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EXECUTIVE SUMMARY 
In September 2005, the Fraser Basin Council (FBC) retained Northwest Hydraulic Consultants 
Ltd. (nhc) to undertake a program of one-dimensional hydraulic modelling on the lower Fraser 
River using MIKE11 software developed by Danish Hydraulic Institute (DHI). The overall 
objective was to generate an up-to-date design flood profile based on the following two scenarios: 

• The estimated flow during the 1894 Fraser River flood combined with high spring tide 
conditions. 

• The 200 year winter storm surge with high tide combined with a Fraser River winter 
flood.  

The two profiles were then overlaid and the higher of the two values was used to develop an 
overall design flood profile for the river. Initially, the study reach covered the 100 km distance 
from Sumas Mountain to the Georgia Strait, encompassing the North, Middle and South Arms, 
including Canoe Pass, as well as Pitt River to Pitt Lake inlet. Later on, the study was extended 
upstream to re-assess flood levels upstream of Mission in the reach up to the mouth of the 
Harrison River.  
 
The hydraulic model was developed using field data collected in 2005. The field work included 
detailed bathymetric surveys of the channel, LIDAR surveys of the floodplain and ADCP velocity 
measurements to estimate flow splits at major channel branches. The model was calibrated and 
verified initially using recorded data from 2002, 1999 and 1997 flood events. Peak discharges 
from these floods ranged between 11,300 m3/s and 12,200 m3/s. Later on, a secondary “historic 
model” was developed for the reach between Mission and New Westminster, using channel and 
floodplain topography from 1951 to 1953. This secondary model was used to estimate the 
channel roughness during floods in 1948, 1950, 1969 and 1972.  
 
The adopted design discharge for the model is based on the 1894 flood of record estimated to 
have had a peak discharge of 17,000 m3/s at Hope.  To account for inflow from tributaries, flow is 
estimated to increase to 18,900 m3/s at Mission and 19,650 m3/s at New Westminster.  The 
adopted design discharge assumes containment of the river by the existing dike system 
downstream from Hope under current and future floodplain conditions. Due to variations in 
tributary flows and flow attenuation from overbank spilling and floodplain storage the actual 
1894 flows at Mission and New Westminster may have been considerably less.  An assessment of 
floodplain conditions in 1894 suggested that the flow at Mission may have been only 
16,500 m3/s. For this reason, the 1894 historic flood profile is not directly comparable to the 
computed design flood profile. 
 
Channel roughness along sand bed rivers may vary with changing flow conditions due to the 
formation of sand dunes on the river bed. During very high flows the roughness may decrease 
substantially if the dunes wash out and flat bed conditions develop. Field observations on the 
river during relatively high floods in 1950, 1986 and 1997 showed no evidence that the dunes 
wash out in the 12,200 m3/s to 14,500 m3/s Mission flow range. Results of the model calibration 
runs showed there is a weak trend for the channel roughness to decrease at high discharges. The 
channel roughness was estimated to average 0.03 in the Douglas Island to Mission reach using the 
2002 flood data (maximum discharge of 11,300 m3/s at Mission). Based on flow estimates for the 
1948 flood (maximum discharge estimated to be 15,500 m3/s), the average channel roughness 
was found to be 0.027 or approximately 10% lower. Based on this assessment, a value of 0.027 
was adopted for the design flood profile computations in the reach between Douglas Island and 
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Mission.  This coefficient corresponds to our best-estimate, based on currently available 
calibration data.   
 
A statistical analysis of storm surges and astronomical tide levels was carried out to assess the 
design ocean water level. The Empirical Simulation Technique (EST), developed by the US 
Army Corps of Engineers for FEMA was used in this study. For the specified 200 year frequency 
the total water level was estimated to be 2.9 m (at a 95% confidence interval). The 200 year 
winter discharge of 9,130 m3/s at Mission was used to estimate the winter flood profile. It was 
found that the winter flood level in the estuary was virtually independent of the discharge and was 
governed primarily by the ocean level.  
 
The freshet and winter profiles were combined and the higher of the two profiles adopted as the 
design profile. The winter profile exceeds the freshet profile in the lower 28 km of the river, or 
downstream from a point 1,400 m downstream of the Alex Fraser Bridge.   
 
Comparisons were made between the computed profile and the historic 1894 flood profile 
published from previous studies in 1969. The winter design profile downstream from Alex Fraser 
Bridge is about 0.3 m higher than the previous profile.  In the transition from the winter to freshet 
profile, the updated profile is slightly lower than the previous profile.  However, upstream of New 
Westminster the updated profile becomes increasingly higher. From about Km 55 to the upstream 
end of the study reach the two profiles are roughly parallel, with the updated profile being nearly 
1 m higher at Mission.  
 
Based on the dike information made available, the design flow of 18,900 m3/s at Mission would 
overtop at one or more locations the dikes at Mission, Silverdale, Maple Ridge (Albion), Pitt 
Polder, Pitt Meadows (South), City of Coquitlam (Pitt), Matsqui, Glen Valley (East and West), 
Langley (Barnston, Fort Langley and West Langley) and Surrey. In addition, freeboard would be 
compromised at Pitt Meadows (North, North of Alouette and Middle), Port Coquitlam and 
Langley (CNR). Dikes upstream of Sumas Mountain are also at risk.  At the design flood 
condition, the Nicomen Island dike would be overtopped over most of its length, along with 
portions of diking at Kent (downstream end), Matsqui, Dewdney and Chilliwack. 
 
For present winter design conditions (i.e. with no sea-level rise due to climate change or delta 
subsidence) freeboard is inadequate at Delta (Westham Island, Marina Gardens and sections of 
River Road), Richmond (all except east end of Lulu Island), Surrey, Maple Ridge and Pitt 
Meadows (Pitt Polder). 
 
An initial evaluation of the flood protection capacity of the present dikes was made by computing 
a series of water surface profiles for a range of discharges. These results were then compared to 
the 1894-profile published in 1969. Without compromising freeboard, the present capacity in the 
upstream reach of the study area is approximately 16,500 m3/s, increasing to roughly 17,500 m3/s 
at New Westminster. Additional detailed analysis using dike surveys showed the freeboard for 
Pitt Polder Dike will be compromised at a flow of roughly 14,500 m3/s (equivalent to the 1950 
flood).  At a flow just exceeding 16,000 m3/s the dike is over-topped at dike chainage 6+248. 
Freeboard for the City of Coquitlam dike along Pitt River is compromised at a flow just over 
15,500 m3/s. The same holds for the Barnston Island dike and a small segment of the Surrey dike. 
 
The results from this study show that widespread dike overtopping and dike failures would occur 
throughout the region in the event of an occurrence of the 1894 design flood. Municipal, 
provincial, federal and First Nation authorities should be alerted and advised of this situation. 
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Sea-level is expected to rise over the next century in response to climate change although there is 
considerable uncertainty in the magnitude and rate of rise. Based on scientific studies reported by 
the Inter-Governmental Panel on Climate Change, a sea-level rise of 0.6 m over the next century 
was assumed (after accounting for potential ground subsidence on the Fraser delta). This will 
increase the winter design flood level in the lower 28 km of the river by approximately 0.6 m. 
The effect of sea-level rise on the freshet profile will be small upstream of New Westminster. The 
design flood profiles and assessments of dike freeboard are for present sea-level conditions and 
do not include any provision for future sea-level rise. 
 

