-

cipitation amounts.

3.1.8 Watershed model antecedent condition sampling

A resampling approach was used to determine the model

state variables (initial snowpack, soil moisture conditions,

and initial streamflow) at the onset of a stochastically

generated storm. As previously mentioned the UBCWM

was used to continuously simulate daily streamflow from

October 1983 to present time. Model state variables were

saved at the middle and the end of each month during the
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simulation using a feature in the UBCWM that saves all

relevant model variables and antecedent conditions al-

lowing for the model to restart at that time without re-

running the previous period. This provided a total of

32-years of antecedent conditions on a twice-monthly basis

for resampling. UBCWM state variables were randomly

selected from one of the 32-years for the date of storm

occurrence. Each year was equally-likely to be chosen

using the resampling approach.

3.1.9 Initial reservoir level

The reservoir level for John Hart Dam varies little through-

out the year andwas set to a constant value of 139.28 m at the

beginning of each simulation, which represents the mean

elevation for the period of record. A resampling approach

was used to determine the reservoir elevation at the begin-

ning of the simulation for Strathcona and Ladore Dams.

Reservoir operating rules, especially in such a complex

system such as Campbell River System, typically change

over time due to various reasons. Therefore it is important to

resample reservoir level data only from the period in historic

record that reflects current system/reservoir operating rules.

For the Campbell River System that period included reser-

voir level data from January 1998 through to the present. The

current system/reservoir operating rules were established in

1998 with the goal to find a compromise among the needs of

various stakeholders. As a result, hydropower operation,

environmental constraints and recreational demands limit

the reservoir operating range. An attempt was made to use

reservoir inflow data available since 1960s as an input to the

reservoir operation optimization model and derive a longer

record of synthetic reservoir levels. However the derived

synthetic reservoir levels when compared with the recorded

reservoir levels for the same post-1998 period exhibited

smaller range between maximum and minimum elevation

than the recorded level data. This is due to the fact that the

optimization model makes operating decisions (spill, store,

generate) on the perfect inflow foresight, whereas in the real-

life operations the inflow forecast is uncertain and operating

decisions made under inflow uncertainty result in higher

maximum and lower minimum levels. Thus, for this study it

was decided to use recorded reservoir levels reflecting the

current operating rules despite very short record length.

Since the reservoir resampling period was different (shorter)

from the UBCWM antecedent condition sampling period, it

was necessary to ensure that the year selected for reservoir

level resampling had similar seasonal moisture and runoff

characteristics as the year selected for the UBCWM an-

tecedent conditions. This was accomplished by selecting the

reservoir levels from years with similar antecedent pre-

cipitation as the year selected for the UBCWM antecedent

conditions.

3.2 Simulation of reservoir operation during flood

Flood routing simulations were carried out with the aim to

realistically capture the way the Campbell River System

may be operated during flood events ranging in their ex-

ceedance probabilities from 1/10 to beyond 1/10000. In

reality this is a rather complex decision making process

involving consultations amongst several functional units

including operations, dam safety and site facilities.

Typically the flood routing decisions are based on the in-

flow forecast and flood magnitude, downstream environ-

mental conditions existing at the time of the inflow, and

other site-specific and date-specific conditions. For exam-

ple, in order to minimize flooding of the town of Campbell

River situated downstream of the Campbell River Hydro-

electric System, the total system discharge is limited to

700 m3/s during the times when the most upstream reser-

voir (Strathcona) is below El. 222.0 m (when the reservoir

rises above that level, dam safety takes precedence over

downstream flooding and the discharge is set equal to the

lower of the inflow or the maximum discharge capacity).

The complicating fact is that streamflow from the 278 km2

Quinsam River basin contributes to the Campbell River

streamflow between the most downstream dam (John Hart)

and the town of Campbell River. This means that most of

the time, the system release is dependent on Quinsam River

unregulated streamflow. The flood routing procedures for

the entire Campbell River System are incorporated into

SEFM framework as shown in Table 5.

3.3 Stochastic simulation of the availability

of discharge facilities

Generally, the reservoir routing of an extreme flood in dam

safety analyses is performed by assuming a conservatively

high initial reservoir level combined with the (non-con-

servative) assumption that all spillway gates open as
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required to pass flood discharge. Some analyses assume the

‘‘n-i’’ rule where ‘‘n’’ is the number of spillway gates and

‘‘i’’ is the number of spillway gates assumed unavailable.

