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PREFACE AND ACKNOWLEDGEMENTS 

During the course of developing water management projects for the Province of Alberta, 
the Civil Projects Branch of Alberta Transportation has been faced with apparent 
inconsistencies in estimates of Probable Maximum Floods and probability-based extreme 
floods used in the design and evaluation of major hydraulic structures.  These 
inconsistencies appear to have resulted in part from differences in methodology, but more 
importantly, from differences in assumptions and adopted parameter values.  The present 
Guidelines are viewed as a companion document to Guidelines on Flood Frequency 
Analysis, prepared by a similar Panel of Experts and issued in April 2001. 
 
In order to encourage greater consistency in extreme flood estimates and address the 
potential problem of excessive conservatism resulting from extremely improbable 
combinations of controlling factors, Alberta Transportation engaged a Panel of Experts 
from across Canada to prepare these Guidelines on Extreme Flood Analysis.  The Panel 
comprised W.D. Hogg (Bath, Ontario), K.M. Leytham (Vancouver, B.C.), C.R. Neill 
(Edmonton, Alberta), C.D. Sellars (Vancouver, B.C.) and W.E. Watt (Kingston, Ontario). 
  
A draft of the Guidelines was reviewed by public and private practitioners actively 
involved in meteorology, extreme flood analysis and the development, design or 
evaluation of water management projects.  The review process resulted in numerous 
adjustments and improvements.  Reviewers and contributors included E.L. Blais, A. 
Beersing, R.J. Bowering, M. Breunig, D.B. Chalcroft, M. Chichak, W.J. Dick, R.B. 
Elson, S. Figliuzzi, F. Frigo, J.L. Groeneveld, N. Heidstra, R. Hopkinson, D. Johnson, 
A.F. Lukey, F.R.J. Martin, G. Reuter, S.H. Richter, B.T. Rogers, L. Sawatsky, C. Slack, 
J. Taggart, N. van der Gugten, N. Visvanatha, A.A. Warkentin, E.L. Waschuk and D. 
Williamson.   
 
Alberta Transportation thanks all those involved in the preparation and review of these 
Guidelines and hopes that they will prove useful and valuable to meteorologists, 
hydrologists and engineers working on water management projects. 
 
 
J.A. Ruttan 
Civil Projects Branch 
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1 INTRODUCTION 

1.1 Objectives and Scope 

The objective of this document is to assist engineers and hydrologists in developing 
extreme flood estimates for major water resources engineering works and projects for the 
Government of the Province of Alberta.  The aim is to promote a relatively uniform 
approach to developing estimates of the Probable Maximum Flood (PMF) and other 
hypothetical floods of very low probability for purposes of project design or evaluation, 
and to improve the consistency of estimates.  In the present context, an extreme flood is 
viewed as an event resulting from very unusual rainfall or snowmelt or both together, that 
in statistical terms is likely to have a return period of 500 years or more and whose 
reliable estimation is beyond the capacity of conventional flood frequency analysis. 
 
(The companion document “Guidelines on Flood Frequency Analysis” (AT 2001) applies 
basically to statistical estimation of flood discharges from recorded streamflow data 
series, normally for return periods of up to about 200 years.  Such estimates are often 
required in connection with flood control projects, ancillary structures of major storage 
projects, etc.  The present guidelines follow the earlier document by defining probability-
based extreme floods in terms of return period.  On the other hand, the Canadian Dam 
Safety Guidelines referenced in Section 1.2 below use annual exceedance probability – 
numerically the inverse of return period.) 
 
This document is not intended as a comprehensive manual on extreme flood estimation.  
It is assumed that users are familiar with storm meteorology, flood hydrology and 
common practices in extreme flood estimation, and that appropriate specialists will be 
involved in studies for specific projects.  References are provided for more detailed 
information and methodologies. 
 
Attention is directed primarily to reservoir inflow floods, omitting the complex topic of 
reservoir routing and operations and their influence on outflow discharges.  In developing 
extreme inflow estimates, however, the hydrologist should keep in mind that in the 
design of facilities, routing and operational considerations may downgrade the 
significance of inflow peak discharges in comparison to flood volumes and hydrograph 
shapes.  Communication should therefore be maintained with project designers to ensure 
that adopted flood scenarios are appropriate to the proposed engineering and operational 
features of the project. 
 
Sections 1 through 3 of this document provide background information.  Sections 4 
through 8 review methodology and propose guidelines covering probable maximum 
precipitation (Section 4); snowmelt (Section 5); hydrological modelling (Section 6); 
probability-based extreme floods (Section 7); and empirical checks and comparisons 
(Section 8).  Section 9 provides a summary of key guidelines. 
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1.2 Requirements for Extreme Flood Estimates 

Canadian practice 
 
Estimates of extreme floods have long been used to design the flood-handling facilities of 
major dams where failure might cause loss of life or extensive property damage.  The 
concept of the Probable Maximum Flood arose in the United States in the mid-twentieth 
century and has since been adopted for dams of the highest hazard category in Canada 
and many other countries. 
 
The first edition of Dam Safety Guidelines by the Canadian Dam Association (CDA 
1999) classifies dams into four Consequence Categories according to the perceived 
incremental consequences of failure – Very High, High, Low and Very Low.  For the 
three highest categories, criteria for the reservoir Inflow Design Flood (IDF) are as 
follows: 
 

Very High:  the PMF is mandatory.   
High:  the IDF may be selected between the PMF and the 1000-year flood. 
Low:  the IDF may be selected between the 1000-year and the 100-year floods.   

 
Selection of an IDF for the High and Low categories therefore implies a need to estimate 
the 1000-year flood – and in the case of the High category, perhaps events of even longer 
return period.  For the High category, statistical estimation of floods of greater than 1000-
year return period is sometimes avoided by adopting an arbitrary fraction of the PMF, for 
example 0.75 or 0.5. 
 
(The 1999 CDA guidelines appear inconsistent between flood and earthquake criteria.  
The highest earthquake criterion – the Maximum Credible Earthquake – is implied to 
have a return period of 10,000 years.  On the other hand, the return period of the PMF is 
usually considered to be at least 100,000 years.) 
 
Alberta practice 
 
Figliuzzi (1989) reviewed the evolution of PMF estimation in Alberta from the 1940s 
onwards.  Up to about 1980, estimates were generally derived from empirical or semi-
empirical procedures such as discharge-area envelope curves.  After 1980, the current 
hydrometeorological procedure as recommended by the World Meteorological 
Organization – first estimating the Probable Maximum Precipitation (PMP) and then 
applying it to a calibrated basin runoff model - became the norm for major projects in 
basins draining from the Rocky Mountains, although envelope curves continued to be 
used for some projects elsewhere.  Figliuzzi discussed reasons for an increasing trend in 
PMF estimates up to 1989, and speculated that certain factors including global warming 
might lead to future increases in both PMP and PMF estimates. 
 
Extreme flood estimates are required both for new projects and for re-evaluating older 
projects in the light of current safety guidelines.  The CDA guidelines of 1999 were 
intended to apply to both.  Dharmawardene et al. (2003) note that U.S agencies have 
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tended to draw a distinction between criteria for new and existing projects, and question 
the necessity of upgrading all existing structures in Alberta to meet the CDA guidelines.  
They also comment that the 1999 CDA guidelines lack clarity in distinguishing between 
the Very High and High consequence categories.  
 
 
1.3 Key Problems in Developing Probable Maximum Flood Estimates 

The Probable Maximum Flood (see Section 2 for definitions) does not have an assigned 
probability, nor is it intended to be a maximum possible value.  If every separate factor 
involved in its computation were truly maximized, PMF values would often be 
considerably larger than they are.  For PMFs determined mainly by the PMP, generally 
the most difficult problem facing analysts is what antecedent conditions of rainfall, 
streamflow, soil moisture etc. should reasonably be assumed to precede the onset of the 
PMP.  It seems evident that if the PMP, itself of very low probability, were to be 
combined with antecedent conditions of similarly very low probability, the resulting PMF 
estimate could be unreasonably high. 
 
Sellars (1991) discussed many sources of uncertainty and inconsistency in PMF 
estimates, stated a need for collective judgment in preparing PMF estimates, and called 
for the development of Canadian guidelines and standards.  Guillaud (2002) discussed 
the reliability of both PMF and statistical extreme flood estimates, and in particular 
questioned the use of statistical criteria involving return periods of 1000 years or more. 
 
Some questions that may arise in estimating PMFs for Alberta projects are listed below. 
 
Causes and timing: 

- Is the PMF expected to result from rainfall or snowmelt or both? 
- During which seasons or months could the PMF occur? 
- Are seasonal as well as all-season values required? 

 
Sources of PMP: 

- Is the critical storm expected to be of the general type (large area, long duration) 
or local (small area, shorter duration), or should both be considered? 

- From how extensive a region should historical storms be selected for 
maximization and transposition? 

 
Antecedent conditions and abstractions: 

- What are reasonable conditions to assume for precipitation, streamflow, soil 
moisture, etc., antecedent to the PMP or critical snowmelt? 

- Are there significant areas of internal drainage that will not contribute 
significantly to direct runoff? 

- Are there significant variations in capacities for surface storage and infiltration 
over the basin?  
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Hydrologic (runoff) modelling: 
- Which computer program packages are appropriate? 
- How should the basin be discretized? 
- Do the model algorithms use physically-based parameters, so that adopted 

values need not be wholly dependent on calibration? 
- Can dynamic routing effects, if significant, be modelled reliably? 
- Which if any historical events are suitable for calibration and verification?   
- Is it reasonable to extrapolate a calibrated model to hypothetical extreme 

conditions, especially if the magnitude of the calibration events is far below that 
of the extreme event? 

 
Routing: 

- Are there routing effects that operate only during extreme floods, e.g. 
overtopping of riparian embankments and storage of water behind them? 

- Can a river reach be transformed during an extreme flood into a long, narrow 
reservoir with routing effects? 

- Will a reservoir that operates as a level pool in ordinary floods require dynamic 
routing analysis for extreme floods? 

 
 
These questions indicate that experience and judgement are important factors in PMF 
determination.  PMF estimates developed by different hydrologists from the same data 
base may sometimes vary by +/-15% or more.  Also, the occurrence of new record events 
can sometimes result in upward revision of previous PMF estimates. 
 
Because the amount of precipitation in a PMP is usually considerably greater than in even 
the most severe storms experienced in the region, and because relatively wet antecedent 
conditions are often assumed, the PMF runoff volume is often a high percentage of the 
water input – in the order of 75% or more.  In contrast, the runoff in ordinary annual 
maximum events or known historical floods may be only 20% or less, especially in the 
drier areas of southern and eastern Alberta.  Thus, estimated PMF discharges may 
sometimes appear unbelievably high compared to historical experience.  This does not 
necessarily mean that they are unreasonable as input parameters in dam design and 
evaluation. 
 
 
1.4 Key Problems in Developing Probability-based Extreme Flood Estimates 

Estimating an extreme event such as the 1000-year flood, based on considerations of 
probability rather than maximization, involves another set of problems.  Major 
difficulties include the following: 
 
1. The period covered by available annual flood data is usually a few decades, and the 

variability is often high.  Even if climate and runoff response are assumed to be 
stationary, uncertainties with respect to basic data reliability, long-term 
representativeness of the record period, and appropriate statistical distributions for 
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fitting and extrapolation, mean that the confidence limits on a 1000-year estimate are 
usually so wide that its reliability is very low. 

 
2. In some Alberta river basins, land use has changed considerably over the period of 

record.  It is then questionable whether runoff response, as reflected in streamflow 
data series, represents a stationary record.  Furthermore, climate is subject to long-
period fluctuations, and perhaps to a current persisting trend associated with man-
induced global warming.  

 
3. Even when it is possible to obtain more reliable frequency extrapolations of rainfall 

and/or snowmelt inputs and use these for modelling streamflow outputs, it is difficult 
to relate frequencies of output to frequencies of input. 

 
Section 7 addresses probability-based extreme floods and further discusses some of these 
problems. 
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2 CONCEPTS AND DEFINITIONS 

2.1 Bases of PMP and PMF Concepts 

The PMP and PMF concepts were developed in the USA in the mid-twentieth century as 
a result of dissatisfaction with empirically or statistically based design flood estimates for 
major structures, and partly as a response to disastrous failures.  The concepts have since 
been adopted in many countries for high-hazard dams.  Guidelines and criteria governing 
their application vary among different jurisdictions. 
  
Probable Maximum Precipitation (PMP) is defined by the World Meteorological 
Organization (WMO 1986) as “theoretically the greatest depth of precipitation for a 
given duration that is physically possible over a given size storm area at a particular 
geographical location at a certain time of year”.  The idea is that at a given location with 
a given climate, an upper bound to precipitation can be estimated by analyzing the 
meteorology of historic storms and maximizing the key causative factors. 
 
The PMP is essentially viewed as rainfall, and its magnitude varies with season.  For 
snowmelt seasons, the seasonal PMP may be combined with a relatively severe snowmelt 
to provide the total water input for a seasonal Probable Maximum Flood.  It is generally 
considered unreasonable to combine a seasonal PMP with a snowmelt of equivalent 
extreme severity, since the joint probability of such a combination would be 
unreasonably low.  In certain regions or circumstances a PMF might result from extreme 
snowmelt combined with less severe rainfall. 
 
Probable Maximum Flood (PMF) is not so universally defined as PMP.  Newton (1983) 
quotes a series of definitions used by different U.S. and international agencies.  The PMF 
is generally viewed as the flood resulting from a PMP, plus snowmelt where appropriate, 
applied to assumed antecedent basin conditions.  Procedures for selecting antecedent 
conditions and transforming water input to river flow vary among different agencies and 
hydrologists, allowing significant variation in the PMF computed from given PMP and 
snowmelt inputs.  The PMF is normally quantified in terms of peak discharge and 
associated hydrograph.  The relative engineering importance of peak discharge versus 
volume depends on characteristics of the engineering works in question. 
 
Sellars (1991) comments that the PMF is less than the maximum possible flood by an 
arbitrary amount, and that a more appropriate term would be conceivable catastrophic 
flood.  He also notes that in contrast to PMP methodology, the methodology for 
estimating the PMF is not well defined and has not been verified. 
 
 
2.2 Debate on PMF Concept and Methodology 

PMF estimates in Alberta and elsewhere tended to increase in the late twentieth century 
as hydrometeorological data accumulated and as computational methods became more 
sophisticated.  Also, with growing population and property developments, structures tend 
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to migrate into the Very High consequence category for which safety guidelines mandate 
the PMF as the inflow design flood.  It is therefore not surprising that the philosophy of 
providing for the PMF, particularly when upgrading existing dams, has attracted both 
critics and defendants. 
 
Critics have asserted that use of the PMF for dams applies more severe standards than 
required for many other public facilities that carry a risk to life, that structural upgrading 
of many existing dams to PMF standards represents a mis-allocation of resources that 
could be employed elsewhere with greater benefit to public safety, and that non-structural 
measures such as warning and evacuation systems can be substituted for costly structural 
upgrades.  A U.S. task committee (ASCE 1988) noted widespread dissatisfaction over 
implications of the PMF standard, including the high cost of structural measures. 
 
Defendants of the PMP and PMF concepts note that sometimes computed values, 
especially of PMP, do not greatly exceed maximum recorded values in the region or for 
similar basins.  A map plotting ratios of observed maximum rainfall to PMP for the 
United States (Smith 1992) shows values ranging from 0.5 to 0.87.  Although computed 
PMF peak discharges are usually several times greater than maximum recorded values for 
the same location, cases have occurred where the apparent ratio is much less remarkable.  
Referring to the 1987 Simonette River flood in northwest Alberta, Figliuzzi (1989) noted 
that the officially reported peak discharge greatly exceeded what would have been 
adopted as the PMF before 1980. 
 
(The reported 1987 Simonette River peak [see Table 3.1] would not exceed nor closely 
approach PMF estimates based on current methodology.  Furthermore, Quick [1991] 
argued that the reported peak discharge - which had to be estimated by the slope-area 
method because the gauge was destroyed - is excessive, and that the true value might be 
lower by 33% or more.) 
 
 
2.3 Probability-based Extreme Floods 

In discussing probability-based floods, the terminology of the “1000-year flood” and so 
on is used herein for reasons of conciseness.  Strictly speaking, this means a flood 
estimated to have an annual exceedance probability (AEP) of 1/1000 on the basis of 
historical or current climatic and hydrologic conditions.  It does not imply prediction into 
the far future, when conditions might well have changed significantly. 
 
As noted in Section 1.2, the concept of the 1000-year flood (defined by AEP = 1/1000) is 
embodied in the Canadian Dam Safety Guidelines for dams of certain consequence 
categories.  Also, probability-based estimates for long return periods are sometimes 
required for design of a service spillway that will be supplemented by an auxiliary 
spillway for a larger inflow design flood, or in connection with risk and economic 
studies. 
 
Estimates for 1000-year or other long return periods have often been derived by 
extrapolating statistical distributions fitted to streamflow data series.  The records are 
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often so short and the data so scattered that the estimates are of very low reliability, 
unless perhaps in the case of rivers with a high degree of natural regulation, such as those 
outflowing from large lakes. 
 
Various methods of deriving estimates for probability-based floods are discussed in 
Section 7. 
 
 
2.4 Uncertainty in Extreme Estimates 

It is evident that strong elements of uncertainty enter into most stages of the analysis and 
modelling processes for extreme floods.  Nevertheless, it has been customary to present 
PMP depth and PMF peak and volume estimates as single values.  Sometimes the idea of 
uncertainty is conveyed by reporting the results of sensitivity tests based on alternative 
values of specific modelling parameters. 
 
On the other hand, in ordinary flood frequency analyses extrapolated to return periods in 
the order of 100 years, uncertainty is often expressed numerically in terms of confidence 
limits or error bands.  Yet the uncertainty surrounding a PMF estimate is likely to be 
considerably greater than for a 100-year estimate. 
 
The concept of the PMP and PMF as more or less upper bounds is difficult to reconcile 
with the practical decisions required of the analyst at various steps in the computational 
procedure.  The analyst usually makes compromises over individual parameter values and 
their combinations, to arrive at estimates that are believed to represent a ”probable 
maximum” but not an ultimate possible maximum.  The final estimate thus involves 
important elements of judgement and uncertainty, so that different analysts may derive 
significantly different results - hence the call for collective judgement expressed by 
Sellars (1991). 
 
Sources of uncertainty in extreme flood computation may include: 
  
 - Basin average rainfall depth and its spatial and temporal distribution. 
 - Snowmelt where applicable. 
 - Antecedent conditions preceding the critical precipitation. 

- Abstractions from water input and their temporal distribution. 
 - Basin representation as a set of sub-basin, channel and storage elements. 

- Variations in methodologies. 
- Hydrologic model parameters and calibration. 
- Antecedent precipitation and basin conditions. 

 
In theory, it should be possible to consider the uncertainty for each source and the 
resultant combined uncertainties in the generated flows.  In practice, however, 
quantification of uncertainty in extreme flood estimates raises severe technical and 
administrative problems and is seldom attempted.  Nevertheless, the inherent 
uncertainties of assumed scenarios and the computational process should be recognized. 
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3 PHYSICAL CONSIDERATIONS 

3.1 Physical Factors Affecting Extreme Flood Generation 

Some physical factors such as climate, physiography and ground elevations affect 
estimates of Probable Maximum Precipitation or other extreme flood inputs (see Sections 
4 and 5).  Others such as surficial geology and soils, vegetation cover and land use, and 
storage potential in lakes and depressions influence hydrologic response to given inputs 
(see Section 6).  Since several factors may vary according to the season of the year, their 
significance may depend on the flood scenario being considered.  For example, for a 
snowmelt-induced flood in early spring, vegetation cover and land use may be of little 
significance because the ground is assumed frozen at shallow depth.  On the other hand, 
for a midsummer rainfall flood, the same factors may strongly influence infiltration and 
other abstractions that withhold water from the direct flood hydrograph. 
 