High priority should be given to re-assessing the adopted design flow currently based on an 
estimate of the 1894 flood of record at Hope. This should involve conducting hydrological studies 
and hydro-meteorological modelling to determine the magnitude and frequency of flood flows in 
the Fraser River basin. The analysis should include simulations under present climatic conditions 
and anticipated future conditions to account for changes in climate and basin forest cover (such as 
due to potential effects of Mountain Pine Beetle infestation).  

High priority should also be given to assessing both flood management strategies on the 
floodplain of the Fraser River and the institutional framework for implementation of those 
strategies. Flood management strategies should include both non-structural, such as floodplain 
zoning, and structural alternatives like diking. The level of risk and appropriate design criteria for 
frequency and freeboard requirements for dikes and developments should be assessed. 

The hydraulic model should be re-calibrated and verified if another large flood occurs (equal or 
greater than a 1972 flood event). This could confirm the channel resistance coefficients used in 
the model. Model results are quite sensitive to variations in channel roughness. A 10% increase in 
roughness would, for example, increase water levels by a further 0.6 m at Mission. A similar 
decrease in roughness would reduce the water level by roughly the same amount. The model 
results are not highly sensitive to local topographic changes and it is anticipated the cross sections 
will not need to be updated for at least five to ten years unless an extreme flood occurs. 

The hydrometric gauging network on the river is an essential component for flood forecasting 
applications and for model calibration and verification. Secure funding is required to ensure these 
stations will be available in the future. 
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1. INTRODUCTION 

1.1  PURPOSE AND OBJECTIVES 
In September 2005, the Fraser Basin Council (FBC) retained Northwest Hydraulic Consultants 
Ltd. (nhc) to implement a program of one-dimensional hydraulic modelling on the lower Fraser 
River using the MIKE11software developed by Danish Hydraulic Institute (DHI). The overall 
objective was to generate an up-to-date design flood profile based on the following two scenarios: 

• The 1894 Fraser River design freshet flood combined with high spring tide conditions. 
• The 200 year winter ocean water level combined with a Fraser River winter flood event.  

The two water surface profiles were then compared at various locations along the river and the 
higher of the two values was used to develop an overall design flood profile. 

A secondary purpose of the study was to combine the new model of the sand-bed reach with an 
existing MIKE11 model of the gravel-bed reach between Hope and Mission. The combined 
model provides a valuable tool for real-time flood forecasting along the entire Lower Fraser 
River.  

1.2 STUDY EXTENT 
Initially, the design profile assessment extended from Sumas Mountain to Georgia Strait, 
encompassing the North, Middle and South Arms, including Canoe Pass, as well as Pitt River to 
Pitt Lake inlet. Later on, the study extent was shifted upstream to re-assess flood levels upstream 
of Mission in the reach up to the mouth of the Harrison River.  

The study area contains portions of Greater Vancouver and Fraser Valley Regional Districts and 
the municipalities of Richmond, Delta, Vancouver, Burnaby, New Westminster, Coquitlam, Port 
Coquitlam, Pitt Meadows, Maple Ridge, Surrey, Langley, Mission, Abbotsford, Kent and 
Chilliwack.  First Nations lands in the area belong to the Musqueam, Tsawwassen, 
Kwayhquitlum, Katzie, Kwantlen and Matsqui Nations.   

 
1.3 TERMS OF REFERENCE 
The general methodology and modelling approach was defined in the Lower Fraser flood profile 
hydraulic model scoping study (nhc, 2004). The terms of reference specified that the design 
freshet discharge at Mission be set equal to the 1894 flood as estimated by UMA (2000 and 2001) 
in their work to update the design profile for the upstream gravel-bed reach between Hope and 
Mission.  The UMA profile was based on an estimated 1894 discharge at Hope of 17,000 m3/s 
and a local inflow of 1,900 m3/s, giving a Mission design discharge of 18,900 m3/s. Previous 
estimates of the return period of the 1894 flood have ranged from 160 years to over 500 years, 
based on historic discharge data.  
 
During the course of this investigation the design water level at Mission was found to be 
significantly higher than the level previously used by UMA as the downstream boundary for their 
flood profile computations between Hope and Mission (UMA, 2000). Consequently, FBC 
requested nhc to extend the model upstream of Mission to provide an updated flood profile in the 
portion of the gravel-bed reach below the Harrison River confluence influenced by the change in 
starting levels. This involved combining the UMA model with the nhc model and re-running the 
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flood profile. No other changes were made to the UMA model and it was assumed that the model 
schematization and roughness was still representative for the modified flow conditions.  
 
A number of supplementary tasks were performed to clarify the reasons for the differences 
between the historic flood levels and the 2006 computed design profile. These tasks included: 

• Assessing potential flood attenuation and storage effects in the reach between Hope and 
Mission during historic flood events. 

• Assessing resistance changes during extreme floods using 1948, 1950, 1969 and 1972 
hydraulic information. 

• Assessing impacts of dike confinement effects in the reach between Mission and New 
Westminster on historic flood levels. 

A secondary numerical model, referred to as the “Historic Model”, was developed for the reach 
between Sumas Mountain and New Westminster using river surveys from mainly 1951 and 1952. 
This model was used specifically for reproducing the historic floods in 1948 and 1950 in order to 
assess potential changes in roughness during extreme flood conditions.  
 
These supplementary investigations were intended to improve the overall understanding of how 
changes to the river channel and floodplain over the last 100 years have affected present river 
hydraulic conditions. They were also intended to further increase our confidence in the model 
predictions during extreme flood conditions.  
 
The terms of reference specified that the winter design flood be determined for a 200 year ocean 
level, including the combined effect from tides and storm surge. The localized effects from 
processes such as wave runup and wind setup were not considered in this investigation. 
 
The winter and freshet flood profiles were superimposed and combined to generate a design flood 
profile along the river. It was specified that a standard freeboard value of 0.6 m be added to the 
design flood level. The adjusted design level was then plotted against existing dike crest 
elevations to provide a preliminary basis for identifying sections of dikes that may be at risk of 
overtopping. In some areas, the actual freeboard requirement to account for wave runup and other 
local factors may be substantially greater than 0.6 m. Furthermore, geotechnical factors affecting 
dike safety were not considered in this study. Therefore, additional site specific analysis should 
be carried out to finalize local design conditions. 
 