However, depending on values for ‘‘n’’ and ‘‘i’’, this ap-

proach may be unrealistically conservative for some spill-

way configurations.

Each of the three Campbell System dams has a three-

bay gated spillway, totalling nine spillway gates for the

entire system. The spillway capacities are fairly similar

with total discharge capacity at the dam crest elevation

being 1500, 1600 and 1650 m3/s, for Strathcona, Ladore

and John Hart dams respectively. During the passage of a

flood, one or more of those nine gates may be unavailable

for various reasons including debris jams, human error and

mechanical or electrical malfunctions. An international

survey of incidents regarding various components of

spillway gate systems (Hobbs 2003) indicated that human

factors and the failure of protection systems (limit

switches, controls, position indicators, etc.) account for the

highest number of incidents, whereas hoist units have

surprisingly few incidents. Due to numerous interconnect-

ed components of a spillway gate system and consequently

the infinite number of reasons for failure, it is impossible to

directly compute the probability of gate failure on demand.

This probability has to be estimated through some kind of

analysis which should include as many failure modes as

possible, with consideration of site-specific knowledge of

the state of various gate system components as well as

frequency and thoroughness of gate testing. One example

of such analysis was carried out during gate reliability

assessments of five US Army Corps of Engineers Hunt-

ington District dams (Lewin et al. 2003). Gate and equip-

ment testing for these five dams of three to four times per

year was considered relatively infrequent. In addition,

many components, such as relays or limit switches were

tested only when the gate test used those particular com-

ponents. During 18 gate tests, there were three instances

when a gate failed to operate correctly. A fault tree analysis

of gate failure modes indicated that for a gate opening in

ideal conditions, similar to those under which gate tests

were carried out, a probability of failure on demand was

assessed to be of the order of 1 in 10 (0.1). The probability

of multiple failures of gates during an extreme flood was

estimated to be at least 1 in 100 (0.01) per demand due to a

common cause failure regardless of the number of gates in

an installation. The authors indicated that their estimates

should be examined in more detailed reliability studies.

In the present study, we developed failure likelihood

functions for each spillway gate in the system based on

qualitative analyses and consultations among engineers

involved in BC hydro-wide gate reliability program as well

as in maintenance and testing of the Campbell System

spillway gates. The factors considered were conditions of

individual components of the spillway gate system (both

mechanical and electrical), maintenance schedule, potential

failure modes, human factors and frequency of gate testing

(monthly in this case). All combinations (one, two or three

out of three gates failing to open) were considered, along

with the probability of fixing failed gates and bringing

them back in service within a 12-h period. The estimated

Table 5 Campbell River system flood routing procedure

SCA below 220.5 m (below ‘‘Flood Control Zone’’) SCA between 220.5 and 222.0 m (‘‘Flood Control

Zone’’)

SCA[ 222 m

LDR in 177.8–178.3 m

(‘‘Corrective Zone’’)

LDR[ 178.3 m (‘‘Flood

Control Zone’’)

LDR in 177.8–178.3 m

(‘‘Corrective Zone’’)

LDR[ 178.3 m (‘‘Flood

Control Zone’’)

Independent

of LDR

reservoir level

Strathcona

(SCA)

Discharge = Equivalent of

max powerhouse flow

(186 m3/s), reservoir rises

Discharge controlled to

(max JHT outflow -

LDR local inflow -

JHT local inflow);

reservoir rises

Discharge controlled to

(max JHT outflow -

JHT local inflow);

reservoir rises

Discharge controlled to

(max JHT outflow -

LDR local inflow -

JHT local inflow);

reservoir rises

Gates opened

as required

to pass

inflows

Ladore

(LDR)

Discharge controlled to (max

CRQa - Quinsam Q - JHT

local inflow); reservoir rises

LDR stores local

inflow ? portion of SCA

outflow

Discharge controlled to

(max CRQa -

Quinsam Q - JHT

local inflow); reservoir

level constant

(outflow = inflow)

Discharge controlled to

(max CRQa -

Quinsam Q - JHT

local inflow); LDR

stores local inflow;

reservoir rises

Discharge controlled to

(max CRQa -

Quinsam Q - JHT

local inflow); reservoir

level constant

(outflow = inflow)

John Hart

(JHT)

Discharge controlled to (max CRQa - Quinsam Q); reservoir level maintained at El. 139.6 m (outflow = inflow)

max CRQa

(m3/s)

124 (JHT outflow only) 700 (JHT outflow ? Quinsam R. discharge) No limit

a Campbell River maximum discharge limit
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probabilities of Campbell System spillway gates failing to

open (per demand) are presented in Table 6.