In numerical modelling of extreme flood hydrographs (see Section 6), physical factors 
are represented by model parameters.  Parameter values used in modelling the extreme 
flood hydrograph are usually determined by calibration, where the model is fitted to one 
or more historical floods for which inputs and outputs are reasonably known.  If the 
calibration events are relatively severe and the model parameters correspond reasonably 
to physical processes, the calibration may be reasonably reliable.  But if, as is more 
commonly the case, the calibration events are minor compared to the hypothetical flood 
and the model contains various parameters of uncertain physical significance, results 
should be viewed with a degree of scepticism and calibrated parameter values should be 
scrutinized for physical reasonableness. 
 
Generalized maps of Alberta showing various physical characteristics are useful for 
preliminary consideration of extreme flood characteristics.  Figure 3.1 shows part of a 
map of Terrestrial Ecozones of Canada (AAFC 1996) that divides Alberta into four 
zones: 1) a relatively narrow Montane Cordillera zone along the continental divide, 
encompassing the Rocky Mountains and adjacent foothills; 2) a rectangular Prairies 
zone, occupying roughly the south-east quarter of the province; 3) a Taiga Plains zone, 
forming a relatively small triangle in the northwest corner; and 4) an extensive Boreal 
Plains zone, occupying a wide area in central and northern Alberta and forming more 
than half of the total area. 
 
The characteristics of extreme floods and their quantitative relationship to drainage areas 
might be expected to vary significantly from one zone to another.  However, within each 
zone there may be significant variations.  For example, the Montane Cordillera zone as 
defined above includes both the Rocky Mountains and the foothills, which have different 
meteorologic and hydrologic characteristics.  Also, the Boreal Plains zone contains a 
number of extensive uplands like the Swan Hills and the Birch Mountains. 
 
Other maps covering physical features, surficial deposits, physiography, and elevations 
(altitude) are contained in the Atlas of Alberta (U of A 1969).  The physiography map 
(Figure 3.2) is somewhat comparable to Figure 3.1 but provides a more detailed 
breakdown of zones. 
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3.2 Special Considerations Affecting Extreme Flood Estimation for Alberta 

Special considerations affecting the estimation of extreme floods for Alberta river basins 
include the following: 
 
1. Individual basins may include a wide range of physiographic, meteorological, and 

hydrologic conditions.  Many rivers in western Alberta originate at high elevations on 
the eastern slopes of the Rockies but extend far across the foothills and plains.  Such 
basins experience wide spatial variability in meteorological conditions and large 
differences in hydrologic response between the mountain, foothills and plains 
portions. 

 
2. While not a problem unique to Alberta, the coverage of meteorological and 

hydrometric stations is sparse in many parts of the province, leading to various 
difficulties with model development and calibration.  Coverage of short-interval 
(recording gauge) and high elevation data is particularly poor. 

 
3.  In most cases PMFs or other hypothetical extreme floods covering larger basins in 

Alberta would result from PMPs or other large rainfall amounts of 24-hour or longer 
duration, augmented by snowmelt in some cases.  However, within the narrow, 
strictly mountain zone and for larger basins entirely in the prairie zone, the largest 
and sometimes nearly all the annual maximum flows in the hydrometric records 
represent spring snowmelt events. The absence of  large recorded rainfall floods for 
many prairie basins makes satisfactory model calibration for PMF generation very 
difficult to accomplish. 

 
4.  In small to moderate-size prairie basins, short-duration thunderstorm rainfall can 

produce very severe floods.  The most intensive small-area rainfall in Canadian 
history, 258 mm in 1 hour, occurred at Buffalo Gap, Saskatchewan in May 1961, just 
north of the U.S. border and about 350 km east of the Alberta border (Andrews 
1993).  A larger-area thunderstorm complex in July 2000 at Vanguard in southwest 
Saskatchewan, only about 200 km east of the Alberta border, produced a maximum 
point rainfall of  375 mm in 8 hours and an  average of 210 mm in the same period 
over an area of 2000 km2 (Hunter et al. 2002).  It is generally accepted that similar 
events could occur within the prairie zone of Alberta. 

 
5.  In some Alberta basins, especially just east of the continental divide, major rainstorms 

can occur in conjunction with rapid snowmelt (Verschuren and Wojtiw 1980).  
Suitable combinations of heavy rainfall, deep snow at higher elevations, and 
relatively high temperatures can exist in late May or early June.  Major events of this 
type occurred in southwest Alberta in June 1964 (Warner 1973), June 1975 and June 
1995.  Severe floods in several major Alberta rivers in June 1915 – which in some 
cases remain the largest on record as of 2004 – are said to have been caused by 
sustained heavy rain in the foothills combined with snowmelt at higher elevations. 

 
6.  Alberta has experienced extended periods in which rainfall has been above or below 

the long-term mean.  These decadal-scale climate fluctuations affect water storage in 
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the ephemeral lakes that occur in many closed depressions or areas of internal 
drainage on the prairies.  The effective contributing area, an important factor in 
estimating extreme floods on prairie watersheds, may be affected by assumed 
antecedent water levels in these ephemeral water bodies. 

 
Several of the above considerations are discussed in more detail in subsequent sections. 
 
 
3.3 Data and Information for Actual Major Floods 

General 
 
In the following discussion, the term “flood” refers to an annual maximum discharge, 
whether or not there is inundation of land or property. 
 
A first step in extreme flood studies usually involves reviewing data and information for 
actual major floods in the region of interest.  The region may include adjacent areas in 
Canada and the USA of similar physiography and climate. Relevant data and information 
may include tables and envelope plots by previous investigators, descriptions and 
analyses of specific flood events, and consolidated summaries such as provided below. 
 
As of 2004, a great deal of information is available on past flood events in Alberta and 
adjacent areas.  Most of the numerical data for hydrometric stations are in digital format, 
as in Environment Canada’s HYDAT database.  Useful histories, descriptions and 
analyses of floods for specific basins or areas, as further referred to below, may be 
available from water resources agencies or libraries.  In some cases, useful information 
may exist in local newspaper archives or may be obtainable in anecdotal form from 
witnesses. 
 
Publications on specific flood events 
 
Publications describing and analyzing specific flood events or sets of events have been 
issued from time to time by federal and provincial water resource agencies. Examples for 
Alberta include Warner (1973), covering a specific event; Mustapha et al. (1981) 
covering historical floods in the North Saskatchewan basin; and Mustapha and Figliuzzi 
(1985) covering historical floods in the Oldman basin. 
 
Similar publications for areas adjacent to Alberta include the following: 
 

Saskatchewan: Collier (1952, 1957), McMorine and McKay (1962), Moser 
(1975) and Hunter et al. (2002). 

 
British Columbia:  Smith (1975) and Water Survey of Canada (1973). 

 
Montana:  Boner and Stermitz (1967), Johnson and Omang (1976) and 
Parrett et al. (1982) 
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Previous envelope plots 
   
Certain publications in the 1950-70 period included discharge-area plots with envelope 
curves for severe flood discharges in the Prairie Provinces, but coverage of Alberta was 
generally weak and the plots have become out-dated. 
 
The publication Hydrology of Floods in Canada (Watt et al. 1989) showed unit 
discharge versus drainage area data for 22 “unusual flood peaks” across Canada, 
superimposed on the historical Creager diagram based largely on U.S. data (Creager et 
al. 1945).  Five of the plotted Canadian peaks occurred in Alberta, but the record August 
1987 rainfall flood on the Simonette River flood in northwest Alberta was not shown.  On 
the basis of the officially reported estimate (see NOTE in Section 2.2) the Simonette peak 
yields the highest value of the Creager coefficient ever recorded in Canada up to 2003.  
(The Creager coefficient is often viewed as a measure of flood severity more or less 
independent of drainage area.  Further comments on the Creager relationships are 
provided in Section 8.4.) 
 
Updated summary on major Alberta floods 
 
Table 3.1 expands the information for Alberta presented by Watt et al. (1989) to include 
additional peak flow data for hydrometric stations in Alberta and adjacent areas.  The 
latest entry is for 1996.  Basin types are identified as Foothills, Prairie or Boreal, more or 
less according to the designations of Figure 3.1, and Creager C coefficients are 
calculated according to the original formula by Creager et al. (1945).  Peak unit 
discharges (m3/s/km2) are plotted against drainage area (km2) in Figure 3.3, together with 
curves for specific values of the Creager coefficient C. 
 
Table 3.1 and Figure 3.3 indicate that for basins of comparable size, the largest recorded 
flood peaks in the Foothills and Boreal zones are much greater than in the Prairie zone.  
The limited data do not suggest any significant difference between the Foothills and 
Boreal zones. 
 
Analyses of volumetric response to rainfall and snowmelt 
 
In connection with design floods for bridges and culverts, the Bridge Section of Alberta 
Transportation has conducted extensive analyses of runoff response, starting from 
approximately 1800 rainfall and 400 snowmelt events covered by Environment Canada’s 
streamflow and meteorological records.  Extensive descriptions, tables, plots and maps 
are contained in a website maintained by the Section (AT 2004). Runoff volumes are 
expressed as average depths over the basin area.  Some significant findings are as 
follows: 
 
1. Only one event shows a runoff response (to rainfall) exceeding 180 mm.  For 

snowmelt events, maximum response is about 120 mm. 
 
2. Response to rainfall varies considerably among regions, being generally greatest in 

the foothills and lowest in the southern prairie.  Over approximately the southeast 
quarter of the province, east of about 114o W and south of about 54 o N, response to 
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rainfall is generally well below 40 mm and snowmelt produces the largest runoff 
depths. 

 
3. Maximum observed runoff depths fall off significantly with increasing basin size.  

For areas of 10,000 and 30,000 km2, an envelope curve indicates maximum depths of 
around 80 and 40 mm respectively. 

 
As a check on estimates derived by other methods, runoff depths may be converted to 
triangular hydrographs using proposed values of time to peak.  This procedure is further 
referred to in Section 8.6, in connection with checks on extreme flood estimates. 
 
 
3.4 Scenarios for Extreme Flood Generation and Associated Conditions 

Philosophy of combined conditions 
 
Alternative meteorological scenarios for extreme flood generation are mentioned in 
Section 3.2 – whether driven by rainfall, snowmelt or both together, and in the case of 
rainfall, whether by a general long-duration storm or a local short-duration one.  Apart 
from those scenarios (and excluding temporal and spatial distributions of rainfall, 
discussed in Section 4), estimated extreme flood magnitudes can be strongly affected by 
assumptions on antecedent rainfall and initial conditions of soil moisture, surface storage 
and streamflow.  Some hydrologists believe that increasingly severe assumptions about 
antecedent and associated conditions are largely responsible for a general increasing 
trend in PMF estimates. 
 
It is generally agreed that for a hypothetical flood to be considered extreme, assumed 
conditions antecedent to and associated with the principal meteorological event should be 
severe but not necessarily extreme.  In a paper based on Tennessee Valley Authority 
practice, Newton (1983) summarized this approach as follows: 
 
 - principal storm is based on PMP as determined by National Weather Service; 

- antecedent storm (or snowpack in some regions) is based on detailed 
meteorologic analysis of antecedent storm experience, and selected on a 
frequency basis to achieve a target combined probability of antecedent and 
principal storm; 

 - all related meteorologic, hydrologic and reservoir level assumptions are based 
on median conditions for the season of storm occurrence. 

 
As another example, BC Hydro (1994) stated as follows:  “The present philosophy 
concerning PMF studies is that the most critical factor (generally rainfall) should be 
maximized (PMP) and antecedent conditions should be set at severe, but not extreme 
levels, thereby defining a reasonably possible upper limit flood.  It is recommended that 
most antecedent conditions be determined for specific return periods in order to 
standardize the studies and to provide a degree of consistency.” 
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The Canadian Dam Safety Guidelines (CDA 1999) state that a PMF study should 
consider the most severe “reasonably possible” combination of rainstorm, snow 
accumulation, melt rate, initial basin conditions and prestorm.  “Reasonably possible” is 
not defined.  More detailed guidance is provided only for the snowmelt season, as 
indicated below under Antecedent meteorological events. 
 
Peak versus volume in relation to spillway design 
 
It is commonly assumed that spillway design will be governed by a PMF hydrograph, 
based on the PMP plus snowmelt as appropriate and routed through the reservoir.  
However this may not always be the case.  Especially in the case of large reservoirs with 
certain modes of operation, the peak outflow might conceivably result from a snowmelt 
and/or rainfall sequence of lesser intensity but of notably longer duration and volume.  
Where routing through the reservoir produces substantial attenuation of the PMF inflow 
peak, it may therefore be advisable to consider other scenarios involving snowmelt or 
rainfall or both, that do not involve the PMP. 
 
Antecedent meteorological events in PMF scenarios 
 
Newton (1983) noted that practices for selection of an antecedent storm varied widely, 
and tabulated assumptions employed by TVA and four other U.S. agencies. He 
considered that adoption of an antecedent storm (or snowpack) before the PMP should be 
based on regional experience and that its magnitude should be determined in the context 
of associated meteorological conditions.  In the TVA region, 75% of major known floods 
apparently result from a pair of storms with a 3-day interval between.  The TVA 
guidelines therefore specified an antecedent storm amounting to 15% to 50% of the PMP, 
depending on storm duration, location and drainage area.  Newton recommended that 
because of large inter-regional variations these criteria should not be applied to other 
regions without site-specific studies.  As of 2004, it appears that few other site-specific 
studies have been carried out. 
 
In a later reference to U.S. practice, Cudworth (1992) commented:  “Currently and with 
two exceptions, none of the Federal water resource development agencies have criteria 
that reflect definitive hydrologic and hydrometeorologic antecedent storm and flood 
studies. The two exceptions are antecedent precipitation criteria adopted by the Bureau 
and the COE for the State of Texas and by the Tennessee Valley Authority for the 
Tennessee River Basin.” 
 
According to the same reference, “provisional” criteria adopted by the Bureau of 
Reclamation were as follows: 
 
1. For PMFs generated by a general PMP (see Section 4.2 for definition) east of the 

Sierra Nevada and Cascade Ranges, the antecedent flood is based on 100-year 
precipitation. The assumed time between the end of the antecedent rainfall and the 
beginning of the PMP is 3 days.  (West of those ranges, the time is reduced to 2 
days.) 
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2.  For PMFs generated by a local PMP (see Section 4.2 for definition) west of the 103rd 
meridian, no specific antecedent event is used.  (The author comments that it is 
reasonable to assume that a previous storm has satisfied initial infiltration losses and 
to assume minimum losses at the onset of the PMP.) 

 
3.  For PMFs generated by seasonal PMP on snowpack, it is assumed that a 100-year 

snowmelt runoff will occur during and somewhat prior to the PMP. 
 

In another U.S. approach to estimating coincident snowmelt runoff, FERC (1993) 
recommended applying a maximum historical temperature sequence (over snow) to a 
100-year snowpack. 
 
For the snowmelt season in Canada, the Dam Safety Guidelines (CDA 1999) specify the 
most severe of the following alternative scenarios: 
 
1. Probable Maximum Snow Accumulation (PMSA) combined with rainstorm not 

exceeding 100-year severity and prevailing storm temperature. 
  
2. Seasonal rainfall PMP combined with snow accumulation not exceeding 100-year 

depth. 
  
3. PMSA combined with a critically severe temperature sequence. 
 
They further indicate that for scenarios 1 and 2, the temperature sequence should be such 
as to maximize the hydrograph peak.  No guidance is given on the severity of initial basin 
conditions. 
 
(The term PMSA, which is not defined in the 1999 CDA guidelines, does not appear in 
several relevant handbooks nor in the PMF guidelines issued by a number of agencies.  
Elsewhere in this document, reference is made to “maximized snowpack”.  Presumably 
PMSA refers to a maximized late-winter accumulation of snow on the ground, taking 
account of minimum over-winter losses.) 
 
Initial basin ground conditions 
 
Newton (1983) tabulated the following assumptions regarding initial soil moisture 
conditions or loss rates, as used by various U.S. federal agencies: 

 
-  American Nuclear Standard:  median soil moisture  
-  Corps of Engineers:  minimum infiltration  
-  Soil Conservation Service:  curve number for antecedent moisture condition II 
-  Tennessee Valley Authority:  median values observed prior to recorded storms 
-  Bureau of Reclamation:  minimum rates of retention loss.  
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Alberta practice and guidelines 
 
PMF studies in Alberta have been conducted by a number of government agencies and 
consulting organizations.  In the absence of formal guidelines, practice with respect to 
both flood-generating scenarios and antecedent conditions has varied considerably. 
 
Recommended guidelines for scenarios and antecedent conditions in future studies are 
provided in Section 6.7. 
 
 
3.5 Climate variability and climate change 

Climate variability refers to the tendency of historical series of meteorological 
parameters such as precipitation and temperature to exhibit notably different values 
among different periods that may be measured in decades or even a millenium or more.  
This non-stationarity may take various forms such as jumps, trends and cycles.  It may 
also be evident in climate-dependent hydrologic parameters such as annual mean flows, 
or even annual maximum discharges as discussed by Watt et al. (1989).  The existence 
of multi-year periods of above- or below-average values in hydrologic and other 
geophysical series was investigated in detail by Hurst (1951), and the “Hurst 
phenomenon” has been subjected to extensive analysis and debate (see for example 
Klemes 2000).  In Canada and the USA, mean values of climatic parameters are usually 
reported for specific 30-year periods and referred to as “normals” for those periods. 
 
Climate variability on a decadal scale is also referred to in the preceding Section 3.2.  
Paleo records from ice cores, tree rings, lake varves, etc. can sometimes provide 
information on annual variations over hundreds of years, including extreme events. 
 
Climate change refers to a different phenomenon outside the expected natural variability, 
often ascribed to human activities - especially the combustion of fossil fuels and 
consequent accumulation of “greenhouse gases” in the atmosphere.  Global warming over 
the 20th century was apparently greater than expected on the basis of long-term natural 
variability (Environment Canada 2002), and accelerated in the final decades of the 
century.  Some scientific forecasts of future warming and sea-level change are alarming, 
while others are more cautious.  
 
It is often speculated that higher mean temperatures will be accompanied by a greater 
range of extremes in climatic parameters, and it is sometimes claimed that a wider range 
has in fact been observed.  Such claims are difficult to prove on the basis of climatic and 
hydrologic records usually lasting only a few decades. With respect to storm precipitation 
in Canada, Zhang et al. (2001) state:  “For the country as a whole, there appear to be no 
discernible trends in extreme precipitation (either frequency or intensity) during the last 
century”.  Referring to the Prairie Provinces as a whole, Hopkinson (1999) states: “For 
the period 1953 to 1998, there is no evidence of a significant trend in maximum 
persisting dew point or in precipitable water derived from upper air soundings of the 
atmosphere”. 
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Relevance to Alberta PMF studies 
 
With respect to PMP and PMF studies for Alberta, as of 2004 there is no solid basis for 
increasing estimates based on historical data in order to account for climate change. 
Notwithstanding an absence of local evidence, however, hydrologists should be aware of 
emerging scientific conclusions and be prepared to consider the possibility of climate 
change affecting future extremes. 
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* instantaneous peak unless otherwise indicated 
**  daily maximum only 
#  back-calculated peak

         
Basin 
No. 