1.4 OUTLINE OF REPORT 
In addition to this brief introduction, the report includes ten chapters and five technical 
appendices. Chapter 2, Background Information, summarizes the physical setting, history of 
diking and previous flood investigations. Chapter 3, Hydrology and River Hydraulics, reviews 
and analyses the historic flood record at Hope and Mission and assesses the hydraulic conditions 
during floods using hydrometric measurements. This section also assesses past river conditions 
during historic floods and reviews long-term changes to the river due to the interventions from 
developments along the river. Chapter 4, Model Development, describes the development, 
testing, calibration and verification of two one-dimensional hydrodynamic models of the Lower 
Fraser River. Chapter 5, Design Flood Profile, summarizes results of predicted water levels for 
the design freshet and design winter flood condition. A sensitivity analysis is also described 
which illustrates the effect of uncertainties in hydraulic roughness, discharge, starting ocean water 
level and channel bed level changes on the flood profile. Chapter 6, Assessment of Dike 
Freeboard, summarizes the freeboard of the dikes for a range of discharges, including the 
specified 1894 design flood. Chapter 7, Future Scenarios, assesses the hydraulic effects from 
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two hypothetical scenarios: (1) a reduced level of dredging effort below New Westminster and (2) 
an increase in ocean level due to climate change. Chapter 8, Flood Forecasting, summarizes 
additional work to join the 2006 model with an existing hydrodynamic model from Hope to 
Mission. The combined model has been evaluated and tested for use as a real-time flood 
forecasting tool. Chapter 9, Further Investigations, describes some of the next steps in terms of 
technical work that should be carried out to go forward with the results of the hydraulic model. 
Chapter 10, Conclusions and Recommendations, summarizes the key findings of the study.  
 
Five technical appendices have been included. Appendix A, provides a comprehensive summary 
of the study findings. Appendix B, is a statement on the study results prepared by the external 
reviewer, Dr. Robert Millar, Dept. of Civil Engineering, U.B.C. Appendix C summarizes results 
of preliminary computations to assess the effects of flood attenuation and flood storage on the 
peak discharge below Hope during the 1894 and 1948 floods. Air photography showing the 
extent of flooding in 1948 is included. Appendix D, prepared by Water Survey of Canada, 
summarizes a review and revision of the stage-discharge rating curve at Mission. Appendix E 
describes the oceanographic analysis that was carried out to assess the magnitude and frequency 
of extreme sea levels due to the combined effects of storm surge and high winter tides. Historic 
river cross-sectional changes are shown in Appendix F.  Appendix G illustrates model 
calibration and verification results.  Appendix H provides detailed instructions for operating the 
model. 
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2. BACKGROUND INFORMATION 

2.1 PHYSICAL SETTING 
Fraser River is the largest river on the west coast of Canada, draining approximately one-quarter 
of British Columbia. The river starts at Mount Robson in the Rocky Mountains and flows over 
1,100 km to the sea.  Between Hope and Sumas Mountain the river has an anabranching gravel-
bed channel with frequent islands and large gravel bars. The river slope decreases rapidly below 
Chilliwack and the river changes abruptly to a sand-bed channel near Sumas Mountain, 
approximately 10 km upstream from Mission (Map No. 1). Downstream of Sumas Mountain, the 
river has a single main channel but frequently divides around large wooded islands (Matsqui, 
Crescent, McMillan, Barnston and Douglas Island). The slope of the river averages 
approximately 5 cm/km (0.00005) downstream of Mission and is tidally affected at most times of 
the year. 
 
Important tributary inflows between Mission and New Westminster include the Stave, Alouette, 
Pitt and Coquitlam Rivers. Pitt River is tidally affected, with major flow reversals occurring in 
the winter months causing water and suspended sediment to be passed upstream into Pitt Lake. 
 
The modern delta commences near New Westminster, 35 km upstream from the sea.  
Immediately downstream, at the trifurcation, the river splits into three branches: (1) the South 
Arm, which extends approximately 35 km to Sandheads; (2) Annacis Channel which rejoins the 
main channel a short distance downstream; and, (3) North Arm which further divides into Middle 
Arm near its mouth.  Although much of the main channel is confined by training walls, there are 
several locations where the river can spill out of the main channel - including Ladner Reach (into 
Canoe Pass) and along the left bank downstream of Steveston.  The distribution of flow through 
this branched network of channels is governed by several variables including discharge, tide 
level, bathymetry and by local control from training structures. The North Arm carries 
approximately 10% of the total flow.  A portion of the flow is also lost through Canoe Pass and 
through the Albion Dike near Steveston. Losses through Albion Dike have increased over time 
due to the deterioration of the structure.  
 
2.2 HISTORY OF DIKING AND RIVER TRAINING 
Information on the early history of diking and river training was based on reports by Morton 
(1949) and Sinclair (1961). Only a few river structures and dikes were in place at the time of the 
flood of record in 1894.  Efforts to control the mouth of the river began in 1886 with the building 
of brush mattress and rock jetties to close side channels breaking out from the main channel 
through Sandheads (Morton, 1949). Between 1886 and 1893 a 4 km training wall was constructed 
about 2,000 m south of the present main channel to confine the flow as it spilled across the 
northern end of Roberts Bank. This was followed by construction of a second structure on the 
north side of the channel in 1889 to 1892. Some low level berms were in place at Matsqui, 
Hatzic, Fort Langley, Langley and Westham Island by the 1880’s. However, all were overtopped 
or failed during the 1894 flood.  
 
More extensive development started in 1910. The Steveston North Jetty was built in stages from 
1911 to 1932 and the South Jetty was constructed between 1930-1932. The training wall at 
Woodward Island was constructed in 1925-26 while the first Albion wall was constructed in 
1935. As a result of these structures, the channel in the estuary was significantly narrowed and 
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deepened in comparison to conditions that existed in 1894. The channelized section of river was 
also extended approximately 9 km seaward, mainly as a result of the Steveston North Jetty. 
 
The largest early work on the river upstream of New Westminster involved the reclamation of 
Sumas Lake and construction of dikes and pumping stations at Chilliwack. This work was 
completed between 1919 and 1923 (Sinclair, 1961).  By the time of the second largest flood of 
record in 1948, dikes had been constructed along much of the lower Fraser River (Fraser Basin 
Management Board, 1994). However, the dikes failed during this flood at a number of locations 
throughout the lower valley. Dike upgrades were undertaken following the 1948 flood and in 
1968 the Fraser River Flood Control Program was established, which ensured further upgrading 
and expansion of dikes until 1995, when the agreement terminated.  This extensive diking 
program has resulted in the river being confined to a relatively narrow strip, particularly 
downstream of Mission.  At the time of reconstruction under the Fraser River Flood Control 
Program, most of the dikes in the Fraser Valley were upgraded to the 1894 computed profile plus 
a freeboard allowance of 0.6 m, as determined by Inland Waters Directorate in 1969. 
 