Note that the probability of two gates failing at the

same time is very similar to that of three gates failing

together. This is due to the assumption that the most

likely cause for the joint failure of multiple gates is

power supply.

The availability of powerhouses during flood is uncer-

tain. Flood-inducing rainfall could be very severe and

could conceivably cause erosion or landslides that might

result in transmission line failures, making generation im-

possible. Severe rainfall could also cause other power-

house-disabling damage such as powerhouse flooding or

penstock damage. Perhaps the most realistic way of

simulation would be to somehow tie the availability of the

powerhouse to the storm magnitude (e.g. if the simulated

72-h basin-average precipitation has the exceedance prob-

ability of 1/1000 or less, the powerhouse discharge is dis-

abled). However, considering that the maximum

powerhouse discharges at all three Campbell System power

plants represent very small fraction of the total flood dis-

charge (about 10 % of 100-year flood, and less than 4 % of

the PMF), proper simulation of powerhouse availability has

minor effect on the final flood routing results. Thus in order

to simplify the simulation, this study used the conservative

assumption of all three powerhouses being unavailable for

flood discharge.

4 Simulation procedure

Flow charts for the stochastic simulation procedure for the

Campbell River System are shown in Figs. 14 and 15.

As mentioned earlier, the stochastic flood modeling was

done on Strathcona and Ladore watersheds only. Local

inflow to the John Hart reservoir was not simulated by the

UBCWM but instead was estimated by prorating the local

inflow to Ladore based on the drainage area ratio of 0.1.

The entire stochastic simulation procedure can be grouped

into five principal steps:

Step 1—Select date of storm occurrence:

• Select mid-month or end-of-month date for storm

occurrence based on historical seasonality of storm

occurrences

Step 2—Select all parameters associated with the oc-

currence of the storm event:

• Select the magnitude of the 72-h precipitation for

Strathcona basin based on 72-h basin-average pre-

cipitation-frequency relationship for Strathcona basin

• Select the magnitude of the 72-h precipitation for

Ladore basin based on 72-h basin-average precipita-

tion-frequency relationship for Ladore basin

• Select one of 15 prototype storms for describing the

temporal and spatial distribution of the storm, and scale

the prototype storm templates to have the selected 72-h

basin-average precipitation amount

• Select 1000 mb air temperature from a physically-

based probability temperature model for the day of

maximum 24-h precipitation in selected prototype

storm

• Select air-temperature lapse-rate and compute reference

freezing level for day of maximum 24-h precipitation

for selected prototype storm based on 1000 mb air

temperature and air temperature lapse-rate

• Compute temporal temperature patterns using scaled

1000 mb air temperature and freezing level temporal

patterns for selected prototype storm and compute

hourly temperature time-series for all elevation zones

Step 3—Establish antecedent watershed and reservoir

conditions at onset of storm:

• Select UBCWM antecedent condition file for mid-

month or end-of-month that was selected for the

occurrence of the storm. This is selected from the

antecedent condition files created from the long-term

continuous simulation of the UBCWM (Oct/1983–

present). This sets the antecedent snowpack, soil

moisture, and other model state variables.

• Select initial reservoir level for Strathcona and

Ladore reservoirs. This is sampled from recorded

reservoir level data for the period 1/1/1998–present.

The sampled year has similar antecedent precipitation

as the year sampled for the UBCWM antecedent

conditions. The sampled month and day corresponds

to a 15-day period surrounding the sampled mid-

month or end-of-month (7-days before and 7-days

after selected date). The initial reservoir level for

John Hart Dam reservoir was constant for each

Table 6 Estimated probability

of spillway gate failure per

demand

Single gate failure Multiple gates failure

2 gates 3 gates

Gate is fixed and becomes available after 12 h 0.015 0.010 0.009

Gate remains unavailable throughout the flood event 0.010 0.001 0.0009
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simulation because the reservoir level varies little

throughout the year and from year to year.

Step 4—Conduct watershed modeling for each dam:

• Conduct rainfall-runoff and snowmelt modeling using

the UBCWM. Computed reservoir inflows are saved for

each simulation.