WSC No. Station Name Area 
A 

km2 

Max flow*

Q 
m3/s 

Date Unit Peak    
Q/A  

m3/s/km2 

Ecozone 
(Fig. 3.1) 

Creager 
C 

         
1 05 JF 008 Fahlman Creek 

near Davin 
(Sask.) 

15 28 12/Jul/55 1.82 Prairie 5.1 

2 05 AA 004 Pincher Creek at 
Pincher Creek 

155 271 6/Jun/95 1.75 Foothills 10.3 

3 07 BK 009 Sawridge Creek 
near Slave Lake 

233 250 6/Jul/88 1.07 Boreal 7.5 

4 11 AE 002 West Fork Poplar 
River at 
International 
Boundary (Sask.) 

319 154 14/Apr/52 0.48 Prairie 3.9 

5 05 AA 028 Castle River at 
Ranger Station 

376 656 7/Jun/95 1.74 Foothills 15.1 

6 07 GF 008 Deep Valley 
Creek near 
Valleyview 

637 1,200 1/Aug/87 1.88 Foothills 21.0 

7 05 AA 022 Castle River near 
Beaver Mines 

823 1,430 7/Jun/95 1.74 Foothills 22.1 

8 05 AA 003 Castle River near 
Cowley 

1,120 1,120** 1/Jun/23 1.00 Foothills 14.9 

9 05 AA 023 Oldman River 
near Waldron's 
Corner 

1,440 1,320 6/Jun/95 0.92 Foothills 15.6 

10 11 AC 018 Frenchman River 
above Eastend 
Reservoir (Sask.) 

1,500 357 15/Apr/52 0.24 Prairie 4.1 

11 05 KF 001 Ballantyne River 
above Ballantyne 
Bay 
(Sask.) 

1,870 1,840 12/Jul/74 0.98 Boreal 19.3 

12 11 AB 027 Battle Creek at 
International 
Boundary (Sask.) 

2,580 277 25/Sept/86 0.11 Prairie 2.5 

13 07 GB 002 Kakwa River near
Grande Prairie 

3,300 2,700 15/Jul/82 0.82 Foothills 22.2 

14 05 AA 024 Oldman River 
near Brocket 

4,400 3,490#  6/Jun/95 0.79 Foothills 25.5 

15 07 GF 001 Simonette River 
near Goodwin 

5,050 6,500 2/Aug/87 1.29 Foothills 45.0 

16 07 GE 001 Wapiti River near 
Grande Prairie 

11,300 6,300 15/Jul/82 0.56 Foothills 32.2 

17 07 GJ 001 Smoky River at 
Watino 

50,300 9,200 14/Jun/72 0.18 Boreal 29.0 

18 07 HA 001 Peace River at 
Peace River 

186,000 18,500 13/Jun/90 0.10 Boreal 41.1 

Table 3.1.  Selected major flood events in Alberta and adjacent areas 
(Alberta unless otherwise indicated) 
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4 PROBABLE MAXIMUM PRECIPITATION 

4.1 General 

The guidance provided in this section is aimed mainly at standardizing the determination 
of Probable Maximum Precipitation (PMP) for projects under the jurisdiction of the 
Government of Alberta, and at improving the consistency of estimates.  Design storms of 
lesser severity are treated in Section 7, Probability-based Extreme Floods.  
 
Generalized PMP mapping 
 
The first generalized study of PMP for Alberta river basins was prepared by Verschuren 
and Wojtiw (1980).  Although it covered a wide range of conditions, it was never 
universally accepted.  While it still provides a useful compilation of severe storm data, its 
PMP estimates have become outdated. 
 
In the USA, generalized PMP mapping for various regions is available in a series of  
multi-agency Hydrometeorological Reports, some of which are referenced below.  This 
mapping can sometimes be usefully extrapolated to areas of Alberta near the U.S. border. 
  
As a result of a study commissioned by Alberta Transportation in 2004, generalized PMP 
maps covering the greater part of Alberta are expected to be available in 2005 and should 
normally be used as a preferred source of PMP estimates.  At time of writing, this 
mapping was not available.  However, a 1999 study of restricted applicability, that 
provides estimates of  point PMP from local storms across the Prairie Provinces, is 
referred to in Sections 4.3 and 4.4 below. 
 
Project-specific PMP determination 
 
The greater part of Section 4 herein is directed to project-specific studies that may be 
required when reliable generalized mapping is not available, or when it is considered 
inappropriate or insufficient for special reasons.  The application of PMP methodologies 
for project-specific studies should be entrusted to an experienced meteorologist or to 
persons with extensive meteorological knowledge and experience.  Detailed guidance on 
procedures can be found in WMO (1986), Watt et al. (1989), and a series of U.S. 
hydrometeorological reports by Hansen et al. (1982, 1988 and 1994).  (These and other 
reports are available from the U.S. National Weather Service’s Hydrometeorological 
Design Studies Center, website http://www.nws.noaa.gov/oh/hdsc). 
 
PMP determination from basic meteorological data involves the following steps: (1) 
identification of historical severe storms at least as large as the target basin and within an 
assumed meteorologically homogeneous region that includes the basin; (2) maximization 
of these storms considering the upper-limit moisture-holding capacity of the atmosphere 
for the season when they occurred; and (3) transposition of the maximized storms to the 
basin, oriented for maximum effect within a physically reasonable range.  In mountain 
areas, a further step (4) involves separate consideration of orographic precipitation, 
generated by lifting of air masses over mountain slopes.  
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The Rocky Mountains have a dominant influence on Alberta’s storm climatology.   
Because the Rockies present a barrier to inflows from the west, the atmospheric moisture 
for severe storms almost always comes from the Gulf of Mexico.  The proximity and 
orientation of the mountains should always be considered when selecting historical 
storms for transposition to a basin that includes mountain portions.  In such cases storms 
should be transposed as nearly as possible in a northwest-southeast direction. 
 
 
4.2 Sources of Data and Previous Estimates 

Where PMP or other extreme rainfall has to be estimated without benefit of generalized 
mapping, it is usually necessary to assemble available meteorological data and relevant 
previous estimates from publications or reports of previous studies.  For PMP estimation, 
historical severe storms that can be reasonably transposed to the study basin should be 
identified and appropriate meteorological data obtained.  The distances over which and 
conditions under which historic storms may be transposed should be determined by an 
experienced hydrometeorologist.  Both general and local storms may often be transposed 
over distances of several hundred kilometres.  For example, the storms at Gibson Dam, 
Montana in June 1964 and Springbrook, Montana in June 1921 may be considered 
transposable into southern Alberta.  The convective storm of July 2000 near Vanguard, 
Saskatchewan may also be transposable to the prairie region of Alberta. 
 
Some sources of Canadian and U.S. data are listed below. 
 
Data sources 
 
In general, meteorological data are available from Environment Canada in the following 
forms: 
 
1. Consolidated analytical publications such as the Rainfall Frequency Atlas for Canada 

(Hogg and Carr 1985) and Point PMP for the Prairie Provinces (Hopkinson 1999), 
as well as irregular publications such as the Storm Rainfall in Canada series that 
analyze notable storms.  (This last series was discontinued in the later 1980s, with 
negative implications for reliable estimates of extreme precipitation.) 

 
2. Archived data including standard climatic parameters such as precipitation and 

temperature; 12-hour persisting dewpoints; and upper air data.  Digital radar rainfall 
data may also be available for more recent storms. 

 
For boreal forest areas of Canada including northern Alberta, two documents sponsored 
by the Canadian Electrical Association (CEA 1994 and 1995) may be useful.  These 
documents provide information on storms, atmospheric moisture, transposition limits, 
snowmelt and analytical methods specifically applicable to the boreal zone (see 
Section 3.1 for zone delineation). 
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Meteorological data from the USA are available from the extensive archives maintained 
by the National Climatic Data Center (NCDC) of the National Oceanic and Atmospheric 
Administration (NOAA). 
 
Rainfall data 
 
The Bridge Section of Alberta Transportation maintains a database of severe storms with 
rainfall exceeding 100 mm, based on Environment Canada’s daily climate data archive.  
Storms are defined on the basis of the highest sum of three consecutive daily rainfalls.  
As of 2004, the database contained about 140 storms, the earliest dating from the late 19th 
century. 
 
Listings of potentially relevant severe storms in the USA through 1978 or so, together 
with depth-area-duration data for selected events, are provided in the U.S. report HMR 
55A (Hansen et al. 1988).  More recent information is available from NCDC. 
 
Previous PMP estimates 
 
The generalized report by Verschuren and Wojtiw (1980) is referred to in Section 4.1.  
Other PMP studies for Alberta basins prior to 1987 are referred to by Watt et al. (1989).  
Subsequent basin-specific estimates can be obtained from provincial agencies.  However, 
previous PMP estimates may have been out-dated by changes in data and/or 
methodology. 
 
Hopkinson (1999) provides estimates of point PMP for durations up to 24 hours.  The 
values are intended for areas no larger than 1 km2, and are of dubious reliability for 
mountain and upland areas.  They were derived for particular application to small 
projects such as tailings ponds.  No guidance is given for adjustment to larger areas. 
 
Preliminary estimates of general-storm PMP for the prairie areas of southeastern Alberta 
may be obtained by extrapolation from the U.S. report HMR 55A (Hansen et al. 1988). 
 
 
4.3 Classification of Rainstorm and Basin Types 

Rainstorm types 
 
In general, extreme rainfall can be classed as of two types: 1) general (or cyclonic) 
storms involving lifting and cooling of warm moisture-laden air masses, generally 
covering many thousands of km2 and lasting for more than 24 hours, sometimes several 
days; and 2) local (or convective) storms involving thunderstorm cells or cell complexes, 
generally covering areas of less than 2000 km2 and lasting for less than 24 hours, often 
less than 6 hours.  When extracting data from raingauge records, especially daily-only 
gauges, it is not always evident which type of storm was responsible. 
 
Cyclonic or general storms over plains areas produce convergence precipitation, and 
over mountain areas they usually contain an added orographic component caused by 
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lifting of air masses over mountain slopes.  In contrast, convective precipitation from 
local storms is not considered subject to orographic enhancement - in fact, values derived 
from plains data are often reduced for higher elevations. 
  
In the HMR series of reports for the USA, local storms are defined as covering less than 
500 mi2 (1300 km2) and as having durations of less than 6 hours – although some of the 
storms used to derive their local-storm maps had considerably longer durations.  Because 
of the limited amount of hourly data in the Canadian precipitation records, basins rather 
than storms are separated here into two main types for purposes of PMP estimation, as 
indicated below. 
 
An 8-hour storm in July 2000 at Vanguard in SW Saskatchewan (Hunter et al. 2002), 
caused by a slowly moving thunderstorm complex, covered a total area of over 3500 km2.  
For areas in the range of 1 to about 2000 km2, this storm produced the largest area-
averaged rainfall amounts ever documented for the prairies.  Despite exceeding the 
above-stated U.S. limits of area and duration, this appears to have been essentially a local 
storm. 
 
Basin size classification 
 
Basins are viewed herein in separate size categories for purposes of estimating PMP. 
   

Small basins are defined herein (see Section 4.4) as having areas of less than 
1000 km2 and producing maximum response from rainfall of less than 24 hours duration.   
(Sometimes, however, rainstorms of much shorter duration can be critical for even larger 
areas:  see note above on July 2000 Vanguard storm.) 
  

Large basins are defined herein (see Section 4.5) as having areas of greater than 
5000 km2 and producing maximum response from rainfall of 24 hours duration or more.  
When general-storm PMP for large basins that include mountain and foothills areas is 
estimated on a project-specific basis, convergence and orographic components are 
usually determined separately and added.  However, the general-storm PMP mapping in 
the HMR report series for the USA indicates combined convergence and orographic 
precipitation over mountain and foothills areas. 
 
For small basins in Alberta as defined above, convective or local storms will often govern 
PMP.  For large basins, cyclonic or general storms will generally govern.  However, 
basin response time and therefore critical storm duration depend also on basin length, 
slope, surface storage and infiltration capacity. 
 

Intermediate basins in the range of 1000 to 5000 km2 may require consideration 
of both general and local PMPs as potentially critical with respect to PMF peak and/or 
volume.  Both Sections 4.4 and 4.5 below will then apply. 
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4.4 PMP Estimates for Small Basins 

General 
 
Small basins are defined in Section 4.3 as less than 1000 km2 in area and producing 
maximum runoff responses from rainfall of less than 24 hours duration.  As noted above, 
the discussion below may also apply to certain basins in the Intermediate category 
between 1000 and 5000 km2. 
  
Up to 2004, for relatively small areas and short durations, the most severe storms 
potentially transposable to the prairie region of Alberta occurred in southern 
Saskatchewan, for example at Parkman in August 1985 and Vanguard in July 2000.  
There seems to be no conclusive meteorological argument against transposing such 
Saskatchewan events at least to the southern Alberta plains.  The absence of comparable 
reported magnitudes in Alberta may simply reflect a scarcity of observations.  Even for 
such extreme Saskatchewan storms, the regular observing network missed the most 
intense portions, and full documentation depended heavily on data from informal 
observers and weather radar. 
 
Publication on point PMP 
 
As of 2004, the report by Hopkinson (1999) covering the Prairie Provinces – and which 
pre-dates the Vanguard storm of July 2000 - was the most comprehensive source of PMP 
estimates for small basins in the greater part of Alberta.  Based essentially on convective 
rain storms of small areal extent, it provides a method for estimating point PMP across 
the Prairie Provinces for durations of 1, 6, and 24 hours.  Although the key map includes 
the Rocky Mountain belt, its applicability there is dubious because the source storms all 
occurred well to the east. 
 
In the absence of sufficient data for local mountain storms, it may be necessary to use the 
Hopkinson method as it stands for smaller mountain basins.  According to WMO (1986), 
precipitation associated with small-area convective storms should not be increased to 
allow for orographic effects. 
 
Spatial distribution of small-basin PMP 
 
The density of raingauge coverage in Alberta is generally insufficient to define the spatial 
distribution of rainfall over small basins.  For some more recent storms the spatial 
distribution may be inferred from weather radar data.  For the majority of historic events, 
however, it will usually be necessary to apply a standard area reduction factor or depth-
area relationship to point rainfall data.  For some severe storms, informal raingauge or 
bucket data at various points may be available from local residents. 
 
Areal reduction factors suitable for adjusting point PMP estimates to larger areas include 
the standardized depth-area relationships proposed in the U.S. reports HMR 52 and HMR 
55A (Hansen et al. 1982 and 1988) for the prairies and eastern slopes of the Rockies 
south of the U.S. border.  These relationships, which are provided in Appendix A, are 
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based on a number of extreme events and appear reasonable for use in Alberta.  For 
spatially distributing the rainfall over the study basin, use can be made of stylized 
elliptical isohyets that maintain the desired depth-area relationship, as for example those 
described in WMO (1986). 
 
Temporal distribution of small-basin PMP 
 
Where possible, the temporal distribution of PMP for small basins should be based on 
one or more severe historic local events, especially those used to derive the PMP.  In the 
absence of appropriate data for historic events, the following alternative methods of 
deriving temporal distributions can be considered. 
 
A plot of 12-hour temporal distributions prepared by Hogg is reproduced by Watt et al. 
(1989) and included in Appendix A.  Cumulative distributions for selected regions of 
Canada are shown, with separate curves for specified percentages of the total number of 
events.  For the Prairie Provinces there is a wide range: for example, in 10% of events, 
the total rainfall occurred in 4 hours only.  The reference suggests the 70% distribution as 
a suitable design curve for all of Canada except Ontario and B.C.  This distribution 
(shown in Table 6.6 of the reference) puts 50% of the total rainfall in the middle 4 hours.  
It is believed that 24-hour distributions would be fairly similar. 
 
Temporal distributions used by U.S. agencies were tabulated by Newton (1983).  He 
recommended that, given the conservatism inherent in placing an antecedent storm before 
the PMP (see Section 3.4), temporal distributions should be based on recorded storms 
and selected so as to give flood peaks midway between the minimum and maximum 
derivable from the observed range. 
 
 
4.5 PMP Estimates for Large Basins 

Large basins are defined in Section 4.2 as greater than 5000 km2 in area and producing 
maximum runoff from rainfall of 24 hours duration or more.  They may be divided into 
non-orographic basins subject only to convergence rainfall from general storms; and 
orographic-affected basins where rainfall may have a significant component associated 
with the lifting of air masses in mountain areas.  As noted in Section 4.3, the discussion 
below may also apply to certain basins in the intermediate category between 1000 and 
5000 km2. 
 
 
4.5.1 Non-orographic basins 
 
General 
 
In the absence of generalized mapping based on cyclonic or regional storms, PMP 
determination for large basins in Alberta requires the identification, maximization and 
transposition of areal precipitation from historical storms that covered areas at least as 
large as the study basin. To ensure that the largest maximized areal precipitation is 
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identified, a number of the largest known storms within a climatically similar region 
should be maximized and transposed.  The manual by WMO (1986) provides 
recommended procedures.  References cited in Section 4.3 can assist in the identification 
of extreme events. 
  
Storm maximization 
 
Historical storms are normally maximized by multiplying the actual storm rainfall by the 
ratio of maximum atmospheric moisture for the season to atmospheric moisture available 
to the historical storm.  Details of the traditional method of calculation, using 12-hour 
persisting dewpoint data, are presented in WMO (1986).  An updated map of maximum 
persisting dewpoints to aid in this calculation is provided by Hopkinson (1999).  Since 
the maximum persisting dewpoint is a function of record length, the estimated 100-year 
persisting dew point should be used in place of the maximum.  Estimated 100-year 
persisting dewpoints at selected stations are available from Alberta Environment.  Storm 
maximization and transposition is normally carried out to the 1000 mb (sea level) and 
may require adjustment to actual basin elevation. 
 
Some efforts to maximize storms have used data on upper-air precipitable water to 
determine maximization ratios.  Hopkinson (1999) shows, however, that except for the 
spring season, results of the two methods are similar for prairie basins.  In spring, surface 
dewpoints can be depressed by extensive snow cover.  It is therefore preferable to use 
upper air data to maximize for months when snow cover can be expected. 
 
Spatial distribution of large-basin PMP 
 
Standardized depth-area relationships for large storms are available in the U.S. reports 
HMR 52 and HMR 55A (Hansen et al. 1982 and 1988) for the prairies and eastern 
slopes of the Rockies south of the Canada-U.S. border.  These relationships, which are 
provided in Appendix A, are similar in origin and application to those described for 
small basins in Section 4.4. 
 
Where new analysis is required for a site-specific study, it is usually done by applying an 
interpolation scheme to the rainfall data from all available gauges in the storm area.  
Techniques include Statistical Optimal Interpolation, Kriging or various forms of inverse 
distance weighting.  Critical durations for determination of areal precipitation are 
calculated by working outward from the most intense period of the storm.  Since most 
meteorological stations in Canada record rainfall at daily intervals only, for storms longer 
than 24 hours it is necessary to repeat the interpolation for each day to obtain the 
temporal distribution of the areally averaged rainfall.   For intervals of less than 24 hours, 
distributions of areal rainfall for specific time intervals are determined using data from 
continuous recording gauges, archived aviation weather observations, radar data, satellite 
imagery, etc.   Distributions of percentages of daily precipitation are thus obtained, and 
interpolation schemes can then be used to transfer the distributions to daily-only gauges 
and to perform spatial analyses for every required interval. 
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It is recommended that the adopted depth-area curve from analysis of major storms 
should envelope the curves derived for each storm.  The shape of the design storm can 
also be derived from the depth-area analysis.  
 