2.3 PREVIOUS INVESTIGATIONS 
There have been two major floods since European settlement in the Fraser Valley - 1894 and 
1948.  Watt (2006) provides a historical account of the 1894 and 1948 floods and includes a 
number of archival photos to illustrate conditions during these events. The 1894 flood is 
considered to be the largest flood event in the Lower Fraser Valley since at least 1882. Discharge 
measurements were not made in 1894 at either Mission or Hope. However, a discharge 
measurement at New Westminster was reported by the Columbian newspaper on June 5th, 1894. 
The peak discharge was reported to be 572,000 cfs (16,200 m3/s). The accuracy of this estimate 
could not be verified. The Dominion Public Works Department carried out a study in 1898 to 
estimate the 1894 peak discharge. A brief account of this study was made by Morton (1949): 

In 1898 an extensive survey of the lower reaches of the Fraser River was made from the 
Strait of Georgia to Hope. Triangulation, topography, soundings and the determination 
of the 1894 flood contours were established. Hydraulic calculations were made of 
discharges of the 1894 flood and river slopes were established, but all records were lost 
except those of the lower reach, in the fire of September 1898 which razed the down town 
section of the City of New Westminster. The recorded estimated maximum flood discharge 
in 1894 from established flood contours is given as 490,000 cfs (13,900 m3/s) at New 
Westminster. 

 
The Fraser Basin Board carried out a number of studies to estimate the magnitude of historic 
floods in 1894 and 1948. Interim findings from these studies were published in a series of 
monographs and reports, including McNaughton (1951) and Fraser Basin Board (1958). These 
studies established the magnitude of the 1894 flood at Hope to be approximately 17,000 m3/s on 
the basis of high water marks and correlations with discharges on the Columbia River. A brief 
account of this estimate is summarized below: 

“It is stated in a memorandum dated 19th February 1934 that a Colonel Whyte of the 
Water Resources Branch of the Department of Northern Affairs and Natural Resources 
ran levels to two points within half a mile of the road bridge. These were known as the 
high water marks of the 1894 flood. The average level of these two marks was equal to a 
gauge reading of 38.5 feet, which, by extrapolation of the rating curve for 1948 gave a 
discharge of 620,000 cfs.  It was decided to assume a discharge of 600,000 cfs (17,000 
m3/s) for the peak of the 1894 flood, after the basis of determining the 1894 high water 
marks was taken into account.” 
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Studies were also undertaken to determine the maximum safe discharge that the dikes could 
contain. The effect of the upgraded dikes on flood levels at Mission was described as follows: 

“The presence of the dykes has reduced the area of the floodplain and the river channel 
has changed since 1894, with the result that in several places water levels in 1948 
exceeded those of the greater flood in 1894. The level of 25.75 feet (7.92 m GSC) 
recorded at Mission in 1894 is 2.25 feet lower than 28 feet, the level determined for the 
1894 peak discharge from the curve relating the discharge at Hope with the Mission 
gauge, assuming that the river is confined within the present dyking system”.  

On this basis it was concluded that the confinement effect from the dikes would raise the water 
levels from an 1894 flood by 2.25 feet (0.68 m) at Mission. The estimated water level with dikes 
in-place was 8.6 m (GSC). Additional studies were made in 1964 using high water elevations and 
discharge measurements by Inland Waters Directorate, Department of Energy Mines and 
Resources. A number of staff gauges were installed along the river and high water readings were 
obtained during 1964, 1967 and 1968. Rating curves were developed based on these readings and 
using extensions of the curves, the 1948 and 1894 water-marks were adjusted to reflect the new 
channel conditions.  Some backwater computations were also carried out and attempts were made 
to evaluate the effect of the 1948 dike breaches on observed water levels.  Downstream of Km 
17.0, the winter tide recorded on December 5, 1967 (2.53 m) was used as the design water level.   
 
Inland Waters Branch (1969) summarized this work and suggested that the derived profile should 
not be used for design.  However, due to the lack of more detailed modelling, the profile has 
served as a basis for establishing the dike crest elevations and the Flood Construction Level along 
the Lower Fraser River for the past forty years. One outcome of the Inland Waters Branch study 
was that the design 1894 water level at Mission was set-back to the observed high water mark 
(El. 7.92 m) rather than the value of 8.6 m determined by the Fraser River Board (1958). No 
explanation was given for this adjustment. It should be noted that none of these studies explicitly 
estimated the discharge of the 1894 flood at Mission. 
 
UMA (2000 and 2001) updated the design profile for the reach from Mission to near Hope.  A 
design flow of 17,000 m3/s was specified by MOE as the upstream inflow boundary, 
corresponding to the 1894 discharge at Hope. Initially, UMA estimated corresponding local 
inflows between Hope and Mission to be 3,135 m3/s but based on more detailed modelling of 
Harrison River flows, this value was reduced to 2,205 m3/s. To account for the unlikely event of 
coinciding peak flows from all tributaries, this value was further reduced to 1,900 m3/s for 
estimating confinement effects of Matsqui Prairie dike.  This latter value was adopted for the 
present study resulting in a peak discharge at Mission of 18,900 m3/s.  
  
The UMA model assumed a starting level of 7.99 m at Mission, corresponding to the 1894 
recorded flood level of 7.92 m plus a 0.07 m allowance for constriction of flow by Matsqui 
Prairie dike, which was not in place in 1894. This allowance was determined by modelling the 
river reach just upstream of Mission with and without the dike. Channel confinement downstream 
of Mission (introduced between 1894 and 2000) was not considered. It was also assumed that the 
discharge in the channel at Mission in 1894 was the same as the adopted design discharge. 
 
Hydraulic modelling has been carried out previously on the tidal reach of the Fraser River since 
the 1970’s for water resource planning and navigation planning. The Institute of Ocean Sciences 
carried out a program of one-dimensional hydrodynamic modelling and data collection on the 
Lower Fraser River between Mission and Sandheads for over two decades (Ages and Woollard, 
1978).  The model was developed in-house and used a one-dimensional, unsteady, finite 
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difference computational scheme. The model was used to aid in the design of several major 
structures along the river including the Alex Fraser Bridge and ALRT Sky Train Bridge.  
 
In 1995 the Canadian Coast Guard initiated a program of numerical modelling to assist in 
navigation on the lower river. Baird & Associates carried out a combination of one- and two-
dimensional modelling, their one-dimensional model extending from Sandheads to Chilliwack 
and the two-dimensional model from Sandheads to Douglas Island (Baird, 1998, 1999). These 
models were set-up and calibrated for flows much less than the design flood and were not 
intended for flood profile modelling.   
 
Environment Canada has also carried out one-dimensional modelling between Mission and Port 
Mann for the last 30 years in order to generate unsteady discharges at various stations in their 
hydrometric network. This work was carried out using Environment Canada’s unsteady flow 
model One-D (Water Planning and Management, 1983).
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3. HYDROLOGY AND RIVER HYDRAULICS 

3.1 HYDROLOGY 
The snowmelt-generated freshet dominates the hydrology of the river.  Flow typically rises in 
early April, peaks in the first weeks of June and then recedes through the summer. Rainstorm 
generated floods may modify the runoff pattern. Occasionally (such as in 1980) the highest 
annual flow occurs in the winter season, although the magnitude of such floods are relatively 
minor in comparison to the largest freshet floods.  The drainage area of the river is 217,000 km2 
at Hope, 228,000 km2 at Mission and 232,000 km2 at Port Mann. Tributaries between Hope and 
Mission include the Harrison River, Chehalis River and Chilliwack River, all entering 
downstream of Agassiz.  During the summer freshet, these tributary inflows typically increase the 
maximum daily discharges at Mission by 5% to 15%. Tributaries downstream of Mission include 
the Stave River, Alouette River, Coquitlam River (all regulated) and Pitt River. 
 