Step 5—Conduct reservoir routing of inflow floods:

• Execute reservoir routing that incorporates all reservoir

operational procedures as well as spillway gate failure

likelihood functions. Routing is performed separately

for each dam with all inflows routed in batch for each

dam. Routing starts with the most upstream dam

(Strathcona) and proceeds with each subsequent dam

downstream.

The Monte Carlo simulation procedure carried out for

Strathcona basin with all steps involved is illustrated in

Fig. 16.

5 Results

The results from the Monte Carlo stochastic simulations

were used to develop magnitude-frequency relationships

for reservoir elevation, peak inflow, peak outflow, and 72-h

reservoir inflow volume for each dam in the Campbell

River system. These relationships were based on 100000

computer simulations using a variation of Latin-hypercube

censored sampling (McKay et al. 1979; Wyss and Jor-

genson 1998) for the precipitation input that allowed the

flood-frequency curves to be developed in a piecewise

manner. This greatly reduced the number of simulations

that would otherwise have been required to develop the

flood-frequency relationships.

The results are presented as probability-plots using

standard plotting position methods (Stedinger et al. 1992).

This approach avoids difficulties of selecting and fitting a

probability distribution to model outputs. Outputs from the

stochastic flood model were ranked in descending order of

Fig. 14 Flow chart for

stochastic simulation procedure

to derive inflows to Strathcona

and Ladore reservoirs (Steps

1–4)
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magnitude and the estimate of the annual exceedance

probability for each ranked flood output was obtained from

the Cunnane plotting position formula (Cunnane 1978)

using Gringorten weighting factor of 0.44.

Reservoir inflow, outflow, 72-h inflow volume and

elevation magnitude-frequency plots for Strathcona Dam

are shown in Fig. 17.

The entire Monte Carlo stochastic simulations process

was repeated with addition of random spillway gate failures

incorporated into reservoir routing. Note that the purpose of

this analysis was to illustrate the importance of considering

spillway gate reliability and the gate failure probabilities

described in Sect. 3.3 are essentially notional. Those num-

bers are highly site-specific, and even if rigorously analyzed

can be expected to have wide (order of magnitude) uncer-

tainty bounds. Magnitude-frequency plots for reservoir

elevation comparing cases with and without spillway gate

failures for all three dams are shown in Figs. 18, 19, and 20.

6 Discussion and conclusions

The aim of this study was to address the widely used

concept of Inflow Design Flood (IDF) and evaluate its

adequacy in the dam safety context. IDF is a necessary

parameter for sizing the surcharge storage, height of a

dam and outlet works, and could be useful in assessing

safety of dams with fairly steady reservoir level (where a

full pool assumption is not unreasonable) and dams

without active discharge control systems. However, in

regard to individual dams or dam systems with fluctuating

reservoir elevation and active discharge control systems

such as gated spillways or low level outlets, the IDF

concept is inadequate for use in any flood hazard risk

assessment analyses for dam safety. For those types of

dams and dam systems, the IDF, by characterizing inflow

to the reservoir, does not provide the necessary informa-

tion (i.e. magnitude and probability) on the flood hazard

in terms of hydraulic forces acting on the dam itself (peak

reservoir level). The commonly used solution for this

problem is to route the IDF through the reservoir and

determine the resulting peak reservoir level, and thereby

obtain at least some information (magnitude but not

probability) on the flood hazard acting on the dam.

However, it is important to point to serious shortcomings

of such an approach that can lead to false sense of the

safety of dams and the belief that dams are safer than

they actually are.

Fig. 15 Flow chart for

stochastic simulation procedure

to derive outflows and peak

reservoir levels for each dam in

Campbell River System (Steps

1–5)
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It should be noted that many jurisdictions currently

use a standard-based approach and require that IDF be

determined either as the PMF or a peak flow of some

specific probability of exceedance. In the latter case, it

would still be advantageous to utilize some kind of

stochastic method even though the estimation of a

specific standard does not require considering risks over

the full probability domain.