Temporal distribution of  large-basin PMP 
 
For the time distribution of a major storm, virtually any sequence of short-duration 
rainfall increments is equally probable. It has become standard practice to develop 
somewhat arbitrary sequences that provide adverse but not necessarily absolutely worst- 
case conditions for hydrologic modelling.  (A worst-case sequence might have the 
smallest increment first and the largest last, with a steady increase through the storm.)   
 
The manual by WMO (1986) provides criteria for developing storm distributions.  The 
“alternating block” method is recommended, where the largest increments are placed near 
the centre of the storm duration. 
 
Storm centering and orientation 
 
For a large-basin PMP, the location of the storm centre is critical if the depth-area 
relationship shows significant depth reductions away from the centre.  Alternative centre 
locations should be tested by hydrologic modelling to determine the critical location.  If 
the shape of the storm is significantly different from the shape of the basin, alternative 
storm orientations may have to be investigated also. 
 
 
4.5.2 Orographic-affected basins 
 
Storm separation into components 
 
In mountain and foothills basins, orographic precipitation generally makes important 
contributions to total PMP.  Usually in such cases, insufficient historical storms have 
been documented over the study basin to ensure that their maximization alone can 
provide a good estimate of the PMP.  Storms from other orographically similar regions 
must then be transposed.  But since orographic precipitation is basin-specific, it is usually 
inappropriate to transpose it directly.  In the Storm Separation Method, the precipitation 
in the historical storm is broken into convergence and orographic components.  The 
convergence component is maximized and transposed in the same way as for non-
orographic basins, and orographic precipitation consistent with the study basin location 
and the maximized convergence precipitation is then added to produce the basin PMP.  
This method is described in more detail in WMO (1986) and Hansen et al. (1994). 
 
Comprehensive precipitation models 
 
Since the above-cited references were published, models of precipitation that explicitly 
include an orographic component have come into more widespread use.  Use of such 
models can reduce the subjectivity of the storm separation procedure and produce more 
consistent results.  As of 2004, Environment Canada has used PRISM, a supervised 
statistical model developed at Oregon State University (Taylor et al. 1997) to generate 
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estimates of monthly and annual precipitation in Alberta.  The same model has been used 
in the generalized PMP mapping study for Alberta mentioned in Section 4.1, results of 
which are expected to be available in 2005. 
  
 
4.6 Antecedent Meteorological Conditions 

The practice of a number of agencies of assuming a lesser storm antecedent to the PMP is 
reviewed in Section 3.4.  A common but not universal U.S. practice for general (or 
cyclonic) storms in warm-season conditions is to precede the PMP with a 100-year 24-
hour rainfall, leaving a period of three dry days between the storms. 
 
With regard to local-storm PMP, it is meteorologically possible for severe convective 
storms to occur on two successive days.  Thus an interval of 24 hours between the start 
time of an antecedent event and the PMP appears appropriate.  As noted in Section 3.4, 
however, some U.S. agencies do not use a specific antecedent storm but assume a wet 
ground condition at the start of the PMP. 
 
Practice has varied in past Alberta PMF studies.  In the case of a general-storm PMP, 
sometimes the above-mentioned 100-year three-day rule has been used; however, there 
seems to be no basis in historical experience for such a severe combination.  Sometimes 
the PMP has been preceded by a historical storm or sequence of storms, and sometimes it 
has been embedded in a known historical storm of similar or longer duration. 
 
The selection of antecedent conditions, meteorological and otherwise, is further discussed 
in Section 6.6. 
 
 
4.7 Seasonal Variation of PMP 

In order to arrive at critical flood peak or volume estimates in PMF studies, it is often 
necessary to consider alternative scenarios involving different seasons - for example, a 
summer PMP on bare ground compared with a spring PMP on snow cover.  It may 
therefore be necessary to determine how the PMP varies from month to month. 
 
For spring PMP scenarios involving extensive areas of snow cover, historic spring storms 
should be selected for maximization and transposition.  If this is not possible, PMP values 
for the summer season can be adjusted according to the seasonal variability of other 
severe rainfall parameters, for example observed maxima or 100-year estimates of 
monthly rainfall.  It is generally inappropriate to use the seasonal variation of 
atmospheric moisture to transfer storms by more than 15 to 30 days, because the 
efficiency of storms from another season could be significantly different.  For example, 
spring storms may extract atmospheric moisture with greater efficiency because 
temperature gradients are higher in spring.  The preferred methodology would determine 
the monthly 100-year daily rainfall for each month of interest as a percentage of the all-
season equivalent, and use a smoothed interpolation curve to determine the seasonal 
equivalents of the all-season PMP. 
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In the absence of separate depth-area-duration (DAD) relations for spring events, it may 
be necessary to use the all-season DAD curves.  However, the validity of this assumption 
should be confirmed by examining precipitation associated with some major spring 
events. 
 
 
4.8 Guidelines for PMP Estimation 

Project-specific versus mapped estimates 
 
1. Where possible, develop project estimates on the basis of mapped PMP values in 

preference to initiating project-specific studies.  Generalized mapping for the greater 
part of Alberta is expected to be available in 2005. 

 
Storm and basin types 
 
2. Decide whether the critical PMP is expected to result from a local storm (smaller 

basin) or general storm (larger basin), and in the second case, whether orographic as 
well as convergence precipitation may be involved.  For an intermediate range of 
basin areas from around 1000 to 5000 km2, consider deriving PMPs for both storm 
types. 

 
Information sources 
 
3. Where project-specific studies are necessary, make as much use as possible of 

previous storm analyses and previous PMP studies for adjacent or analogous basins. 
 
Small-basin PMP estimates 
 
4. Use up-dated generalized mapping if available.  In its absence, use the report by 

Hopkinson (1999) for point PMP estimates except in the mountain belt, but with 
reservations for other upland areas.  If appropriate, adjust Hopkinson estimates to 
account for the July 2000 Vanguard storm or later extreme events.  In the absence of 
local information, base temporal distributions on the Prairie Provinces 70% curve 
reproduced in Appendix A.  Make depth-area adjustments on the basis of relations 
provided in the U.S. reports HMR 52 and 55A. 

 
Large-basin PMP estimates 
 
5. Use up-dated generalized PMP mapping if available and appropriate.  If not, identify, 

maximize and transpose historical storms from comparable areas in Alberta and 
adjacent regions of similar hydrometeorologic characteristics.  So far as possible, use 
previous studies for adjacent or analogous areas, but ensure that all critical regional 
storms have been considered for transposition.  Analyze depth-area-duration 
relationships, and use the Storm Separation technique or more comprehensive 
precipitation models to account for orographic as well as convergence precipitation. 
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For initial estimates, base depth-area adjustments on relations provided in the U.S. 
reports HMR 52 and 55A as reproduced in Appendix A.  For detailed studies, analyze 
depth-area for all major storms and adopt the envelope of all derived curves.  For 
temporal distribution use the alternating block method with the highest intensity at the 
centre of the storm period, or use recommended distributions provided with new PMP 
mapping.  Investigate alternative storm centres and orientation as part of the hydrologic 
modelling. 
 
Seasonal variation of PMP 
 
6. Where necessary, estimate seasonal as well as all-season PMPs as indicated in 

Section 4.7. 
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5 SNOWMELT  

5.1 Snowmelt Contributions to Extreme Floods 

General snowmelt scenarios 
 

For many basins and various flood generation scenarios, it is necessary to consider 
snowmelt contributions to extreme flood peak flows and volumes.  Potential scenarios 
include the following: 
 
1. Snowmelt may “prime” the surface storage and generate baseflow, prior to a spring or 

early summer rainstorm that occurs after the snow cover has disappeared.  Although 
the direct runoff may appear solely attributable to the rainfall, it may be much greater 
than if similar rainfall had occurred later on drier ground. 
 

2. Snowmelt may generate the bulk of the direct runoff hydrograph, augmented by 
rainfall that occurs during the melt period.  This is usually referred to as a rain-on-
snow event, with snowmelt dominating. 
 

3. In mountain basins, an extreme spring rainfall will normally include a snowmelt 
contribution.  This is another form of a rain-on-snow event, with rainfall dominating. 
 

4. In certain environments and particularly in very large basins, snowmelt alone may 
generate runoff hydrographs comparable in scale to those from rainstorms.  If the 
basin is large and the elevation range is not great, most of the basin can contribute 
snowmelt at the same time, whereas only a portion is likely to receive severe rainfall 
from a given storm. 
 

Significance of snowmelt in recorded Alberta floods 
 
Most annual maximum flow series for Alberta stations contain at least some events with a 
significant snowmelt component.  However, the frequency of snow-affected events in a 
given series, and their significance compared to other events in the same series, vary 
greatly with local climate and the physiography and size of the basin.  Some very general 
comments are as follows: 
 

- For some prairie stations, all or most of the recorded annual maximum 
discharges are derived from spring snowmelt, perhaps augmented by rain-on-snow in 
some cases.  With long winters, spring snowpacks can become quite deep and cover the 
entire basin.  Also, snowmelt tends to occur over partly frozen or bare ground, whereas 
summer rainfall tends to be largely absorbed by crops, soil and shallow depressions.  This 
does not mean, however, that a hypothetical extreme flood would necessarily be due to 
snowmelt. 

 
   - For stations representing mainly mountain and foothills drainage, the larger 

recorded events are normally derived from severe rainstorms, in some cases augmented 
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or preceded by snowmelt.  However, some of the smaller annual maxima may be derived 
mainly from snowmelt. 

 
- For non-mountain basins in northern Alberta, annual maximum series tend to 

include both snowmelt and rainfall maxima. 
 

To determine whether a particular recorded flood had a significant snowmelt component, 
streamflow data and dates can be interpreted in the light of other information such as air 
temperatures, snowpack or snow course data, and airphoto or satellite pictures of snow 
coverage. 
 
Snowmelt in relation to extreme volumes versus peaks 
 
A spring-season PMP in Alberta is always less than a summer PMP.  Spring scenarios 
involving a combination of snowmelt with rainfall, while seldom critical with respect to 
flood peaks when compared with summer PMP scenarios, may be critical with respect to 
flood volumes. Hence in some basins it may be necessary to consider one scenario for 
maximum peak flow and another for maximum volume.   
 
In general, three factors may cause extreme snowmelt volumes to exceed summer PMP 
volumes: 1) availability of a large snowpack water equivalent; 2) a large basin area 
resulting in a relatively low area-averaged PMP; and 3) large abstractions from rainfall, 
as in some flat prairie areas with extensive depressional storage or forest areas with 
absorbent ground cover. 
 
In a PMF study for the 1000 km2 McGregor Lake reservoir basin in prairie areas of 
south-central Alberta (NHC 2002), it was estimated that an assumed extreme snowmelt 
input, considered to be reasonably comparable in severity to the PMP, would not generate 
as much runoff volume as a summer PMP.  In a larger basin in a similar environment, the 
snowmelt volume might well have been the greater. 
 
For rain-on-snow events in spring or early summer, both peaks and volumes may require 
consideration.  In large basins, the resulting flood peak might exceed that from a summer 
PMP and so constitute the critical PMF peak.  In smaller basins, while the rain-on-snow 
peak is unlikely to be critical, the volume might be.  

 
 
5.2 Relevant Data and Analyses   

5.2.1 General 
 
Data requirements for estimation of snowmelt may vary widely depending on factors 
such as the meteorological conditions (rain-on-snow, rain-free with no cloud cover, etc.); 
the degree of cover (heavily forested, open prairie, etc.); the severity of event being 
modelled (PMF, hypothetical 1000-year event, historic flood, etc.); and the hydrologic 
modelling tools or snowmelt algorithms selected for use by the analyst.   
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At a minimum, the estimation of snowmelt rates and volumes requires the following 
information: 1) snowpack depth, areal extent and water equivalent at the beginning of the 
melt period; 2) an associated temperature sequence; 3) coincident rainfall; and 4) a 
snowmelt algorithm.  Additional information is required if energy budget snowmelt 
computations are necessary, as discussed below. 
 
 
5.2.2 Snowmelt processes and computations 
 
A detailed discussion of snowmelt processes is provided by Male and Gray (1981), and 
a comprehensive discussion of considerations for snowmelt modelling is provided by 
USACE (1998).  An overview of snowmelt models used in Canada is provided by Watt 
et al. (1989).   
 
There are two basic modelling approaches: 1) relatively simple index models based on 
temperature and rainfall; and 2) more complex models based on energy budgets.  Some 
information from the literature covering both approaches is summarized below. 
 
Gray and Prowse (1992) summarize temperature index equations, and also the 
fundamentals of snowmelt from an energy budget viewpoint, involving short-wave and 
long-wave radiation, energy fluxes, ground heat, and advective energy.  Male and Gray 
(1981) address snowcover ablation and runoff in some detail, with many examples from 
the Canadian prairies. USACE (1998) presents an analysis of the components of the 
energy budget approach including an assessment of the relative importance of the various 
components (short-wave radiation, long-wave radiation, convection-condensation, etc.) in 
different meteorological settings and under different land cover conditions. 
 
All three of the above-quoted sources discourage use of the temperature index approach 
for extreme flood modelling.  Their reasons appear to arise mainly from two concerns: 1) 
that air temperature may not be an appropriate index for the energy driving the dominant 
melt processes; and 2) that even if it is, factors expressing depth of melt per degree-day, 
determined through model calibration, might be reasonable for modelling lesser floods 
but not extreme floods. 
 
In practice, a dilemma arises over choosing between the temperature index and energy 
budget approaches.  On the one hand, the theoretically preferable energy budget approach 
requires extensive meteorological data (cloud cover, wind speed, dew point, air 
temperature and solar radiation) that are not available from most weather stations, so that 
it is generally infeasible to obtain reliable calibration of the algorithms by modelling 
historical snowmelt floods.  On the other hand, using the temperature index approach, 
values derived from calibration of historical events may not be appropriate for extreme 
floods.  On balance, the energy budget approach may not reduce the uncertainty inherent 
in the simpler temperature index approach, unless extensive meteorological data are 
available. 
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For rain-on-snow events in forested areas, it has been shown that reasonable melt 
estimates can be derived using a temperature index method, modified to include rain-
induced melt (USACE 1998).  For non-forested areas, however, additional factors such 
as convection, condensation and short-wave radiation become significant: the first two 
depend on wind speed, and the last applies only in rain-free conditions. 
 
Taking account of the above discussion, the following dual approach appears reasonable 
for estimating snowmelt in extreme floods: 
 
1. Temperature index method.  To be applied generally to rain-on-snow events, but 

modified to include condensation melt (which depends on dew point temperature), 
rain-induced melt in forested areas, and convective melt associated with wind speed 
in non-forested areas.  (The method may be used also for screening-level assessments 
of other snowmelt scenarios, recognizing the uncertainty involved.) 

 
2. Energy budget method.  To be applied generally to snowmelt under clear-sky 

conditions, or for other scenarios where a temperature index method appears 
inappropriate and sufficient meteorological data are available or can reasonably be 
synthesized. 

 
The following comments and recommendations on the temperature index method, mostly 
referring to estimation of daily melt, are based on Gray and Prowse (1992): 
 
1. The choice of the base and index temperatures is arbitrary.  The base temperature is 

most commonly taken as 0 ºC.  Where rapid melt is expected in extreme flood 
situations, the index temperature is usually taken as the daily mean.  Where there is 
wide diurnal cycling of air temperature with significant periods below 0 ºC, the daily 
maximum is sometimes preferred. 

 
2. The melt factor in mm/ºC·day (based on daily mean temperatures) can be expressed 

as 0.011 x snow density in kg/m3.  Density of melting snow usually falls between 300 
and 550 kg/m3.  Melt factors ranging from 3.5 to 6 mm/ºC·day are therefore 
commonly used for rain-free conditions.  Values of up to 6 mm/ºC·day over 6-hour 
periods have been reported for the Canadian prairies. 

 
3. Lower melt factors are recommended for snow under a forest canopy.  For the Boreal 

forest, a base temperature of 3.5 ºC and a melt factor of 1.8 mm/ºC·day have been 
reported. 

 
4. Incomplete snow cover should be taken account of in snowmelt calculations. 

 
Detailed hydrologic modelling for most basins of interest in Alberta should use a time 
step of six hours or less, to ensure reasonable estimation of peak flows.  With such 
shorter time steps, a base temperature of zero oC should be used and the index 
temperature should be the mean over each time step. 
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5.2.3  Data on snowpack depths and water equivalents 
 
The term snowpack (sometimes termed snowcover) refers to the actual depth of snow on 
the ground (or its water equivalent if so stated) at a particular date or at the beginning of 
melt.  Long-term snowpack data are needed in order to determine depths and water 
equivalents for modelling purposes at the beginning of melt.  Seasonal snowpack data for 
specific years of recorded flood events may also be required for hydrologic model 
calibration and testing. 
 
Snowpack is not the same as accumulated snowfall up to the date of interest, because of 
over-winter re-distribution, melting and evaporation – particularly from Chinook winds 
in western Alberta.  There are two main sources of long-term snowpack data in Alberta, 
as follows: 

 
1. Snow depth is measured at some Environment Canada and Alberta climate stations 

and recorded as “depth of snow on the ground”.  These are usually the only available 
data on low-elevation snow conditions.  However they may be poor indicators of 
basin-average depths, because the measuring sites are often unrepresentative of large 
areas with respect to snow accumulation. 

 
2. Snow course, snow gauge (including passive microwave) and snow pillow data for 

some drainage basins are available from public or private agencies.  Snow course data 
are generally more reliable because they provide averages of 10 measurements in a 
variety of ground covers at a string of natural sites, expressed both as snow depths 
and as water equivalents; they are usually taken once per month during the winter and 
spring.  Snow pillows and snow gauges provide continuous snow water equivalent 
data, but at single sites only.   

 
Snow course and snow pillow data in Alberta are generally available only from high 
elevation sites in the Rockies. At low elevations, the only data generally available are 
snow depth measurements from climate stations.  In the absence of more detailed data, 
such measurements can be very helpful for assessing the areal extent and depth of snow 
prior to the spring flood events that may be used for hydrologic model calibration.  The 
use of accumulated snowfall data to estimate snowpack water equivalents is generally not 
recommended. 
 
If data on snow water equivalents are not available, snow density at the beginning of the 
melt period must be assumed.  A relative density of 0.3, based on guidance by Gray and 
Prowse (1992), is recommended by FERC (2001).  Such an assumed value should not 
over-ride actual data for the basin or region. 
 
Published analyses of snowpack depth include: 1) a map of 30-year maximum winter 
snowpack depth by Boyd (1961); and 2) Plate 11 in the Hydrological Atlas of Canada 
(Fisheries and Environment Canada 1978), reprinted in McKay and Gray (1981), 
which maps mean annual maximum depth of snow and time of occurrence.  The latter 
source shows values ranging from 30 cm in southern Alberta through 50 cm in northern 
Alberta to 160 cm in the mountains.  It is indicated that standard deviations of annual 
maximum depths range from about 33% to 50% of the mean. 
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Sources of seasonal snowpack data are generally the same as noted above, but may be 
supplemented by shorter-term records and by airphotography and satellite imagery 
showing areal extent. 
 
 
5.2.4 Frequency analysis and maximization of snowpack 
 
There are two main approaches to estimating extreme snowpack depths and water 
equivalents prior to beginning of melt.  The statistical method involves frequency 
analysis of late-winter snowpack data.  The snowstorm maximization method involves 
synthesis of snowpack on the basis of accumulated snowfalls. 