3.1.1 FRASER RIVER 
Water Survey of Canada (WSC) has measured discharges on the lower Fraser River at Hope and 
Agassiz, in the gravel-bed reach, at Mission near the start of the sand-bed reach and at Port Mann 
in the tidally varying reach at the start of the estuary. Although water levels have been recorded at 
Mission since the 1890’s, daily discharges are available only from 1965 to the early 1990’s.  
Daily water levels and discharges have been published at Hope since 1912. The published long-
term mean annual discharge is 2,720 m3/s at Hope and 3,340 m3/s at Mission. 
 
There are 93 years of recorded annual maximum discharges at Hope and 40 years of annual 
maximum discharges at Mission. The mean annual flood is 8,670 m3/s at Hope and 9,510 m3/s at 
Mission. A simple correlation between annual maximum flows at Mission and Hope gives the 
following relation: 

 QMission = 1.142QHope – 135   R2=0.92 

On average, annual maximum discharges at Mission are 12.5% higher than at Hope although the 
variability from year to year can be large (range from 2% to 29%). 
 
Table 3.1 summarizes key data on the largest flood events in the period of record. The flood of 
record in 1894 exceeded the 1948 flood stage at Mission by 0.3 m. As described in Section 2.3, 
the 1894 flood discharge at Hope was estimated to be 17,000 m3/s by the Fraser Basin Board on 
the basis of surveyed high water marks. Based on the simple correlation relation, the peak 
discharge at Mission in 1894 would have been around 19,000 m3/s. The 90% confidence limits on 
this estimate are +1,600 m3/s, indicating the flood discharge in 1894 could actually have ranged 
between 17,400 m3/s and 20,600 m3/s. 
 
Large areas of the floodplain were inundated between Hope and Mission during the 1894 flood 
and significant spills occurred into Sumas Lake and Harrison Lake (via Kent). A simplified flood 
routing analysis was carried out to assess whether these spills could have affected the magnitude 
of the peak discharge at Mission. Computational results from this analysis are summarized in 
Appendix A. Although difficult to assess accurately, it is possible that the 1894 flood peak at 
Mission was reduced by up to 2,300 m3/s due to flow being stored on the floodplain and diverted 
to Harrison Lake. This flow reduction likely exceeded the magnitude of tributary inflows between 
Hope and Mission, so that the peak discharge at Mission may have actually been smaller than the 
flow at Hope. Based on the Water Survey of Canada rating curve at Mission, this loss of flow 
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would have translated to a water level drop of about 0.7 m at Mission. In other words, assuming 
the present dikes between Hope and Mission could withstand a flood of the same magnitude as in 
1894, water levels at Mission would be approximately 0.7 m higher than recorded in 1894 due to 
the lack of floodplain storage upstream of Mission. This result is consistent with the 1958 Fraser 
Basin Board’s findings (McNaughton, 1951).  
 
The 1948 flood had a published discharge of 15,200 m3/s at Hope and a water level of 7.61 m at 
Mission. McNaughton (1951) estimated the peak discharge during the 1948 flood to be 
15,840 m3/s at Mission, virtually identical to the discharge at Hope.  Based on a comparison of 
recorded discharges at Hope and Mission during the common period of record (1965 to 2005), the 
expected peak discharge at Mission in 1948 would be approximately 17,200 m3/s. Appendix A 
describes estimates of spills and flood attenuation between Hope and Mission in 1948. It is 
possible that the difference between McNaughton’s estimate of 15,840 m3/s and the expected 
flow of 17,200 m3/s to some extent represents the effects of spills in 1948. Other factors include 
uncertainties in the method of estimating flows at Mission and the year to year variability of 
tributary inflows between Hope and Mission.  
 
It was noticed that the 1948 flood levels exceeded the 1894 water surface profile in most of the 
gravel-bed reach upstream of Chilliwack Mountain to Hope and also in the lower reach of the 
river downstream of Port Mann. The 1894 flood produced the highest water levels in the reach 
from the mouth of the Pitt River to the eastern end of Chilliwack Mountain. Air photography of 
the Mission and Glen Valley areas during the 1948 flood was reviewed (Appendix A). The 
photography shows that Mission was partly inundated and that Matsqui Prairie and Glen Valley 
were largely submerged.  
 
The flood of 1950 produced the fourth highest recorded water level at Mission (exceeded only in 
1882, 1894 and 1948). The discharge was not measured directly in 1950 at Mission, although 
McNaughton estimated the peak discharge to be 14,530 m3/s. The published peak discharge in 
1950 at Hope was reported by WSC to be 12,600 m3/s.  
 
The flood of 1972 was reported to have a peak discharge of 14,400 m3/s at Mission and 
12,900 m3/s at Hope. These values represent the highest recorded discharge at Mission and the 
second highest recorded discharge at Hope.  However, based on the historical water level data at 
Mission, the 1972 flood was probably only the fifth largest over the last century.  
 
The peak freshet discharges have been relatively modest over the last 30 years in comparison to 
earlier decades. The highest discharge at Hope in recent years reached 11,300 m3/s in 1997 and 
10,600 m3/s in 2002. During the 30 year period between 1975 and 2004 there were five years 
where the flow exceeded 10,000 m3/s at Hope, with the flood peak averaging 8,173 m3/s. By 
comparison, during the 27 year period between 1948 and 1974 the flows exceeded 10,000 m3/s in 
eight years and the average annual maximum discharge was 9,560 m3/s. Figure 3.1 shows the 
overall pattern of flood peaks at Hope over the entire period of record. The period of lowest flood 
discharges occurred between 1926 and 1947. During this time, annual floods exceeded 
10,000 m3/s in only two years and the average annual flood was 7,910 m3/s. This cycle of 
unusually low flows ended with the occurrence of the 1948 flood. Therefore, the period of 
relatively moderate floods in the last few decades does not necessarily indicate a long-term 
change in flood generation potential. The long-term periodicity of runoff and peak discharges on 
the Lower Fraser River has been noted previously by many researchers (Church et al, 1990).  
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3.1.2  TRIBUTARIES BETWEEN HOPE AND MISSION 
UMA (2000 and 2001) summarized the hydrology of four main tributaries entering Fraser River 
between Hope and Mission. In order of basin size, these are Harrison River (7,870 km2), 
Chilliwack River (1,230 km2), Cheahalis River (383 km2) and Silverhope Creek (350 km2).  
Harrison peak flows tend to be snowmelt generated and typically occur a few days after the 
Fraser peak flow.  The Chilliwack River and Silverhope Creek maximum annual discharges may 
occur in either summer or fall/winter, whereas Cheahalis River peak flood events occur in the fall 
and winter. 
 