Pick the date of 
storm occurrence 
(e.g. January 30th)

Pick the 72-hour rain 
from the frequency 
curve (e.g. 500 mm)

Select  Jan 30th soil moisture 
and snowpack from historical 
record (UBCWM simulation)

Select Jan 30th

reservoir level from 
historical record

Run UBCWM 
with these inputs 
and get the inflow 
hydrograph

Route the inflow 
hydrograph and get the 
peak reservoir level 
(incorporate reservoir 
operating rules and gate 
failure likelihood functions)

Repeat several 
million times
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Fig. 16 Monte Carlo simulation sequence for Strathcona basin

Fig. 17 Strathcona dam:

magnitude-frequency plot for

hourly peak reservoir inflow,

outflow and elevation, and 72-h

inflow volume
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This paper presents the alternative where, for a system

of three dams with fluctuating reservoir elevation and ac-

tive discharge control systems, the focus of flood hazard

analysis for dam safety was shifted from reservoir inflows

to reservoir outflows and corresponding reservoir levels.

The full probability domain of the peak reservoir level is

derived as the combination of probabilities of all factors

leading to it, including reservoir inflows, initial reservoir

level, system components failure, human error, measure-

ment error as well as unforeseen circumstances, and could

be estimated through some kind of stochastic simulation

covering as many scenarios as possible. The results of such

a simulation on the Campbell River System show that dams

are much more likely to be overtopped (and consequently

fail) due to an unusual combination of otherwise somewhat

common individual events than due to a single extreme

Fig. 18 Strathcona dam:

magnitude-frequency plot for

1-h peak reservoir elevation

with and without spillway gate

failures

Fig. 19 Ladore Dam:

magnitude-frequency plot for

1-h peak reservoir elevation

with and without spillway gate

failures

Fig. 20 John Hart Dam:

magnitude-frequency plot for

1-h peak reservoir elevation

with and without spillway gate

failures

Stoch Environ Res Risk Assess (2016) 30:559–581 579

123



flood event (e.g. the 72-h PMF inflow volume to Strathcona

of 840 million m3 has annual exceedance probability of

well beyond 10-7, according to the frequency curve in

Fig. 17). It can also be concluded that the importance of

spillway gate reliability increases as the size of available

surcharge storage decreases. For example, in the Strath-

cona Dam case, spillway gate failure would not have any

effect on the probability of dam overtopping due to both

large surcharge storage and the existence of Low Level

Outlet which can discharge equivalent of almost two

spillway gates. However, in the case of John Hart Dam,

where the available surcharge storage is practically negli-

gible, simulating possibility of spillway gate failures during

the flood increased the resulting probability of dam over-

topping by five orders of magnitude over the case in which

all spillway gates are assumed operable.

It should be mentioned that, beside spillway gate fail-

ures, there are many other things that could go wrong

during the flood (e.g. human error in reservoir operations,

telemetry errors, landslides into reservoir, debris, etc.) not

considered in the presented simulation. Accounting for

those factors will further increase probability of dam

overtopping.

Also note that there are numerous uncertainties associ-

ated with the type analysis carried out in this study. For

instance the estimated probabilities of spillway gate fail-

ures per demand may appear too low or too ‘‘optimistic’’ to

some. Increasing these probabilities would lead to in-

creased probability of dam overtopping. Also, estimates of

exceedance probability of extreme floods (i.e. 10-4 and

less) with relatively small amount of observed hy-

drometeorological data are inherently uncertain. If the

SEFM/UBCWM modelling framework and methodology it

utilizes was replaced by another stochastic simulation

method used for estimating extreme flood probabilities

(e.g. Nathan and Weinmann 2003; Paquet et al. 2013), the

magnitude-frequency results would likely be somewhat

different, especially for rare events. However, regardless of

inevitable uncertainties in the final results arising from lack

of observed data, input assumptions and methodological

choices, the biggest value of this study is that it quantifies

the relative difference in dam safety level between the case

when every discharge facility operates as required, and the

more realistic case in which some discharge facilities oc-

casionally fail to operate.

Finally, the presented results may have appearance of

‘‘bad news’’ since they show that in some cases our per-

ception of dam safety is wrong andwe start to realize that our

dams are not as safe as we previously thought. However, it is

much better to be aware of a problem and start working on it

(thorough analysis of as many as possible failure modes

within the dam/reservoir system, potential modification of

reservoir operating rules to minimize impact of gate failures

to dam safety, increased maintenance and testing of dis-

charge facilities leading to improved operational reliability,

emergency preparedness/planning) than to believe that there

is no problem and be surprised when dam designed to pass

the prescribed IDF overtops and fails during a flood that is

much smaller than the IDF.
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