 
Statistical method 
 
Guidance on frequency analysis of maximum snowpack depth and water equivalent is 
given in several publications.  Thom (1966) used the 2-parameter LogNormal 
distribution for snowpack depth, after censoring out zero values from the series.  CEA 
(1994) found that no single distribution provided best fits to annual maximum water 
equivalents from six snow courses in the Boreal zones of Manitoba, Ontario and Quebec.  
Goodison et al. (1981) illustrate the uncertainty of estimates based on short snowpack 
records.  Principles outlined in Part A of the Guidelines on Flood Frequency Analysis 
(AT 2001) apply generally to snowpack data.  
 
The statistical method of estimating extreme snowpacks, which involves extrapolating a 
frequency relation to long return periods, is applicable where there are enough data on 
late-winter snowpacks that the frequency relation can reasonably be extrapolated to 500 
or 1000 years.  Where only a portion of the pack is lost during the critical melt period, 
hydrologic modelling results are usually quite insensitive to snowpack depths and may 
thus tolerate considerable uncertainty in depth estimates.  Furthermore, where the PMF 
scenario involves only minor snowmelt contributions to a rainfall-dominated spring PMF, 
a return period of less than 500 years may be adequate.  This issue is further discussed in 
Section 5.3.1 
 
Snowstorm maximization method 
 
This method is intended to produce an estimate of Probable Maximum Snowpack 
comparable with Probable Maximum Precipitation from rainfall.  It is generally 
applicable only where the PMF would be dominated by snowmelt and where there is no 
expectation of significant loss of snow by evaporation or melt over the winter.  A recent 
version described by CEA (1994) involves consideration of dewpoint temperatures and 
maximum precipitable water under winter storm conditions.  The method requires a 
considerable amount of data and the involvement of an experienced meteorologist.  A 
simpler approach outlined by USACE (1998) is based on analysis of total winter and 
early spring precipitation, assuming no significant winter melt. 
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5.2.5 Beginning and end of snowmelt period 
 
Beginning of snowmelt 
 
CEA (1994) note that for recorded events, the beginning of snowmelt can be estimated as 
the first date of hydrograph rise, or the “zero crossing date”, that is, the last date when the 
air temperature crosses and stays above zero C.  Appendix D provides maps of Canada 
copied from the reference, showing average zero crossing dates for both daily maximum 
and daily mean temperatures; it also provides extracts from tables in the reference, 
showing ranges of dates for stations in western Canada only.  
 
This basis for estimation is not necessarily appropriate for deep or cold snowpacks, which 
could require a significant ripening period of up to a week before snowmelt runoff 
begins. 

 
End of snowmelt 
 
Plate 10 of the Hydrological Atlas of Canada (Fisheries and Environment Canada 
1978) shows means and standard deviations for date of loss of snow cover, defined as 
explained in the reference.  Mean dates on the plains range from about April 10 in the 
southeast and centre to May 1 in the north, with later dates in the narrow Rocky 
Mountains strip.  (Date of loss is defined as the beginning of a 7-day spring period with 
less than 2.5 cm of snow on the ground.) 
 
McKay and Gray (1981) provide a map of North America showing mean dates of 
snowcover disappearance: for the Alberta plains, these range from about April 15 in the 
south and centre to May 1 in the north. 
 
A map by Verschuren and Wojtiw (1980) shows last recorded dates of snow cover in 
Alberta at depths of 2.5 cm or more, ranging from May 15 in southeastern Alberta to 
June 1 on the eastern slopes of the Rockies.  These dates generally reflect temporary 
cover from late spring snowstorms, not last dates of over-winter cover. 
 
 
5.2.6 Critical temperature sequences for snowmelt 
 
The air temperature sequence to be used depends on the flood generating scenario of 
interest.  For basins with significant elevation differences, consideration should be given 
to splitting the basin into “elevation bands” and adjusting the recorded air temperatures 
for elevation. 
 
HMR 43 (US Dept of Commerce, 1966), and certain other reports in the HMR series, 
provide a brief discussion of air temperatures prior to and during the PMP.  Estimates of 
air temperatures prior to the PMP provided in HMR 43 are based on envelopment of 
temperatures observed prior to major historical storms.  Air temperatures during the PMP 
are set equal to the maximum persisting dewpoints, consistent with the assumptions used 
for PMP estimation. 
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FERC (2001) recommends that temperature sequences for snowmelt modelling should 
be selected from historical data, with the qualification that the selected sequences should 
cover periods when rainfall occurred with snow on the ground. 
 
BC Hydro (1994) specify guidelines for high-temperature melt sequences that depend on 
the PMF scenario under consideration.  They indicate that while for most cases the return 
period of such sequences should not exceed 100 years, for a maximized snowmelt 
scenario they should be more severe than that. 
 
CEA (1994) provide guidance on temperature sequences for the Boreal zone - defined by 
Figure 5.1 based on Hare and Thomas (1979) - that can be summarized as follows: 
  
1. On the basis of an extensive analysis of cross-Canada temperature data, maps are 

provided of 100-year cumulative daily maximum temperatures for durations of 1 
through 5, 10 and 15 days, for periods when there is 1 cm or more of snow on the 
ground.  A general trend for all durations is that the highest values are for the snowy 
interior and that values are slightly lower in the western part of the zone. 

 
(As an example, mapped 1-, 10- and 15-day 100-year cumulative maximum temperatures 
for the town of Peace River are 17, 93 and 128 degree-days respectively.  It appears that 
daily maximum temperatures were used for mapping because they are directly measured 
and are more sensitive to the effect of snow on the ground.) 
 
2. It is stated that daily maximum temperatures in the zone, associated with significant 

snow cover, will rarely exceed 24o C.  The highest temperatures on which this limit 
was based came from Newfoundland, northern Ontario and northern Manitoba, all 
north of 50 degrees latitude. 

 
3. A procedure is set out for developing a design temperature sequence using the maps 

described under point 1 above.  If a sequence of daily means rather than daily maxima 
is required, it is recommended that a relationship between cumulative daily mean and 
cumulative daily maximum be applied to the cumulative daily maximum indicated by 
the maps.  The resulting cumulative mean temperature is then used to develop a 
design sequence of mean daily temperatures. 

 
 
5.2.7 Critical timing for rain-on-snow events 
 
In a study of three Canadian basins in the Boreal zone, with drainage areas ranging from 
3300 to 6800 km2, and initial snowpack water equivalents ranging from 450 to 600 mm, 
CEA (1994) found that the critical time for the rainfall in a rain-on-maximum-snowmelt 
event was at the end of the 15-day critical temperature sequence, or one day after the end.  
For the basins examined, the simulated peak flow was relatively insensitive to the day of 
maximum temperature, provided this occurred within the last half of the 15-day 
sequence. 
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With respect to western USA, Cudworth (1992) states: “For drainage basins less than 
about 3,000 square miles (7900 km2), the rainflood hydrograph is superimposed on the 
snowmelt hydrograph with the rain assumed to occur during the day or days of maximum 
snowmelt. This assumption is made so that the maximum rain occurs during the warmest 
period. The resulting combined rain-on-snow flood represents the probable maximum 
event.” 
 
BC Hydro (1994) recommends a 2-day transitional cooling period between maximum 
temperature and rainfall, on the grounds that rainstorms need time to develop after warm 
periods.  In the case of small basins in the order of 1000 km2 and with critical 
temperature sequences of a few days or less, this provision (presumably based on 
experience with mountain basins) could significantly reduce peak flows because the 
rainfall and snowmelt peaks would be relatively more separated in time. 
 
 
5.3 Extreme Snowmelt Runoff Scenarios 

5.3.1 PMF scenarios that include snowmelt 
 
If a spring event dominated by either snowmelt or rainfall could conceivably cause the 
critical PMF peak or volume, two scenarios should be considered: 1) spring PMP plus a 
fairly large snowmelt event; and 2) Probable Maximum Snowpack subjected to a critical 
temperature sequence, plus a fairly large spring rainfall.  Details of these scenarios are 
discussed below. 
 
Scenario 1 - rainfall dominated 
 
Of three PMF scenarios specified by BC Hydro (1994) for basins in the B.C. interior, 
two can be considered as rainfall dominated.  They are stated in the reference as follows: 
 
 (1)  100-year snowpack followed by 100-year high temperature melt sequence 
then the PMP (the return period of the melt sequence can be reduced or the melt 
sequence can be eliminated entirely if it results in a worse case). 
  
 (2)  Average snowpack and average melt conditions followed by a prestorm and 
then the PMP. 
 
The meaning of the parenthetical statement under Scenario 1 above is somewhat unclear. 
 
According to Cudworth (1992), the U.S. Bureau of Reclamation uses a 100-year 
snowmelt flood in conjunction with the seasonal PMP.  FERC (2001) recommends 
applying the maximum historical temperature sequence to a 100-year snowpack.  The 
USBR approach may be appropriate for gauged basins, but for ungauged basins and in 
the absence of regional frequency relations for snowmelt floods, the analyst should test 
various combinations of return periods for snowpack depth and temperature sequence - 
for example, a 100-year temperature sequence with mean maximum snowpack, or the 
average temperature sequence applied to a 100-year snowpack, etc. 
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 Scenario 2 - snowmelt dominated 
 
BC Hydro’s third PMF scenario is snowmelt dominated.  It is specified as a “maximized” 
snowpack followed by an “extreme” temperature sequence and a 100-year rainfall. The 
maximized snowpack is indicated as the 100-year value multiplied by a factor.  The 
extreme temperature sequence is indicated as greater than 100-year return period.  It is 
difficult to estimate the possible range of return periods for the resulting combination. 
 
For the USA, FERC (2001) restricts consideration of an equivalent scenario to west of 
the Continental Divide only, which would exclude Alberta. They specify a Probable 
Maximum Snowpack subjected to a critical temperature sequence plus a 100-year 
rainfall. 
 
For the Boreal zone in Canada, CEA (1994) specifies a 500-year snowpack subjected to a 
critical temperature sequence plus a local spring PMP.  The critical temperature sequence 
is based on juxtaposing 100-year daily values.  Such a synthetic temperature sequence 
obviously has a return period of much more than 100 years.  Again, the likely return 
period of the snowpack-temperature combination is difficult to estimate. 
 
These different specifications are difficult to compare in general terms.  For specific 
cases, one or another might be the most severe. 
 
 
 5.3.2 1000-year flood scenarios that include snowmelt 
 
Snowmelt estimates may also be required as input to 1000-year scenarios involving 
spring (or early summer) floods.  In such cases the 1000-year flood might be viewed as 
resulting from the larger of two events: 1) a spring rain of long return period combined 
with a less severe snowmelt; and 2) a snowmelt of long return period combined with a 
less severe spring rainfall.  No specific guidelines for such combinations have been 
encountered in U.S. or other publications. 
 
For a given return period, the relative importance of snowmelt versus rainfall depends 
primarily on basin area, snowmelt increasing in importance with increasing area.  Thus 
for small basins, a critical scenario might be a 1000-year rainfall with average snowmelt 
and ground conditions, whereas for large basins it is more likely to be a 1000-year 
snowmelt with average rainfall and ground conditions.  However, in most cases it is 
advisable to compare both types of scenario and possibly others, while aiming for an 
annual exceedance probability in the order of 1/1000 for the flood event. 
 
Another complication is that the snowmelt event to maximize runoff volume may be 
different from that to maximize peak discharge.  Maximization of volume is likely to 
require a deep snowpack.  On the other hand, maximization of peak may depend on a 
high temperature sequence, in which case the snowpack need be just deep enough to 
maintain cover through the melt sequence. 
 
 The following combinations are believed to be reasonably consistent with PMF scenarios 
discussed in Section 5.3.1, assuming the snowmelt and rainfall to be uncorrelated: 



 

 51

Scenario 1 - rainfall dominated.  A 1000-year spring rainfall event is combined 
with average snowmelt and average seasonal conditions of soil and surface storage.  The 
rainfall duration should be similar to that associated with the PMP. 
  

Scenario 2 - snowmelt dominated.  A 1000-year snowmelt is combined with an 
average spring rainfall event and average seasonal conditions of soil and surface storage.  
The rainfall duration should be similar to that associated with the PMP, but not less than 
24 hours. 
 
The T-year snowmelt flood (both peak and volume) can be determined by frequency 
analysis, if sufficient local or regional snowmelt flood data are available.  If not, it can be 
estimated by applying a snowmelt model to appropriate combinations of critical 
temperature sequences and snowpack depths.  To obtain the T-year volume, it is usually 
reasonable to apply a median temperature sequence to a T-year snowpack.  To obtain the 
T-year peak, however, it may be more appropriate to apply a T-year temperature 
sequence to a median snowpack. 
 
 
5.4 Guidelines on Snowmelt Contributions to PMF and 1000-year Floods 

Potential significance of snowmelt contributions 
 

1. Determine the potential significance of snowmelt contributions to both peaks and 
volumes in three forms: 1) priming of soil moisture; 2) rain-on-snow event; and 3) 
predominantly snowmelt hydrograph. 

 
PMF scenarios that include snowmelt 
 
2. Consider two scenarios:  1) rainfall-dominated, involving 100-year snowpack with 

100-year temperature sequence followed by spring PMP; and 2) snowmelt-
dominated, involving maximized snowpack with a temperature sequence composed 
of  100-year maximum daily means, followed by 100-year rainstorm for the 
corresponding month. 

 
1000-year flood scenarios that include snowmelt 
 
3. Consider two scenarios:  1) rainfall-dominated, involving 1000-year spring rainfall 

combined with average snowmelt and average seasonal conditions of soil and 
surface storage;  and 2) snowmelt-dominated, involving 1000-year snowmelt 
combined with an average spring rainfall and average conditions of soil and surface 
storage. 

 
T-year and maximized snowpacks 
 
4. When data on annual maximum water equivalents are available, estimate T-year 

snowpack water equivalents by frequency analysis of  the same.  In the absence of 
water equivalent data, analyze data on snowpack depths and apply an appropriate 
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value of relative density to the estimated T-year values.  In the absence of local data 
indicating higher values, assume a density of 0.3. 

 
5. Assume maximized snowpack depth to be twice the 100-year estimates for the 

region, or such other multiple as may be indicated by local experience. 
 
Extent of snow-covered area 
 
6. For basins with significant elevation ranges, determine the elevation above which 

the basin is assumed to be fully covered with a specified snow depth (at the 
beginning of the critical temperature sequence) based on historical data for the 
basin.   

 
Critical temperature sequences 
 
7. For appropriate durations, conduct frequency analyses of the annual maximum 

series of cumulative temperatures under 100% snow cover.  For PMF applications, 
adopt 100-year estimates as critical for all durations, then develop sequences of 
daily temperatures to fit these cumulative values.  For 1000-year flood applications, 
temperature sequences for lesser return periods may be appropriate.  In 
mountainous areas, temperature sequences determined from valley bottom data 
should be reduced with increasing elevation. 

 
Snowmelt models 
 
8. Give preference to a modified temperature index type of snowmelt model.  If used 

to simulate a rain plus snowmelt event, the model should include algorithms to 
simulate rainfall-induced melting and condensation melting if possible.  

 
9. Adopt a base temperature of 0 ºC except for the Boreal forest zone, where a higher 

value should be considered. 
 
10. Adopt a melt factor in the range of 3.5 to 6 mm/ºC·day (based on daily mean 

temperatures), the lower values applying to forested areas and the higher values to 
prairie areas. 

 
11. When estimating water inputs to recorded events used for calibration, it may be 

appropriate to use different values of the melt factor, or even different snowmelt 
models such as the energy budget type. 

 
Critical rainfall timing 
 
12. Unless there is strong evidence to the contrary, assume that the extreme rainfall 

event occurs at the end of the critical temperature sequence such that both terminate 
at the same time. 
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6 MODELLING EXTREME FLOODS 

6.1 Modelling Package Selection 

General considerations 
 
As stated in Section 1.1, a primary aim of these guidelines is to promote a relatively 
uniform approach to developing extreme flood estimates.  This aim may dominate 
selection of a numerical modelling package for streamflow simulation.  Other items that 
may influence selection include: 
 

-  The size and complexity of the system. 
  -  Scenarios to be modelled (see Sections 3.4 and 6.2 for details). 
  -  Antecedent conditions. 
  -  Data output requirements. 
  -  Availability of data for model calibration or verification. 
  -  Availability of existing models of the basin. 
 -  Adequacy of the model to represent physical processes for very large inputs. 

 
Alternative types of model 
 
Hydrologic simulation models fall into two basic types.  Event-based models are used 
extensively in the design of hydraulic structures and planning of flood-control works, 
whereas continuous models are used more for flow forecasting, examining the effects of 
land-use changes, etc.  In event models, soil moisture at the beginning of the modelled 
period is usually implied through specification of one or more abstraction parameters.  
Continuous models employ a larger number of parameters to continuously update soil 
moisture storage before and through the modelled period; however, they can also be used 
in a so-called event mode whereby soil moisture storages are specified at the beginning of 
the period. 
 
Both event type and continuous type models have been used in Alberta PMF studies.  No 
Canadian agencies appear to have specific guidelines on this point.  In the USA, FERC 
(2001) recommend the Corps of Engineers’ HEC-HMS (formerly HEC-1) event model, 
and the Bureau of Reclamation (Cudworth 1989) provided data on corresponding 
watershed routing parameters - some of which should be applicable in Alberta. 
 
Parameter estimation – uncertainty and consistency 
 
To reduce uncertainty and improve consistency, no more parameters should be 
introduced than necessary to simulate the key processes in the event being modelled.  
Also, their values and the associated algorithms should simulate the event in question as 
closely as possible. 
  
Ideally, all parameter values should be determined by calibration and verification.  
However, true calibration is seldom possible for extreme floods, for reasons outlined in 
Section 6.5.6.  Given that situation, the reliability of model output depends largely on 
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whether model algorithms reasonably represent key hydrologic processes, and whether 
parameter values can be estimated within reasonable limits.  Ideally, parameters in sub-
model algorithms should be physically based.  If not, it is desirable to have access to 
established regional relationships between parameter values and measurable physical 
characteristics of the basin.  Such relationships are generally more accessible for event 
models, which have the added advantage of representing abstraction processes with fewer 
parameters. 
  
Snowmelt variation with elevation 
 
Other important attributes being equal, it is preferable to use a model that can divide the 
basin into elevation bands, particularly if the elevation range is considerable.  However, 
this positive feature should not necessarily take precedence over negative features such as 
over-parameterization.  Watershed elements can be defined by elevation in any model, 
and snowmelt inputs can, if necessary, be calculated in a pre-processor using an 
algorithm from an integrated model, then added to rainfall inputs. The extra computation 
may be justified by improved output reliability. 
 
Existing basin models 
 
Work can sometimes be reduced by utilizing an existing model of the study basin, 
perhaps one used for flow forecasting.  This does not necessarily ensure consistency of 
PMF estimates, especially if the existing model has numerous parameters.  Before using 
or adapting an existing model for PMF estimation, the basis for parameter selection 
should be carefully reviewed, since PMF modelling might involve extrapolation far 
beyond the conditions for which the model was developed. 
 
 
6.2 Potential Extreme Flood Scenarios for Alberta 

Peak versus volume 
 
Primary engineering interest may be in flood peak discharge or flow volume or both.  
Volume may be more important when the flood inflow hydrograph is routed through a 
large reservoir.  In some basins, peak flows and maximum volumes for extreme floods 
may result from different scenarios: for example, peak flow from summer rainfall, and 
maximum volume from spring snowmelt or snowmelt plus rain. 
  