UMA (2001) estimated the maximum Harrison River flow coincident with a re-occurrence of the 
1894 flood to be 1,300 m3/s using the UBC Watershed Model.  For the other tributaries, an 
approximate method of estimating flows during the Fraser River freshet was developed (UMA, 
2000).  The flow records for Fraser River at Hope were analyzed and for each year the time 
period was noted when daily flows were in the 94% to 100% range of the peak flow.  This period 
varied from one to fourteen days.  The tributary peak flow during the Fraser peak period was then 
found and the ratio QTribMax/QFraserMax computed and averaged over the period of record for each 
tributary. Based on this average flow ratio and a Fraser discharge of 17,000 m3/s the tributary 
design flows were computed and ranged from about 100 m3/s to 400 m3/s.  A total design inflow 
between Hope and Mission of 1,900 m3/s was presented, which attempted to take into account the 
low probability of coinciding tributary peak flows. 
 
3.1.3 TRIBUTARIES DOWNSTREAM OF MISSION 
Four additional main tributary basins are located downstream of Mission: Stave River, 
Pitt/Alouette Rivers and Coquitlam River.  Stave River and Pitt River are the larger basins with 
drainage areas of respectively 1,140 km2 and 795 km2, while Coquitlam and Alouette Rivers each 
drain areas of 237 km2 and 234 km2.   
 
The Stave, Alouette and Coquitlam Rivers are regulated by BC Hydro Dams and stream gauges 
used in the analysis are located below the control structures, near the Fraser River, and hence 
flow records were applied unadjusted.  Pitt River is unregulated and the gauge is roughly centred 
in the watershed.  Flow records were adjusted based on the sub-basin area ratio.  Correlation 
coefficients showed almost no correlation between Fraser and tributary peaks.   
 
Design outflows were estimated in the same manner as outlined by UMA and summarized in 
Table 3.2.  Derived peak flow ratios were used to estimate tributary flows corresponding to a 
Fraser River discharge at Hope of 17,000 m3/s.  The design flows were 365 m3/s for Stave River, 
368 m3/s for Pitt River, 10 m3/s for Coquitlam River and 4 m3/s for Alouette River.  Unlike 
during winter flood conditions, rainstorms in the Fraser Valley account for only a small 
percentage of Fraser River freshet flows. 
 
3.2 HYDROMETRIC MEASUREMENTS AT MISSION GAUGE 

3.2.1 MISSION RATING CURVE 
Water Survey of Canada (WSC) discussed the history of the Mission gauge operations a number 
of times during the course of this study and provided valuable information on the measurement 
techniques and data analysis that have been carried out at the station. During the course of this 
study, WSC carried out a technical review of the Mission rating curve and produced a new curve 
which better represents the observations and should improve extrapolation of the curve to higher 
flood events. Results of this review are summarized in Appendix D. 



  nhc 

 
Final Report - Lower Fraser River Flood Model  Page 11 

Discharge measurements are complicated by tidal effects at low flows, but generally show a 
consistent relation between stage and discharge for flow greater than 5,000 m3/s. Most of the 
published discharge data in the freshet season have been derived from two rating curves, which 
were determined graphically (best-fit “by eye”). Figure 3.2 summarizes the stage-discharge 
measurements at Mission, and shows the published curves and a new revised curve. Rating curve 
2 was based on discharge measurements made in 1966 and 1967 and was continued in use 
without revision, until 1990. Rating curve 3 incorporated a small shift at the lower range of flows 
but coincided with Rating curve 2 at higher flows. The highest discharge measurement in the 
period 1966-1967 was 13,173 m3/s on June 21, 1967. The highest discharge measurement in the 
entire period of record was 13,654 m3/s on June 17, 1972. Based on the rating curve, this 
discharge was later adjusted to a value of 14,400 m3/s. It should be noted that the nominal 
accuracy of discharge measurements is in the range of + 5%, which implies the actual 1972 peak 
discharge was probably in the range of 12,970 to 14,340 m3/s.  
 
WSC’s review of the available stage-discharge data (Appendix D) resulted in a revision to the 
rating curve. Rating curve 4 was expressed using the relation: 
 Q = 0.607(HG+11.552)3.42 where HG is the stage in metres 
The average departure of the observations from the curve is 2.86 % and the maximum departure 
was 9.3%. Comparison of rating curve 3 and 4 showed they are coincident from a stage of 3.0 m 
up to 5.2 m. However, the upper portion of curve 4 is significantly different, indicating the rate of 
change of stage with discharge is greater than was previously anticipated. Extrapolation of this 
curve to the adopted 1894 design discharge of 18,900 m3/s results in a stage level of 
approximately 9.0 m.  
 
3.2.2 HYDRAULIC GEOMETRY AT MISSION GAUGE 
A detailed review was made of the hydrometric measurements at Mission using the current meter 
notes compiled by Water Survey of Canada. The purpose of this analysis was to assess the actual 
hydraulic conditions during periods of high freshet flows. These results were then used to 
estimate flow conditions during the floods in 1948 and 1894. The work involved: 

• Plotting cross sections at the gauging line from the meter notes. 
• Compiling hydraulic geometry from the measurements (mean velocity, top width and 

mean depth) and determining correlations with discharge. 
• Assessing hydraulic characteristics at the site. 

Successive cross sections were overlain using measurements from flows ranging between  
6,000 m3/s and 13,654 m3/s. This plot shows that although some scour may occur during the 
rising limb of the flood, the channel fills back in by the time of the peak. Overall changes 
between low flow and high flow are relatively minor. Furthermore, a plot of the cross section 
from 1952 showed no significant difference at the site. As a result, the hydraulic geometry 
relations at the station are very consistent and show relatively little scatter (Figure 3.3). Best-fit 
hydraulic geometry relations are as follows: 

 V = 0.0032Q0.6691 
 d = 0.8545Q0.2893 

 W= 369Q0.0416 

 where, V is the mean velocity, d is mean depth, W is the top width and Q is the discharge 
  
Table 3.3 summarizes the hydraulic properties measured during floods in 1964, 1967, 1972 and 
1974 using the WSC current meter notes. The highest measurements from 1972 and 1967 were 
used to estimate conditions during the floods in 1948 and 1894. This involved using the observed 
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hydraulic parameters as reference values and then scaling them up to the 1948 and 1894 water 
levels using the observed hydraulic geometry relations. The discharge was then computed as  

 Q = VWd 

The results for the 1948 and 1894 flood peaks are summarized in Table 3.4. The peak water level 
in 1948 was 0.43 m higher than in 1972, which represents an additional 240 m2 of cross sectional 
area. The corresponding mean depth was 14.4 m. The flow in the channel at Mission was 
estimated to be in the range of 15,700 m3/s to 15,600 m3/s in 1948. In 1894, the flood peak was 
7.92 m or 0.74 m higher than the peak in 1972. The mean depth in 1894 was estimated to be 
14.65 m. The discharge in 1894 in the channel was estimated to be in the range of 16,500 to 
16,800 m3/s. The main assumption in this calculation is that the cross section did not change 
appreciably between 1894 and 1972. These results are in general agreement with McNaughton 
(1951). Additional calculations were made to estimate the water level that would be needed to 
convey a discharge of 18,900 m3/s in the main channel. The water level was computed to be in 
the range of El. 8.8 m (scaling up from 1972 measurements) and El. 8.5 m (scaling up from 1967 
measurements), which is reasonably close to WSC’s extrapolation of rating curve 4. By 
comparison, the Fraser Basin Board (1958) estimated that if the 1894 flood was confined, the 
water level at Mission would have reached El. 8.6 m.  
 