Season and type of meteorological event 
 
Extreme floods in Alberta usually result from rainfall, combined in some cases with 
snowmelt, especially in mountain areas.  The season and type of event likely to be critical 
for extreme flood peaks or volumes depends on basin size, physiography and climate.  
Some smaller basins may show maximum peak response to local convective 
(thunderstorm) rainfall in summer.  Many large basins may show maximum volume 
response to spring snowmelt combined with regional rainfall.  Because it is difficult to 
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generalize about critical scenarios for maximum basin response, it is often advisable to 
analyze alternatives. 

 
Antecedent ground conditions and streamflow  
 
The ground condition at the beginning of the meteorologic event affects the runoff 
volume. Its importance depends on the season, on whether rainfall or snowmelt is 
involved, and on whether a prior meteorologic event (pre-storm) is assumed.  Possible 
critical combinations include: 1) extreme snowmelt, plus less extreme rainfall, on frozen 
or saturated ground; 2) extreme rainfall, possibly with less extreme snowmelt, on 
saturated ground; and 3) extreme rainfall on ground at field moisture capacity.  
 
The magnitude of the antecedent streamflow depends on the adopted type of event and 
ground condition.  It may also depend on specified antecedent precipitation, as discussed 
in Section 6.6. 

 
 
6.3 Basin Storage and Routing 

6.3.1 Forms of storage and routing 
 
Basin storage is the dominant factor in the transformation of rainfall and snowmelt into 
streamflow.  Physically, forms of storage can be considered in three general categories: 
1) above-surface storage as snow and ice; 2) surface storage in lakes, reservoirs, ponds, 
sloughs, swamps, depressions, overbank areas and channels; and 3) subsurface storage in 
the unsaturated zone (soil moisture) and in the saturated zone (groundwater). 
 
Most hydrologic models use sub-models that classify storages somewhat differently as: 
1) watershed elements including snowpack, small rills and depressions, ponds and 
swamps, and soil moisture; 2) channel elements including stream channels, floodplains 
and ice; and 3) lake and reservoir elements.  Few hydrologic models have good 
capabilities for explicit modelling of land surface storage in areas with low relief and 
numerous shallow depressions, like some prairie areas in Alberta. 
  
Routing or transmission processes are also represented in these same three types of sub-
model.  The time delay in watershed elements, represented by the basin lag, is generally 
much longer than in channel or lake/reservoir elements.  

 
 
6.3.2 Identification and quantification of storage elements 
 
Soil moisture 
 
Soil types can be determined from surficial geology and soil survey maps.  Soil 
properties related to water storage and movement, such as minimum infiltration capacity 
(often referred to elsewhere as saturated hydraulic conductivity or permeability) can be 
estimated for each type, using data such as tabulated in Appendix B. 
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Lakes and reservoirs 
 
Information can be obtained from the Atlas of Alberta Lakes (Mitchell and Prepas 
1990) or from the owning or operating agency. 
 
Distributed depressions and non-contributing areas 
 
If a check using topographic maps and/or field or aerial reconnaissance indicates a 
potential for significant distributed surface storage, it may be possible to use a Digital 
Elevation Model (DEM) in conjunction with Geographic Information System (GIS) 
techniques to generate depression volumes and map potential drainage routes.  However, 
DEMs generally do not show ditches and other minor watercourses that may provide 
drainage for areas that appear to be closed depressions. 
 
Back-flooded areas 
 
These may occur where an embankment more or less parallel to the stream channel could 
be overtopped in an extreme flood and then retain the spilled water. 
 
Channel and overbank storage in extreme flood 
 
Such conditions may occur upstream of a restrictive bridge or culvert opening with high 
embankment approaches.  However, if the embankment is liable to be overtopped and 
washed out during extreme events, it may be inappropriate to allow for such storage.  
Significant overbank storage can also occur in flat, low gradient basins without the 
restrictive effects of transverse embankments. 
 
 
6.4 Numerical Representation of Drainage Basin 

6.4.1 Structure of linked elements 
 
Most hydrologic models allow a drainage basin to be divided into two basic types of 
element connected by nodes: sub-basins (watershed elements); and channels and 
reservoirs (routing elements).  Nodes are classified into three types: junction nodes; 
diversion nodes, where some or all of the inflow can be diverted out of the basin; and 
comparison nodes, where an observed hydrograph can be specified. 
 
 
6.4.2 Subdivision into elements 
 
Guidelines on basin subdivision proposed by Watt et al. (1989) and FERC (2001) are 
summarized below.  Although they may appear to imply a fairly high degree of 
subdivision, the first reference cautions: “The analyst should resist the temptation to 
divide the basin into a large number of channel and reservoir elements based on some 
perceived differences in abstractions. The exercise is unlikely to produce reliable 
simulations, and will certainly lead to increased costs.” 
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 Sub-basins (watershed elements).  Separate sub-basins should ideally be 
provided to allow for: 1) non-contributing areas; 2) large differences in soil type, cover or 
land use that produce important differences in abstractions; 3) large differences in 
topography that produce important differences in runoff timing; 4) snow-covered areas, 
when snowmelt is important; 5) large differences in precipitation, usually associated with 
orographic effects. 
 

Channel elements.   Channels can be separated into separate elements at locations 
where water-level measurements are available for model calibration, or where channel 
routing effects become important compared to watershed routing.  As noted 
subsequently, separate channel elements are seldom required for routing purposes. 
 

Reservoir elements.   Separate elements may be provided for 1) lakes, reservoirs, 
swamps, or depressions with significant routing effects, 2) back-flooded areas, and 3) 
temporary channel storages. 
 
The arrangement of elements appropriate for modelling extreme floods may not be the 
same as for lesser floods.  For example, spill over an embankment to a floodplain, with 
slow return flow through culverts, requires a reservoir element that might not be 
appropriate for lesser floods. 
 
In special cases it may be necessary to allow for diversion into or out of the basin under 
extreme flood conditions.  An example is the situation near High River, where in extreme 
floods the Highwood River would overspill large amounts of flow to the Little Bow River 
(Neill et al. 2002). 
 

 
6.5 Model Parameters and Calibration 

6.5.1 Contributing areas 
 
Gross and effective drainage areas for the Prairie Provinces were provided in a report by 
PFRA (1983), which was updated through addenda published at intervals until 2001.  
Since then, a database containing drainage boundaries and tabulated gross and effective 
areas, subject to periodic revision, has been provided on a website (PFRA 2004).  For 
most hydrometric stations in the Prairie Provinces, Environment Canada also provides 
values for gross and effective drainage areas, but it is advisable to check those against the 
website data. 
 
Gross and effective areas as used by PFRA were originally defined by Durrant and 
Blackwell (1961) as follows:  
 

Gross drainage area: That area enclosed within its divide (height of land 
between watersheds).  
 

Effective drainage area: That area which might conceivably contribute to peak 
flow in an average runoff year. Marshes and sloughs with no connecting channel to the 



 

 58 

stream are excluded, as are areas upstream from lakes which have sufficient storage to 
detain runoff entirely or until after the peak flow has been observed at the gauging point. 

 
The same reference suggested that under conditions leading to the PMF, the gross 
drainage area would normally contribute.  However, this is not always true.  If the 
difference between gross and net areas is large, it may indicate the possibility of non-
contributing areas even in extreme floods and the advisability of a detailed assessment. 
Where the basin has low complex relief, GIS/DEM techniques can be used to delineate 
sub-basin boundaries, compute tributary areas, and quantify depression storage.  Non-
contributing areas can then be identified by comparing the amount of storage in closed 
depressions with expected extreme flood runoff volumes to those areas.  

 
Any difference between gross and effective drainage areas is indicative of potentially 
significant depression storage, which should be considered when routing the PMF. 

 
 
6.5.2 Infiltration parameters 
 
Initial abstractions 
 
The parameters in infiltration models that represent initial and continuing abstractions, or 
“losses” from input, can be estimated on the basis of soil type and depth, surficial 
geology, land use, and analyses of or calibration to severe floods where data are 
available. 
 
For extreme floods, initial abstractions are often assumed to be negligible, but this 
assumption may not be valid for forested areas. According to Black (1996), a forest 
consisting of several overlapping canopies and a thick litter layer may absorb up to 25 
mm of rain before water reaches the soil. 
 
 Initial abstractions can be estimated from first principles (see for example Watt et al. 
1989).  They are normally assumed smaller for the PMF than for the 1000-year or lesser 
floods. 
 
Continuing abstractions 
 
Continuing abstractions are often specified in the form of minimum infiltration rates 
during periods of adequate supply from rainfall, snowmelt or surface storage – that is, 
minimum infiltration capacities.  Appendix B provides tabulated values for unfrozen 
ground based on Watt et al. (1989) and USDA (1955).  FERC (2001) recommends use 
of the lowest value in each range for PMF modelling, unless a higher value can be 
justified.  
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6.5.3 Watershed routing parameters 
 

In most event models, unit hydrograph theory provides the basis for watershed routing.  
In some models the unit hydrograph shape is fixed and only the basin lag needs to be 
estimated.  In other models, the hydrograph shape can be varied and another parameter 
(such as the storage coefficient in Clark’s method) is required also. These parameters can 
be estimated from regional relations (see for example Cudworth 1992) or from analyses 
of or calibration to lesser floods. 
 
The appropriate basin lag for extreme floods may be smaller than observed for lesser 
floods.  The storage coefficient may also be quite different, if back-flooded areas and 
channel storages are not modelled by separate reservoir elements.  To compensate for an 
over-long basin lag based on lesser floods, some sources suggest either reducing the lag 
or increasing the peak flow.  The U.K.’s Flood Studies Report (NERC 1975) 
recommends reducing the time to peak by 33% for PMF applications. Australian 
guidelines (IEA 1987) recommend increasing the peak flow by 15% to 20%.  One U.S. 
reference (USACE 1991) suggests increasing peak flows by 25% to 50%. 
 
 
6.5.4 Channel routing parameters  
 
Channel routing elements are not required in most extreme flood studies. Where they are 
included, primarily in order to model translation effects, an appropriate algorithm such as 
the kinematic wave or the Muskingum-Cunge procedure must be selected.  Parameters 
can be estimated from channel cross-section and slope and time-of-travel observations.  
In special cases with large channel or overbank storages, where channel routing might be 
expected to cause significant flood-wave attenuation, a physically based channel routing 
model such as FLDWAV (Fread and Lewis 1998) can be considered. 
 
 
6.5.5 Reservoir and lake routing parameters  
 
Event models mostly use a modified Muskingum algorithm for reservoir routing.   
Required input data are: 1) initial conditions (water level and gate settings); 2) gate 
operations; 3) stage-storage relation; and 4) outflow stage-discharge rating.  For lakes, the 
linear reservoir assumption can often be employed, however the assumption of linearity 
should be checked for the event being modelled.  High lake levels may cause a 
disproportionately large outflow discharge, which could be underestimated if a linear 
storage-outflow relationship is assumed. 
 
For long narrow reservoirs, the level pool routing assumption should be checked to 
ensure that attenuation of the flood peak is correctly represented - see Fread (1992) for 
details. 
 
 
 
 
 



 

 60 

6.5.6 Model calibration and verification 
 
The goal of calibration and testing is to reduce the overall uncertainty of simulation. 
However, true calibration and testing is seldom feasible, for several reasons: 1) the basin 
may not be gauged; 2) if it is, there may not be enough significant flood records for 
separation into calibration and verification sets; 3) the largest recorded events may be so 
small in relation to an extreme flood that little confidence can be attached to the results; 
and 4) the available data for the largest historic events are generally limited to point 
rainfall and discharge values.  Also, in extreme floods, the contributing area and routing 
parameters may be quite different, and complexities such as back-flood storage and 
temporary channel storage may arise. 
 
Despite the above reservations, it is generally advisable to analyze at least two of the 
largest known floods in the study basin - or, if these are too small to be useful, in 
analogous basins in the same type of climatic-geologic region.  Simulating a number of 
known events tends to reduce the uncertainty in modelling the extreme flood. 
 
A systematic procedure for calibration is proposed in Appendix C. 
 
 
6.6 Antecedent Conditions 

6.6.1 Current practice 
 
When modelling an extreme flood on the basis of specified rainfall and snowmelt inputs, 
the initial moisture condition of the basin may have an important effect on runoff and 
must be specified in some fashion.  Basin wetness at the start of the PMP or other critical 
event is often determined by modelling output from prior rainfall and snowmelt, and/or 
by specifying infiltration rates. 
 
Practice among different agencies varies considerably with respect to definition and 
specification of antecedent conditions.  According to Cudworth (1992), U.S. federal 
agencies at that time did not have definitive criteria for antecedent basin conditions, 
except for two regions where special meteorological studies had been conducted.  B.C. 
Hydro guidelines of 1994 called for placing a 100-year snowmelt or a 100-year rainfall 
before the PMP.  In Alberta, some PMF studies have placed a 100-year storm before the 
PMF, others have used more than one antecedent event, and others have embedded the 
PMF in a historic event of longer duration. 
 
The Canadian Dam Safety Guidelines (CDA 1999) require consideration of the most 
severe “reasonably possible” combination of various factors, including initial soil 
moisture, initial lake and river levels, and prestorm.  The severity of the “prestorm” is not 
specified. 
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6.6.2 Recommended approaches 
 
Discussion of prestorm concept 
 
It can be questioned whether specification of a severe rainfall event antecedent to the 
PMP goes beyond the original intent of the PMF concept.  While the concept of back-to-
back events may be valid for the scale of general rainstorms within historical experience, 
large back-to-back events are relatively uncommon in Alberta.  To place an extremely 
low-probability PMP only a day or two after a 100-year storm seems to postulate a 
combination of virtually zero probability, closer to a Maximum Possible than a Probable 
Maximum.   
 
Specification of an antecedent rainfall event may affect initial soil moisture levels at the 
start of the PMP as well as initial storage levels in lakes, reservoirs and other storages.  
When using event models, initial losses can be assigned at the start of the PMP, or the 
effects of the antecedent event can be modelled.  In some circumstances, such as a spring 
PMP on ground saturated from snowmelt, the severity of the antecedent rainfall event 
may have little impact on moisture levels at the start of the PMP, and initial losses might 
reasonably be assumed close to zero.  In other situations, for example a summer general 
storm PMP, consideration should be given to recovery of soil moisture deficit in the 
period between the antecedent event and the PMP – specification of initial losses close to 
zero may be unreasonably conservative. 
 
A recommendation relating to antecedent events for both local and general PMPs is 
provided in the next paragraph. 
 
Initial Soil Moisture Levels  
 
For both general and local storm PMPs, it is recommended that initial soil moisture levels 
at the start of the PMP be determined by assuming that a 10-year 48-hour general rainfall 
event finishes five days prior to the start of the PMP.  Recovery of soil moisture deficit 
between the end of the antecedent event and the start of the PMP should be estimated as 
appropriate for the time of year, soil conditions and vegetation cover.  The amount of 
recovery can vary greatly among basins depending on the above-cited factors. 
 
(The above recommendation is based on examination of extensive storm rainfall records 
compiled by the Bridge Section of Alberta Transportation, which indicate a relative 
scarcity of back-to-back storms.) 
 
Initial Lake and Reservoir Levels 
 
For spring and early summer PMFs, it is recommended that natural lakes and unregulated 
reservoirs should generally be assumed at long-term average level, and reservoirs with 
regulation at full supply level, at the start of the antecedent rainfall event.  Exceptions 
may apply where the purpose and operating rules for a specific reservoir would require 
the water level to be significantly lower during that season, and future adherence to these 
rules is assured. 
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Initial Snowpack and Snow-covered Area 
 
For a PMP on snowpack, it is recommended that the initial snow water equivalent and 
snow-covered area at the start of the antecedent rainfall event should be representative of 
10-year conditions.  Estimates of snow water equivalent should be based on analysis of 
historic snowpack or snow-on-ground data over a period extending two weeks either side 
of the date of the PMP. 
 
Depression Storage 
 
Whether or not an antecedent event is specified, the effect of decadal-scale climatic 
fluctuations on short-term averages may have an important influence on initial depression 
storage.  Precipitation statistics for Alberta tends to show extended periods, often 
measured in decades, where period averages deviate substantially from the long-term 
mean.  Streamflow data often display a similar pattern, and storage conditions within 
closed depressions depend importantly on long-term climatic behaviour.  For example, 
maps from the late 20th century show many depressions as dry, whereas mid-century 
editions from a generally wetter period show ephemeral lakes.  (In some cases changed 
agricultural practices and land drainage have also played a role.)  Attempts should be 
made either through examination of old maps or interview with local residents to identify 
the approximate average storage level from the most recent period of sustained wet 
conditions.  This level should be modified as appropriate to reflect recent or anticipated 
near-future land improvement or drainage projects, and the adjusted level used as the 
initial storage level at the start of the antecedent rainfall event. 
 
 
6.7 Guidelines on Modelling Extreme Floods 

Modelling packages 
 
1. Consider using an event model rather than a continuous model unless there are 

strong arguments to the contrary.  If a continuous model is proposed, ensure that 
sufficient data are available for adequate model calibration.  Other things being 
equal, select the model whose parameters and associated algorithms are most 
closely representative of the key physical processes to be modelled. 

 
Critical flood scenario(s) 
 
2. If the critical scenario or scenarios are not evident, conduct simplified screening 

analyses to identify them.  Specify the assumed type of water input (rainfall, 
snowmelt or both) and the assumed ground condition (bare, frozen etc.). 

 
3. Define the pre-event streamflow as the average monthly streamflow for the 

assumed dates of the main event.  (It will usually be insignificant compared to PMF 
flows.) 
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Storages and Non-Contributing Areas 
 
4. Identify significant storages in the form of  1) soil moisture;  2) lakes, reservoirs 

and swamps; 3) distributed surface depressions; 4) non-contributing and back-
flooded areas; and 5) areas of overbank flow.  (River channel storage is usually 
negligible.)   
 

5. Identify non-contributing areas and large depression storages from topographic 
maps where possible.  For basins with low relief, use GIS methods in conjunction 
with digital elevation models and runoff estimates to quantify those items.  For each 
sub-basin, subtract non-contributing from gross area to obtain flood-effective area.  
Determine non-contributing areas for both model calibration events and the PMF. 

 
Numerical representation of basin 
 
6. For small basins where watershed routing dominates, represent the basin as a single 

watershed element unless there are evident reasons for subdivision.  For large 
basins, subdivide according to criteria set out in Section 6.4.2.  Avoid adding 
elements unless they are likely to reduce the uncertainty of flood estimates.  
 

7. Add diversion nodes where significant flood diversions out of or into the basin may 
occur.  Add comparison nodes where streamflow data are available. 

 
Model parameter values 
 
8. Where suitable rainfall and streamflow data from one or more large floods are 

available, estimate model parameters by calibration following the general 
procedures outlined in Appendix C.   If calibration events are absent or very small 
relative to the PMF, consider selecting or adjusting model parameters to reflect 
faster basin response during the PMF. 
  

9. Where suitable model calibration data are not available: a) estimate minimum 
infiltration rates (net infiltration capacity) on the basis of values indicated in 
Appendix B, unless previous experience or site investigations indicate different 
values; and b) determine basin lag and hydrograph shape from use of regional 
relations or transposition of observed hydrographs for similar basins, with due 
regard for differences in length, slope, and land use and for changes that could 
occur in extreme floods. 

 
10. Estimate channel routing parameters from channel slope and cross-sections.  

Estimate reservoir and lake routing parameters from stage-storage relations and 
stage-outflow ratings.  For natural lakes, assume linear reservoir routing if 
appropriate. 
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Antecedent events and initial conditions  
 
11. Where appropriate, assume 10-year snow water equivalent and snow-covered area 

at the start of the antecedent rainfall event.  As the antecedent event, assume a 10-
year 48-hour rainfall that finishes five days prior to the start of the PMP.   

 
12. Estimate initial abstractions using values suggested in the literature for various soil 

types and covers, accounting for recovery of soil moisture deficit between the 
antecedent event and the PMP.   

 
13. At the start of the antecedent event, adopt the long-term average level for natural 

lakes and for unregulated reservoirs.  For regulated reservoirs, adopt the full supply 
level as the general condition.  However, a lower level based on the operating 
protocol of the facility may be used in some cases, provided that maintenance of the 
protocol can be assured for all future conditions.  
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7 PROBABILITY-BASED EXTREME FLOODS  

7.1 Background 

This section deals mainly with the estimation of 1000-year floods as required by the 
Canadian Dam Safety Guidelines (CDA 1999).  It can be applied also to floods of longer 
return period that may be required in connection with project design and risk and 
economic studies. For estimation of 100-year floods, the companion Guidelines on Flood 
Frequency Analysis (AT 2001) should be consulted. 
 
The appropriate methodology for estimating floods of long return period depends on the 
assumed flood-generating event and associated circumstances: that is, the type of water 
input (rain or snowmelt or both), the ground conditions, and the season of the year. Three 
alternatives proposed herein are: 1) simple extrapolation of frequency curves; 2) 
interpolation between a frequency-based flood and the PMF; and 3) deterministic 
modelling with meteorological inputs of long return period, using the same or a similar 
hydrologic model to that used for PMF estimation.   The last method provides both peak 
and volume estimates, whereas the frequency-based methods require separate analyses. 
 
Where estimates for floods of long return period are developed using two or more 
methods, convergence of estimates can be sought by adjusting assumptions and 
parameters within what are considered to be reasonable ranges. 
 
 
7.2 Extrapolation of Frequency Curves  

The Guidelines on Flood Frequency Analysis (AT 2001) were designed for application to 
major water resources projects, and provide extensive background, guidelines and 
references on the subject.  Therefore they might appear to be applicable to 1000-year 
estimates.  However they contain the following cautionary note (Section 4.7.4 of 
reference): 
 

  “Severe problems are posed by estimates for very long return periods (for 
example, 1000 years or more) that are often requested in connection with risk and 
economic analyses for major structures.  Realistically, such estimates cannot be derived 
with reasonable confidence from most available single-station data series.” 
 
Notwithstanding the above statements, extrapolation of a site frequency curve based on 
analysis of one or more stations in the study basin or region provides one way to develop 
an estimate of the 1000-year flood for comparison with other methods.  However, it is not 
defensible unless the following conditions apply: 

 
1. There is a long period of record and the series is free from evident non-stationarity, 

non-homogeneity, or high outliers. 
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2. The scatter of points around the fitting curve is small. 
 
3. There is reason to believe that the 1000-year flood would result from the same type of 

process as the larger recorded floods. 
 
When developing a frequency curve for extrapolation, it is important wherever possible 
to derive and include estimates for historical and anecdotal floods that may not show up 
in official archived records (see for example Stedinger et al. 1992). 
 
Condition 3 above may be difficult to check.  For example, in some basins dependent 
mainly on prairie runoff, all or nearly all the annual maximum discharges may represent 
spring events due to snowmelt, yet a 1000-year runoff event might result from an unusual 
summer rainstorm on wet ground.  Another example might be a small mountain or 
foothills basin where all recorded floods are due to long-duration general or regional 
storms, but the 1000-year event might result from a rare local storm of short duration.  
Therefore it is generally unwise to rely on frequency curve extrapolation as a sole source 
of a 1000-year estimate. 
 
If a site frequency curve based on one or two stations does not meet other conditions 
stated above, it may be possible to improve its reliability for extrapolation by adjusting it 
on the basis of regional frequency relationships or a few stations in adjacent basins.  
Guidance on regional frequency analysis is provided in numerous publications including 
Watt et al (1989), Stedinger et al. (1992) and USACE (1993). 
 
 
7.3 Frequency-based Interpolation between Major Floods and PMF 

Where PMF peak and volume estimates have been derived by applying the PMP and 
snowmelt as appropriate to a hydrologic model (see Section 4, 5 and 6) and a reasonable 
estimate of the 100-year flood is available from frequency analysis, frequency 
interpolation can be used to supplement simple extrapolation as described above.  It is 
generally desirable that the 100-year estimate be based on data from more than one 
station, or from a regional analysis where available 
 
Frequency-based interpolation requires that an annual exceedance probability or return 
period be assigned to the PMF.  There is no professional consensus on the likely 
probability of a PMF as determined by hydrometeorologic methods presented in Sections 
4, 5 and 6, but for the purpose under discussion a probability of 1/100,000 is suggested.  
(Use of lower probabilities, for example 1/500,000, in practical cases tends to produce 
unreasonably low ratios of 1000-year to 100-year floods.)  Graphical interpolation 
involves plotting the 100-year and PMF values on an extended log-probability chart, 
joining them with a straight-line or other curve as may appear appropriate, and reading 
peak discharge or volume values for 1000- or 10,000-year return periods.  Interpolation 
can also be done analytically. 
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In connecting PMF and 100-year values, attention should be paid to obtaining a smooth 
transition to the frequency curve for recorded floods if it is available. Various forms of 
distribution including lognormal can be tried, and the curve can be drawn to approach the 
PMF value asymptotically if this appears appropriate. 
 
In cases of dams placed in the “Low” failure consequence category, the CDA guidelines 
require development of a 1000-year estimate but not of the PMF.  One estimate of the 
1000-year flood might be derived by interpolation, using an empirical estimate of the 
PMF.  If hydrometeorologically derived PMF estimates are available for adjacent or 
similar basins, an empirical estimate of the PMF might be derived by assuming similar 
values of Creager’s C - see Section 8.1. 
 
 
7.4 Modelling from Meteorological Inputs of Long Return Period 

7.4.1 Relationship of input and output probabilities 
 
A general difficulty with this method is to determine what combined frequencies of water 
input and basin conditions result in the T-year flood.  Even for urban design floods where 
T is in the range of 2 to 10 years and a large part of the area is impervious, it is generally 
agreed that the T-year flood does not correspond to the T-year rainfall.  With longer 
return periods and more pervious basins, it is virtually impossible to specify the 
probabilities of water input and abstractions required to produce a given probability of 
flood. 
 
One practical approach is to relax the concern over probabilities and estimate the 1000-
year flood by applying the 1000-year rainfall or other water input to average basin 
conditions for the corresponding season, then to check that larger values do not result 
from smaller inputs on saturated ground.  The 1000-year flood estimate so derived should 
be compared with the site flood frequency relation to check whether it appears to be 
plausible.  
 
 
7.4.2 Flood generating mechanisms and antecedent conditions 
 
In some cases the likely generating mechanism for the 1000-year flood (rainfall, 
snowmelt, or both) is unknown and there is no good basis for assumptions regarding it.  
Also, the 1000-year peak and the 1000-year volume may result from different generating 
mechanisms: for example, summer rainfall for the peak and spring snowmelt plus rain for 
the volume.  In such cases it is advisable to compare simulated peaks and volumes arising 
from two or more generating mechanisms. 
 
For spring snowmelt floods, antecedent conditions may be determined by freeze-up 
conditions for the previous fall.  These will be quite important where there are large areas 
of distributed natural storage.  For summer rainfall floods, comments provided in 
Section 6 in connection with the PMF also apply to the 1000-year flood, with the 
qualification that the available basin storage is likely to be greater for the 1000-year case.  
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When both snowmelt and rainfall are important components of the generating mechanism 
for a particular 1000-year flood scenario, due consideration should be given to joint 
probability when determining the appropriate return period for each.  For example, if the 
two input components are not significantly correlated, the joint probability would be the 
multiple of the separate probabilities and return period of less than 50 years might be in 
order.  Separate return periods of 1000 years for each would only be appropriate if the 
two were fully correlated, which is highly unlikely. 
 
 
7.4.3 Extrapolation and interpolation of rainfall frequency relations 
 
In Canada, point rainfall depths are assumed by Environment Canada to follow the EV1 
(Gumbel) probability distribution (see for example Hogg and Carr 1985). This 
assumption has not been verified for return periods much over 50 years.  There is some 
indication that extrapolating the EV1 distribution beyond 50 years will produce 
underestimates and assign an excessively long return period to the PMP.  Another 
theoretical problem that arises over indefinite upward extrapolation of the EV1 
distribution (see Smith 1992) is that it has an infinite upper bound.  Alternative 
distributions with finite upper bounds include the general extreme value (GEV) and the 
log Pearson type 3 (LP3). 
 
To avoid these problems with simple extrapolation of rainfall frequencies, it is possible to 
apply a similar method of interpolation to that described for flood parameters in Section 
7.3.  The 100-year value can be estimated from data using the EV1 distribution, and the 
PMP can be assigned a return period in the range of 10,000 to 50,000 years.  (Since the 
PMP is normally combined with unusually wet antecedent conditions to produce the 
PMF, the likely return period of the PMP is less than that of the PMF – perhaps by an 
order of magnitude or so.)  The 100-year and PMP values can then be fitted by some type 
of 3-parameter distribution with an upper bound, and the 1000-year rainfall can be 
interpolated accordingly. 
 
If rainfall records are short, it may be necessary to utilize a regional approach to arrive at 
a reasonable estimate of the 100-year rainfall. 

 
 
7.5 Guidelines on Probability-based Extreme Flood Estimates 

The following guidelines are based on discussions in Sections 7.2, 7.3 and 7.4.  They may 
be read as applying to estimates of flood volume as well as of peak discharge. 
 
Extrapolation of flood frequency curve  
 
1. Use simple extrapolation of a data-based flood frequency curve (based on one or 

more stations or on a regional relationship) to develop one estimate of the 1000-year 
flood, but treat the estimate with severe reservations unless the three conditions stated 
in Section 7.2 apply.  Compare any such estimate with those derived using other 
methods. 
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Interpolation between 100-year and PMF 
 
2. Where a PMF estimate has been developed using hydrometeorological methods as 

covered in Sections 4, 5 and 6 herein and a reasonable estimate of the 100-year flood 
is available, derive estimates for 1000-year and longer return periods by interpolating 
between the 100-year flood and the PMF as described in Section 7.3.  For this 
purpose set the annual exceedance probability of the PMF at 1/100,000. 

 
3. For low consequence dams or other structures where a hydrometeorological PMF 

estimate is not available, consider using an empirical PMF estimate for purposes of 
interpolation. 

 
Modelling from probability-based inputs 
 
4. Where the likely generating mechanism of the 1000-year flood is reasonably clear, 

derive an estimate of the 1000-year flood by hydrologic modelling, applying the 
1000-year water input (rain, snowmelt or both) to average antecedent basin conditions 
for the appropriate season of the year.  Do not combine a 1000-year meteorological 
input with rare or extreme antecedent conditions. 

 
5. In estimating the 1000-year rainfall, exercise caution when extrapolating frequency 

relations, especially if these are based on the EV1 fitting distribution as normally used 
for rainfall in Canada.  Where a PMP estimate is available, consider interpolating 
between the 100-year estimate and the PMP, as recommended for floods in 
Guideline 2 above. 

 
6. Where the likely generating mechanism for the 1000-year flood is unclear, use two or 

more scenarios where practicable. 
 
Convergence of estimates 
 
7. In general, use more than one method to derive estimates of probability-based 

extreme floods.  Try to attain convergence or reduce the spread of estimates by 
adjusting input assumptions and parameters within reasonable ranges.  Use judgement 
to select a recommended value, taking into account the reliability of different 
methods. 
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8 CHECKS AND COMPARISONS 

8.1 Rationale 

As discussed in Sections 1 and 2, estimates of Probable Maximum Floods and also 
probability-based floods of long return period are generally subject to considerable 
uncertainty, and depend importantly on the analyst’s assumptions and judgement.  Also, 
the process of generating a PMF estimate using the hydrometeorologic methods outlined 
in Sections 4, 5, 6 can be highly complex.  It is therefore important that project estimates 
should be subjected to a few empirical checks and comparisons designed to set them in 
context and to verify that they appear reasonable and compatible with estimates for other 
projects.  Such checks can partly satisfy the need for collective judgement as mentioned 
in Section 1.3. 
 
Comparisons with extreme flood estimates from other projects should be treated with 
caution.  Since a wide variety of procedures have been used in the past for extreme flood 
studies in Alberta, earlier estimates may not be consistent with the recommendations of 
these guidelines. 
 
Several methods of checking and comparing are outlined below.  For the sake of brevity, 
reference is made only to the PMP and PMF, but the methods should also be applicable 
to probability-based estimates for long return periods.  Reference is made principally to 
volumes, but these are often expressed as water depths averaged over the basin area. 
 
 
8.2 Statistical Checks and Comparisons of PMP 

For a particular duration of PMP, its ratio to a statistically based 100-year rainfall 
estimate for the same duration can be compared with corresponding ratios for previous 
studies and projects in a similar hydrometeorological environment.  Where suitable 100-
year estimates are not available, they may be developed from meteorological station 
statistics or from mapped frequency-based values. 
 
A statistical method proposed by Hershfield (1961, 1965) estimates the point PMP for a 
given duration (up to 24 hours) from the mean and standard deviation of annual 
maximum rainfalls, according to the formula: 
 
   PMP = Pm + K S 
 
where Pm is the mean value of recorded annual maxima for that duration, S is their 
standard deviation, and K is a factor usually in the range of 15 to 25.  Later formulas 
(Hershfield 1977) give K as a function of  Pm for durations of 1, 6 and 24 hours (see 
page 91 of Watt et al. 1989). 
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8.3 Runoff versus Rain and Snowmelt Input 

A primary form of check is to compare the volume of runoff represented by the PMF to 
the volume of input represented by the PMP, plus snowmelt where applicable.  Quantities 
that can be examined are 1) the ratio of output to input, and 2) the difference between 
input and output, representing abstractions. 
 
In determining output volume for such a check, the question arises of how long to extend 
the developed PMF hydrograph.  For engineering purposes of routing through a reservoir, 
the tabulated or plotted hydrograph is often terminated at a point on the time scale where 
the discharge is still substantial and a significant part of the flood volume remains in the 
unreported tail.  For purposes of output/input checking, the hydrograph should be 
extended to at least 5 times the PMP duration or the time to peak, whichever is longer.  If 
practicable, the volume of direct runoff in the remaining tail should be estimated and 
added. 
 
In reviewing differences between input and output, consideration should be given to the 
physical capacity of the basin to abstract water input in the form of soil moisture and 
surface storage, given the antecedent basin conditions that were assumed in the PMF 
computations.  Surface storage capacity is best estimated directly from topographic 
and/or field information. 
 
 
8.4 Peak Discharge versus Drainage Area 

It is useful to compare PMF values, especially peak discharges, with maximum recorded 
floods and with PMF estimates developed in previous studies for basins with similar 
climate and physiography.  Such a comparison is often done by plotting peak discharge Q 
versus effective drainage area A, or alternatively, discharge per unit area q versus A. 
 
A longstanding generalized presentation of the second type is the Creager diagram, which 
in its original form plotted maximum known unit discharges q versus area A for a large 
number of rivers in the United States, plus some added points for other parts of the world.  
The concave-down curves of the Creager coefficient C values in the diagram are based on 
a complex double-exponential equation.  Creager originally showed an upper-limit curve 
for C = 100, although a few of his points plotted above it.  Later compilations for the 
world’s largest known floods have shown some C values exceeding 200, generally from 
tropical regions. 
 
A version of the Creager diagram including maximum known discharges for Canadian 
rivers was presented by Watt et al. (1989).  A further modified version that adds selected 
PMF determinations for Alberta is shown in Figure 8.1   The highest C value for a 
known flood in Alberta is approximately 45 (Simonette River, see Table 3.1 and also 
Section 3.3).  The highest estimate for a PMF in Alberta is around 70.  Both those values 
are for basins draining the east slopes of the Rockies. 
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The general form of the Creager curves seems to be reasonably well supported by data 
over six or more log cycles of drainage area, although some investigators prefer to fit 
curves of simpler mathematical form.  For very small areas, the curves imply that peak 
discharge (Q) is almost directly proportional to area, and for very large areas, that Q is 
only slightly dependent on area.  These empirical results can be supported by physical 
arguments (Neill 1986).  The Creager coefficient is often regarded as a practically area-
neutral measure of flood severity, dependent mainly on climatic and physiographic 
factors. 
 
The higher data points in the Creager diagram represent basins with optimum flood peak 
potential: that is, with severe rainfall, relatively steep slopes, compact drainage networks, 
relatively impervious surfaces and little storage.  For flat areas like the Canadian prairies, 
C values for PMF estimates can usually be expected to be less than 30.  In plotting PMF 
values versus basin area, only the effective or contributing area should normally be used, 
but in steep basins there is usually no significant difference from gross areas. 
 
 
8.5 Relationship of PMF to Statistical or Physically-based flood Estimates 

An empirical coarse check involves determining the ratio of the developed PMF peak 
discharge either to the highest known flood in the basin, or to the 100-year flood as 
estimated by frequency analysis.  The ratio is then compared with those determined from 
other studies in similar basins.  Ratios in the order of 4 or greater have often been derived 
in Alberta studies. 
 
This type of check is useful only if there is a reasonably long period of streamflow 
records, such as 50 years or more.  If the record is short, the maximum known flood may 
be of little significance and the 100-year estimate may be highly unreliable.  
Consideration should also be given to the likely representativeness of the record period, 
given the existence of long-period climatic cycles. 
 
(An alternative datum for comparison might be a physically defined flood discharge; for 
example, bankfull discharge where this can be reasonably defined from cross-sectional 
geometry and channel hydraulics.) 
 
 
8.6 Simplified Hydrograph Synthesis 

For relatively simple basins and rainfall-generated PMF, a very rough estimate of peak 
discharge can be developed using the following simple procedure: 
 
1. Assume that volume of direct runoff = coefficient x PMP x basin area.  A suggested 

value of the coefficient is 0.75 for basins with high runoff potential.  Somewhat lesser 
values may be appropriate for flat basins with depressional storage and/or permeable 
soils.  (The basin may have to be divided into sub-basins to provide for spatial 
distribution of PMP.) 
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2. Estimate time to peak, if possible on the basis of known flood response to known 
storm rainfall.  If suitable data are not available for the basin in question, consider 
travel time to the outlet from the farthest point on the basis of channel hydraulics, or 
examine runoff-rainfall response from other similar basins and adjust according to 
dimensions.  In the last resort, consider empirical time-to-peak formulas based on 
basin area and slope, for example as discussed by Watt et al. (1989), but recognize 
that they may seriously underestimate times for basins with forest cover or extensive 
surface storage.  (Time to peak is measured by Watt et al. from the centroid of rainfall 
excess, but when using actual data it could be measured from the start of the 
hydrograph rise.) 

 
3. Assume that effective duration (time base) of hydrograph = 3 to 4 x time to peak.  

Divide the volume determined in Step 1 by the duration to obtain average discharge 
over the duration. 

 
4. Multiply the average discharge by a hydrograph shape factor of 2.5 to 3 to estimate 

the peak. 
 
Variants of this method are included in Appendix D.5 of Watt et al. (1989). 
 