3.2.3 ASSESSMENT OF DESIGN FLOOD 
The terms of reference specified that the design freshet discharge at Mission be set equal to the 
1894 flood as estimated by UMA (2000 and 2001) in their work to update the design profile for 
the upstream gravel-bed reach between Hope and Mission.  The UMA profile was based on an 
assumed discharge at Hope of 17,000 m3/s and a local inflow of 1,900 m3/s (lower bound), giving 
a Mission design discharge of 18,900 m3/s. 
 
It is believed that the adopted design flood at Mission is substantially higher than the actual flow 
that was experienced below Mission in 1894. This assessment is based on the following evidence: 

• The historical accounts by Dominion Public Works Department (Morton, 1949) and 
published flow estimate (Columbian, 1894) report peak discharge downstream of Mission 
in 1894 of 13,800 m3/s to 16,500 m3/s.  

• Hydraulic estimates based on the observed water level at Mission in 1894 and discharge 
measurements by Water Survey of Canada during floods in 1967 and 1972, suggest the 
1894 discharge at Mission was in the order of 16,500 to 16,800 m3/s. 

• It is known that substantial spills and overbank flooding occurred in 1894 over a distance 
of nearly 80 km between Hope and Mission. A simplified analysis indicated the flood 
peak at Mission could have been reduced by up to 2,300 m3/s as a result of spills and 
overbank flooding (Appendix A).  

• Studies by the Fraser Basin Board in the 1950’s concluded that confinement effects from 
the upgraded dikes along the Lower Fraser valley would significantly increase flood 
levels at Mission if another event similar in magnitude to 1894 occurred. 

 
The adopted design flood assumes the present dikes between Hope and Mission will prevent 
overbank spilling and flood attenuation from occurring. As a result, the magnitude of the flow in 
the channel below Mission is substantially higher than the historic conditions that were 
experienced in 1894 before significant diking was in-place. It should also be noted that there can 
be considerable variability in tributary inflows downstream of Hope which could also partly 
account for possible differences between the adopted design flood and the actual historic event 
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that occurred in 1894. For these reasons, the design flood used in the modelling investigation 
downstream of Mission is not directly comparable to the historic situation in 1894.  
 
3.3 WINTER FLOODS 

3.3.1 OCEAN LEVELS 
Extreme water levels at the sea dikes and in the lower estuary are governed by the occurrence of 
high tides and storm surge in the winter season, rather than high discharges during the freshet. 
Therefore, a separate assessment was made of flood levels in the winter season. Appendix B 
contains a detailed analysis of ocean water levels. The following section briefly summarizes the 
key points from this analysis.  
 
The assessment of ocean water levels was based on measurements at Point Atkinson tide gauge. 
This station has operated intermittently for a period of 92 years and contains 66 years of complete 
records suitable for statistical analysis. Some examples of high water levels recorded at this 
station are as follows: 

 December 16, 1982:  2.56 m (GSC) 
 December 5, 1967: 2.53 m (GSC) 
 February 4, 2006: 2.49 m (GSC) 
 
The combined effects of tide (deterministic component) and non-tidal mechanisms (probabilistic 
component) were assessed in this study. The non-tidal mechanisms explicitly or implicitly 
include: storm surge (barometric and wind-induced), seasonal fluctuations (e.g., freshwater 
discharge, seasonal weather features) and other long-term variations in mean water level (e.g., El 
Niño, La Niña, global climate change). Non-tidal effects are secondary to tides but are of 
considerable importance. Storm surge in the Strait of Georgia is in the order of one metre at the 
return periods of interest to this study. Wave-induced effects such as setup and the super-
elevation of water levels by littoral currents are considered to be secondary and were not 
evaluated.  
 
Two approaches were used for assessing the frequency of ocean levels. Initially, statistical 
analyses were performed on historical measurements of total water level without distinguishing 
between tide and surge components. An extremal distribution was fit to the data, which was then 
used to estimate return periods of extreme events. The advantage of this approach is its simplicity 
and robustness even though it is predicated on the theoretically-unsound practice of creating 
statistics from a parameter that includes both deterministic and probabilistic components. The 
method was used primarily as a check on the reasonableness of more sophisticated methods. 
 
The second approach involved undertaking a tidal analysis of historical total water level 
observations so that the deterministic tidal component could be inferred and removed from the 
record, leaving only the storm surge component. Statistical analyses were then performed on this 
purely probabilistic component to estimate return periods of extreme storm surge events. The 
non-tidal component was added to the deterministic tide to yield the total combined water level 
using a method known as the Empirical Simulation Technique (EST). EST is the presently 
preferred method of the US Army Corps of Engineers and US Federal Emergency Management 
Agency (FEMA) for dealing with combined risks such as hurricane waves, water levels and tide.   
The Empirical Simulation Technique is a procedure for simulating multiple life-cycle sequences 
of non-deterministic multi-parameter systems such as storm events and their corresponding 
environmental impacts. EST is based on a Bootstrap re-sampling-with-replacement, interpolation, 
and subsequent smoothing technique in which a random sampling of a finite length database is 
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used to generate a larger database. The only assumption is that future events will be statistically 
similar in magnitude and frequency to past events.  
 
The EST indicates a water level at a 200 year return period of about 2.8 m (GSC) excluding 
global climate change and wind wave effects.  The water level at a 1000 year return period is 
about 3.0 m (GSC) excluding global climate change and wind wave effects. 
For a 95% confidence limit these maxima should be increased by 0.1 m (200 year) and 0.2 m 
(1000 year). The computed values are similar in magnitude to estimates based on simple addition 
of the HHWLT (Higher High Water Large Tide) and maximum recorded surge (3.1 m GSC) and 
Annual Maxima statistics (Gumbel Method). Therefore, we believe the results are very robust.  
 
3.3.2 WINTER FLOOD DISCHARGES 
The highest recorded one-day winter flood reached 7,850 m3/s at Mission on December 27, 1980 
and the three-day discharge averaged 6,950 m3/s. A review of the discharge records at Hope, 
Mission and the intervening tributaries showed that intense localized rainstorms in the Fraser 
Valley triggered this unusual winter flood event. A frequency analysis of maximum daily 
discharges in the winter season (October to February) was carried out using 36 years of data for 
Mission between 1965 and 2001. Figure 3.4 shows a frequency plot. Estimated discharge values 
and frequencies are summarized in Table 3.5. The 200 year winter discharge at Mission is 
estimated to be 9,130 m3/s, which corresponds approximately to a mean annual flood in the 
freshet season. 
 