Extensive information on hydrograph characteristics in a large number of Alberta flood 
events, including graphs and tabulated parameters, is available in a website maintained by 
Alberta Transportation’s Bridge Section (AT 2004).  It is recommended that when 
applying the method described above, such documented data for the basin in question 
should be examined. 
 
 
8.7 Guidelines on Checks and Comparisons 

1. Check derived PMP against statistical methods indicated in Section 8.2. 
 
2. Wherever practicable, compare PMF peak and volume estimates derived by detailed 

hydrometeorological procedures with those for other similar basins, and conduct 
empirical checks such as those outlined in Sections 8.3 through 8.6 above, 
recognizing however that estimates for other basins may have been made using 
procedures and assumptions that are inconsistent with the present guidelines. 

 
3. Where results of two or more checks and comparisons deviate seriously from PMF 

values derived from detailed methodology, review assumptions and procedures and/or 
rationalize the deviations.  As may be appropriate, give attention to temporal 
distribution of PMP, antecedent meteorologic and basin conditions, flood routing, 
hydrologic model parameters, and sensitivity analyses. 

 
4. Where relevant, provide the results of checks and comparisons in the study report. 
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9 SUMMARY OF KEY GUIDELINES 

Detailed guidelines are provided in preceding Sections as follows: 
 
 Section 4.8  -  PMP 
 Section 5.4  -  Snowmelt contributions 
 Section 6.7  -  Hydrologic modelling 
 Section 7.5  -  Probability-based floods 
 Section 8.7  -  Checks and comparisons 
 
A condensation of key guidelines is provided below. 
 
 
9.1 PMP Determination 

General.  Where possible, develop estimates from mapped PMP values, in 
preference to initiating project-specific studies.  Generalized mapping for the greater part 
of Alberta is expected to be available in 2005.  Where project-specific studies are 
necessary, make as much use as possible of previous storm analyses and PMP studies for 
adjacent or hydrologically similar basins. 
 

Storm type and basin size.  Consider whether a local storm or general storm is 
likely to be critical, and for general storms, whether orographic precipitation should be 
included.  As a rough guide, local storms are likely to critical for “small” basins less than 
1000 km2 in area, and general storms for “large” basins greater than 5000 km2.  For the 
intermediate range of areas, consider comparing PMPs from both storm types. 
 

Small basins, project-specific estimates.  If suitable generalized mapping is not 
available, use the Prairie Provinces report by Hopkinson (1999) for point PMP estimates 
- except for the mountain belt, and with reservations for other upland areas.  If 
appropriate, adjust for later extreme events such as the July 2000 Vanguard storm. 
 

Large basins, project-specific estimates.  If suitable generalized mapping is not 
available, maximize and transpose historical storms from comparable areas in Alberta 
and/or adjacent regions, also using previous studies as appropriate.  Analyze depth-area-
duration relationships and account for orographic as well as convergence precipitation. 
 

Spatial and temporal distributions.  Base spatial distributions generally on 
relations provided in Appendix A.  If more detailed study is required for large basins, 
analyze depth-area relations for all major storms and adopt an enveloping curve.  Use 
temporal distributions recommended with generalized PMP mapping if available; 
otherwise use the alternating block method with maximum intensity at the centre of the 
storm period.  For small basins, consider the temporal distribution provided in 
Appendix A. 
 

Seasonal variation of PMP.  Where necessary, estimate seasonal as well as all-
season PMPs as indicated in Section 4.7. 
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9.2 Snowmelt Contributions 

Potential significance.  Consider three potentially significant types of 
contribution: 1) priming of soil moisture; 2) extreme rain on snow; and 3) extreme 
snowmelt runoff.  (The first type, essentially referring to summer events, is dealt with 
under Section 9.3, Hydrologic Modelling.  The other two types, essentially referring to 
spring events, are discussed further below.) 
 

Spring PMF scenarios.  Consider two spring scenarios:  1) rainfall-dominated, 
involving spring PMP with snowmelt resulting from 100-year snowpack with 100-year 
high temperature sequence; and 2) snowmelt-dominated, involving melt from maximized 
snowpack with critical high temperature sequence, with a 100-year snowmelt-season 
rainstorm superimposed. 

 
Spring 1000-year flood scenarios.  Consider two spring scenarios:  1) 1000-year 

spring rainfall with average snowmelt and average seasonal soil and surface storage;  and 
2) 1000-year snowmelt with average seasonal rainfall and average soil and surface 
storage. 
 

T-year and maximized snowpacks and water equivalents.  Estimate T-year 
snowpack water equivalents by frequency analysis.  If sufficient water equivalent data are 
not available, use snowpack depths and multiply by snow density, assuming 0.3 in the 
absence of local data.  To obtain maximized snowpack depth or water equivalent, 
multiply the 100-year estimates by 2.0 or such other factor as may be indicated by local 
experience.  (Some agencies refer to Probable Maximum Snow Accumulation.) 
 

Extent of snow-covered area.  For basins with significant elevation ranges, 
determine from historical data an elevation above which the basin will be fully snow-
covered to a certain minimum depth at the beginning of the critical temperature sequence.  
 

Critical temperature sequences.  For various durations, conduct frequency 
analyses of annual maximum series representing cumulative daily-maximum 
temperatures associated with 100% snow cover.  For PMF applications, adopt 100-year 
cumulative temperature as critical for all durations, then develop sequences of daily 
temperatures to fit the cumulative values.  For 1000-year flood applications, temperature 
sequences for lesser return periods may be appropriate.  In mountainous areas, valley 
bottom temperatures should be reduced with increasing elevation. 
 

Snowmelt models.  Prefer a modified temperature-index type of snowmelt model.  
If used for rain plus snowmelt events, it should include algorithms to simulate rain-
induced and condensation melting.  Adopt a base temperature of 0 ºC, except for the 
Boreal Forest zone where a higher value should be considered.  Use a melt factor ranging 
from 3.5 mm/oC/day in forested areas to 6 mm/oC/day in prairie areas (based on the use 
of daily mean temperatures).  When estimating snowmelt inputs to calibration events, it 
may be appropriate to use different values of the melt factor, or alternatively an energy 
budget type of model. 
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Critical rainfall timing.  Place the extreme rainfall event near the end of the 
critical temperature sequence such that both terminate at the same time - unless there is 
strong evidence to the contrary. 
 
 
9.3 Hydrologic Modelling 

Modelling packages.  Prefer an event model to a continuous model unless there are 
strong arguments to the contrary.  Use continuous models only if suitable data are 
available for model calibration.  Among event models, prefer those in which the critical 
algorithms are more physically based. 
 

Critical flood scenarios.  If critical scenarios are not evident, conduct simplified 
screening analyses to identify them.  Specify the assumed type of water input (rainfall, 
snowmelt or both) and the assumed ground condition (bare, frozen etc.).  Define the pre-
event streamflow as the average monthly streamflow for the period. 
 

Storages and non-contributing areas.  Quantify storage in soil moisture, lakes, 
reservoirs, swamps, depressions, non-contributing and back-flooded areas, and overbank 
flow areas, using topographic maps and/or GIS/DEM methods as appropriate.  For each 
sub-basin, subtract non-contributing from gross area to obtain flood-effective area, for 
both model calibration events and the PMF. 
 

Numerical representation of basin.  For small basins where watershed routing 
dominates, represent the basin as a single watershed element unless there are evident 
reasons for subdivision.  For large basins, sub-divide according to criteria set out in 
Section 6.4.2.  Add diversion nodes where significant flood diversions out of or into the 
basin may occur, and add comparison nodes where streamflow data are available. 
 

Model parameter values.  Where rainfall and streamflow data from one or more 
large floods are available, estimate model parameters by calibration using procedures 
outlined in Appendix C.   If calibration events are very small relative to the PMF, 
consider adjusting calibrated values to allow for potentially different basin response in 
the PMF. 
 
If suitable model calibration data are not available, estimate minimum infiltration rates on 
the basis of Appendix B unless previous experience or site investigations indicate 
otherwise, and determine basin lag and hydrograph shape from regional relations or 
transposition of observed hydrographs for similar basins, with due regard for differences 
in physiographic factors and response to extreme floods. 
 
Estimate channel routing parameters from channel slope and cross-sections.  Estimate 
reservoir and lake routing parameters from stage-storage relations and stage-outflow 
ratings.  For natural lakes, assume linear reservoir routing if appropriate. 
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Antecedent events and initial conditions.  In the case of a summer, rainfall-
dominated PMF, assume a 10-year 48-hour antecedent rainfall event that finishes five 
days prior to the start of the PMP, and if appropriate assume a 10-year snow water 
equivalent and snow-covered area before the antecedent rainfall begins.  Estimate initial 
abstractions using values suggested in the literature for various soil types and covers, 
allowing for recovery of soil moisture deficit between the antecedent event and the PMP.  
Base initial reservoir levels on operating protocols if these can be relied upon, otherwise 
assume full supply level at the start of the antecedent event.  
 
 
9.4 Probability-based Floods 

The following guidelines for alternative and complementary methods of estimation can 
apply to both peak discharge and flood volume.  Reference is made to the 1000-year 
flood but the principles also apply to other floods of long return period. 
 

Extrapolation of flood frequency curve.   Extrapolate a flood frequency curve 
(single-station, multi-station or regional as may be appropriate) to develop one estimate 
of the 1000-year flood, but with severe reservations unless conditions stated in Section 
7.2 apply. 
 

Interpolation between 100-year and PMF.  Where a hydrometeorological PMF 
estimate and a 100-year flood estimate are available, derive another 1000-year flood 
estimate by interpolating graphically between the 100-year flood and the PMF.  For this 
purpose only, set the annual exceedance probability of the PMF at 1/100,000.  If a 
hydrometeorological PMF estimate is not available, consider using an empirical PMF 
estimate for purposes of interpolation. 
 

Modelling from probability-based inputs.  Where the generating mechanism of 
the 1000-year flood is reasonably clear, apply a 1000-year water input (rain, snowmelt or 
both) to a hydrologic model using average antecedent basin conditions for the appropriate 
season.  Where the generating mechanism for the 1000-year flood is unknown, use two or 
more scenarios where practicable.  (1000-year inputs may be estimated by extrapolating a 
frequency curve or by interpolating between a 100-year estimate and the PMP, but 
pitfalls arise - see Section 7.5) 

 
Convergence of estimates.  Compare estimates derived from different methods 

and try to attain convergence or reduce the spread by adjusting input assumptions and 
parameters within reasonable ranges.  Use judgement to select a recommended value. 
 
 
9.5 Checks and Comparisons 

PMP.  In the case of project-specific PMP estimates, check against statistical 
methods indicated in Section 8.2. 
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PMF peak and volume.  Wherever practicable, compare PMF peak and volume 
estimates derived by detailed hydrometeorological procedures with estimates for similar 
basins.  Also conduct empirical checks such as outlined in Sections 8.3 through 8.6.  
(Recognize that estimates for other basins may have used procedures and assumptions 
inconsistent with the present guidelines.) 
 

Reviewing discrepancies.  Where results of checks and comparisons differ 
importantly from PMF estimates derived from detailed methodology, review assumptions 
and procedures and/or rationalize the differences.  Review temporal distribution of PMP, 
antecedent meteorological and basin conditions, flood routing, and hydrologic model 
parameters, and conduct sensitivity analyses if appropriate. Where relevant, provide the 
results of checks and comparisons in the study report. 
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APPENDIX A 
 
 
SPATIAL AND TEMPORAL DISTRIBUTIONS OF PMP 
(refers to Section 4.4 and 4.5.1 of main text) 
 
 
 
Spatial distribution:  Depth-Area-Duration (DAD) curves from U.S source 
 
Figures A1 to A3 are extracted from the U.S. report HMR 55A (Hansen et al. 1988), 
wherein they apply to PMP estimates for a zone south of Alberta and east of the 
Continental Divide.  As stated in the text, the graphs are based on a number of extreme 
events and appear to provide one reasonable source of information for application in 
Alberta. 
 
The original grid using areas in square miles has been retained, but a square kilometre 
scale has been added at the right-hand side of each diagram. 
 
 
 
Temporal distribution of small-basin storm rainfall 
 
Table A1 below shows a suggested hourly distribution for 12-hour design storms in the 
Canadian Prairies, as extracted from Table 6.6 of Watt et al. (1989) and as referred to in 
Section 4.4 of these guidelines.  As noted in the text, it is uncertain to what extent this 
distribution is reasonable for PMP distributions. 
 
 Table A1   Temporal distribution of 12-hour design storm 
 
  Hour no. Percentage of total rainfall 
 
    1     3 
    2     9 
    3     9 
    4     6 
    5   10 
    6   14 
    7   11 
    8   14 
    9     9 
  10     7 
  11     5 
  12     3 
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APPENDIX B 
 
 
INFILTRATION CAPACITIES 
(refers to Sections 6.3.2 and 6.5.2 of main text) 
 
The data in Tables B.1 and B.2 below are extracted from Watt et al (1989) and USDA 
(1955).  They are interpreted here as referring to minimum infiltration capacities as 
mentioned in the main text, although a somewhat different term is used in each original 
table. 
 
Table B.1 covers a much higher range of infiltration capacities than Table B.2, mainly 
because under Category I it includes very coarse soils.  For Categories II through IV, the 
range of values is quite similar to that of Table B.2. 
 
Table B.1   Minimum infiltration capacities for unfrozen ground, mm/h 

(from Watt et al. 1989 after Ayers 1959) 
 
________________________Ground cover condition_________________ 
Soil profile Bare Row Poor Small Good Forested 
category  soil crops pasture grains Pasture  
 
I  7.6 13 15 18 25 76 
II  2.5 5.0 7.6 10 13 15 
III  1.3 1.8 2.5 3.8 5.0 6.4 
IV  0.5 0.5 0.5 0.5 0.5 0.5_____ 
Category I: coarse and medium-textured over glacial outwash, coarse open till or coarse 
alluvium 
Category II:  Medium-textured over medium-textured till 
Category III:  Medium- and fine-textured over fine-textured clay till 
Category IV:  Soil over shallow bedrock, 600 mm or less thick 
 
 
Table B.2   Minimum infiltration capacities for hydrologic soil groups 

 (from USDA 1955) 
 
Hydrologic Minimum infiltration Soil description 
Group  rates, mm/h  __________________________________ 
 
A  8 to 12  Deep sand or loess, aggregated silts 
B  4 to 8  Shallow loess, sandy loam 
C  1.3 to 4  Clay loam, shallow loam, soils with low organic
     or high clay content 
D  0 to 1.3  Swelling when wet, heavy plastic clays, saline soils____ 
 
For each group, use the lowest value unless a higher value can be justified. 
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APPENDIX C 
 

CALIBRATION  PROCEDURES 
 
(refers particularly to Section 6.5.6 of main text) 
 
It is assumed here that the starting position for modelling extreme floods is an 
uncalibrated model where values of all model parameters have been determined from 
calibration to a similar basin, regional estimates, past experience, soils data or field 
measurements – or may even be default values in certain cases. The objective of 
calibration is to derive a revised set of parameter values that will yield an acceptable fit to 
one or more observed hydrographs and produce reasonable results when the model is 
extrapolated to extreme conditions. The revised set determined by procedures outlined 
herein will not necessarily be unique. 
 
The procedural guidelines and steps listed below are based on the assumption that records 
of meteorological inputs and discharge outputs are available for one or more floods of 
sufficient magnitude to permit meaningful calibration of the hydrological model.  Since 
the largest available flood usually represents a relatively small fraction of the estimated 
PMF, calibration results should be looked at critically before acceptance. 
 

1. Use a “hands-on” step-by-step process rather than an automatic calibration. 
 

2.  Develop an isohyetal map of each event used for model calibration, using all 
available precipitation data.   
 

3.  First adjust the abstractions parameters and the non-contributing area, which 
together control runoff volume, so that the recorded hydrograph volume is matched 
approximately by the model.  Check the storage available within the non-contributing 
area against the difference between meteorological input volume and modelled runoff 
volume, to ensure that the adopted non-contributing area is reasonable.  If difficulties are 
encountered in matching volumes, it may be necessary to review the isohyetal maps, the 
abstractions parameters, and the non-contributing area. 
 

4.  Next adjust the parameters controlling the time to peak and shape of the 
hydrograph, so as to match the recorded hydrographs approximately. 
 

5.  Where the model has more than one watershed element, adjust the parameters 
by the same percentage for all elements. 
 

6.  In the occasional case where the model has channel elements, suitable 
calibration data will generally not be available.  Compare simulated inflows and outflows 
from each element to judge the reasonableness of the modelled attenuation and lag. 
 

7.  Check final parameters to ensure that they are physically reasonable and that 
they provide for realistic extrapolation to extreme floods. 
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APPENDIX D 
 
SPRING TEMPERATURES – ZERO CROSSING DATES 
 
(refers to Section 5.2.5 of main text) 
 
Source reference:  CEA (1994) 
 
 
Figures D1 and D2 are copied from Figures 25 and 26 of the reference, plotting average 
dates for last spring crossing of zero degrees C. for all of Canada, based on daily 
maximum and daily mean temperatures respectively.  The plotted isolines are based on 
data from the stations marked on the maps. 
 
Tables D1 and D2 below are extracted from Tables 11 and 12 of the reference to cover 
stations west of the Ontario-Manitoba boundary only.  As well as average (mean) dates, 
they show the range of dates covered by the available records and the calculated standard 
deviations. 
 
 
 
 
Table D1.    Last zero-crossing date for daily maximum temperature 
 
Station   Elevation  Zero crossing date 
        Earliest  Latest Mean Std.dev. 
       
Buffalo Narrows SK 426 m  Mar 19 May 16 Apr  15 14 days 
Churchill MN    35  May  7 Jun   19 May 28   8 
Edmonton AB  671  Feb 24 May   4 Apr    7 14 
Fort Nelson BC  382  Mar 20 May 14 Apr  12 12 
Fort Smith NWT  203  Mar 26 May 23 Apr  23 12 
Gillam MN  145  Apr 10 Jun     2 May 12 12 
Hudson Bay SK  358  Mar 23 May 11 Apr  19 11 
Island Falls SK  299  Apr   3 May 23 Apr  22 11 
Island Lake MN  236  Apr   8 May 18 Apr  25 12 
Peace River AB  571  Feb 20 May   4 Apr    8 13 
The Pas MN  271  Mar 27 May 11 Apr  21 10 
Wabowden MN  233  Feb 23 May 25 Apr  28 15 
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Table D2.    Last zero-crossing date for daily mean temperature 
 
Station   Elevation  Zero crossing date 
        Earliest  Latest Mean Std.dev. 
       
Buffalo Narrows SK 426 m  Mar 11 May 16 Apr  21 14 days 
Churchill MN    35  May 20 Jun   19 Jun    5   6 
Edmonton AB  671  Mar 19 May 16 Apr  15 13 
Fort Nelson BC  382  Mar 28 May 14 Apr  21 11 
Fort Smith NWT  203  Apr 11 May 30 May   6 10 
Gillam MN  145  May  7 Jun   15 May 24   9 
Hudson Bay SK  358  Apr   6 May 28 Apr  29 10 
Island Falls SK  299  Apr   8 Jun   12 May   4 12 
Island Lake MN  236  Apr 12 May 20 May   4 10 
Peace River AB  571  Feb 24 May   8 Apr  17 14 
The Pas MN  271  Apr   8 May 28 May   1 10 
Wabowden MN  233  Apr 13 Jun   12 May 12 12 
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Figure D1   Average dates for last spring crossing of 0oC, based on daily
 maximum temperatures (from CEA 1994) 
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Figure D2   Average dates for last spring crossing of 0oC, based on daily 
 mean temperatures (from CEA 1994) 
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