The 200 year winter discharges were also estimated for the four tributaries downstream of 
Mission as summarized in Table 3.5.  The 200 year flow at Mission combined with the 200 year 
tributary flows resulted in a discharge of 12,690 m3/s at New Westminster. Combining this flow 
with the winter design ocean level may seem overly conservative.  However, subsequent 
sensitivity runs (Section 5.5.3) showed that in the reach where the winter design condition 
governs, the magnitude of the river discharge had almost no effect on the computed water level. 
This indicated that during winter flood conditions the ocean level has a high degree of control on 
the river profile. Therefore, a detailed joint frequency analysis of coinciding storm surge/ high 
flow events was not considered warranted.  
 
3.4 OVERVIEW OF RIVER HYDRAULICS 
Key physical characteristics of the river that govern hydraulic conditions in the river are 
summarized below:  

Features Factors to be considered 
Low gradient Backwater effects extend long distances upstream. 
Large tidal influence Unsteady tidal influence extends 85 km upstream to District of Mission.  
Flow stratification Saltwater wedge present in estuary-shifts downstream during high flows 
Effect of dikes Overbank flow component is small now. Large spills in 1894 and 1948. 
Varying roughness Complex changes in channel resistance due to growth of bed forms. 
River training 
structures/islands 

Trifurcation and other structures induce complex head losses and alter 
flow splits in distributary channels. 

Effects of dredging Long-term changes in bed levels from dredging over the last 50 years 
affect flood levels, make it difficult to calibrate models with historic data. 

 
Some additional comments on each of these features are provided below. 
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Gradient 
Figure 3.5 shows a longitudinal profile of the riverbed and water surface from Sumas Mountain 
(Km 95) to the mouth of the river (Km 0). The riverbed displays a series of deep pools, typically 
in the river bends where secondary currents erode deep scour holes, or at locations where the 
channel narrows and becomes constricted.  The water surface drops fairly uniformly below 
Mission to the sea, but there is no discernable gradient to the riverbed. The water surface slope is 
governed primarily by friction losses along the channel and not by the overall gradient of the river 
valley. During extreme flood conditions, the river has an average gradient of about 5 cm/km, 
which is very flat. This indicates that the water level at any particular site is strongly affected by 
downstream control, rather than local hydraulic conditions.  
 
Large Tidal Range 
The river is tidal at virtually all flow conditions and is subject to flow reversal during the low 
flow season, typically between October and March. Tidal fluctuations in the river depend on the 
freshwater discharge and the tidal range in the Strait of Georgia. Water storage areas such as 
lakes, marshes and basins dampen the magnitude of water level fluctuations caused by tides or 
rapid fluctuations in discharge. Pitt Lake, with a surface area of 55 km2, is the largest storage area 
in the study area and has a significant dampening effect on tidal fluctuations in the mainstem, 
particularly during periods of low river inflows. The effect is much less significant during the 
freshet season. During the peak of the 1972 flood (approximately 20 year return period), the tidal 
range was only about 0.1 m upstream of Port Mann. To ensure steady flow conditions at the 
upper boundary, the Lower Fraser model was extended 10 km above Mission to Sumas Mountain. 
 
Flow Stratification 
Mixing of the fresh river water and denser saline ocean water produces stratified flow, with the 
lower estuary developing a well defined “salt-wedge” during flood tides. Flow stratification 
reduces the conveyance of the channel (since the fresh water is forced to flow over top of the 
salty water). Furthermore, the wedge introduces additional turbulence and energy dissipation. 
One-dimensional and two-dimensional depth averaged hydraulic models cannot simulate flow 
stratification and instead it must be accounted for by calibrating roughness values or making a 
portion of the channel cross-section ineffective.  The salt wedge is generally restricted to the 
reach downstream of Deas Island for most times of the year (Ward, 1976).  The position of the 
salt-wedge shifts further downstream with increasing fresh water discharges.  
 
Effect of Dikes 
Map No.1 outlines the Lower Fraser River floodplain and shows the extent of diking. Dikes 
confine virtually the entire channel downstream of Sumas Mountain and restrict the amount of 
flow that is conveyed overbank. Dikes also protect major islands, such as Barnston Island and 
Lulu Island, further restricting the flow to the main channels. This situation is different than for 
the upper reach between Laidlaw and Sumas, where many of the islands are subject to overbank 
flooding and inundation.  
 
Varying Roughness 
River bed dunes form in sand-bed rivers as a consequence of sediment transport. Dunes start off 
as small irregularities on the bed and grow as flow increases. They migrate in the downstream 
direction, producing large fluctuations in bed levels. Dunes typically produce most of the energy 
losses in sand-bed channels. Alternatively, if the dunes wash out at high velocities, the roughness 
will be reduced.   
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River Training Structures / Islands 
A series of river training structures influence flow conditions in the lower river.  Also, several 
large islands split the main channel between Port Mann and Mission.  For accurate model 
calibration, flow split data is required. 
 
Effects of Dredging and River Confinement 
Over the last century, the Lower Fraser River has been dredged and mined for sand, confined by 
dikes and training walls, and re-aligned to accommodate deep-draft vessels. These changes have 
all induced long-term adjustments to the river bed topography and channel hydraulic 
characteristics. Consequently, it is difficult to compare historic flood profiles from extreme events 
such as 1972, 1950, 1948 and 1894 with more recent flood levels. It is also not correct to use 
these historic profiles to calibrate or verify a hydraulic model that is developed from recent 
channel and floodplain topography. Hence, the initial model calibration was restricted to using 
recent flood events from 2002, 1999 and 1997 even though these floods had significantly lower 
magnitudes than the design flow. Subsequently, additional calibration runs were made using 1948 
and 1950 flood profiles in a second hydraulic model that was developed from channel and 
floodplain topography surveyed mainly in 1951. 
 
3.5 BEDFORMS AND CHANNEL RESISTANCE 

3.5.1 RESISTANCE IN SAND-BED RIVERS 
Channel resistance in sand-bed rivers is produced by several different mechanisms: 

• Energy losses due to the friction created by the surface of the river bed (so called grain 
resistance). 

• Energy losses created by bedforms (dunes) on the river bed, which create eddies and flow 
separation (form losses). 

• Energy losses induced by secondary currents produced by bends and plan form changes. 
• Energy losses due to flow obstructions created by river structures and bridges. 

One dimensional hydrodynamic models can represent some local energy losses due to bridges 
and other structures by using expansion and contraction coefficients. The energy losses due to 
grain resistance, bedform resistance and resistance induced by flow curvature and bank friction 
are lumped in a single parameter (Manning coefficient, n). The roughness in a uniform sand-bed 
channel can be expressed as follows: 

( )2222 '")"()'( nnnn ++=       (1) 
where, n’ is the grain roughness, n” is the form roughness from dunes and n”’ is the 

 resistance from other plan form sources (banks, bends, log booms etc) 

Grain roughness n’ depends on the sediment size ~ D90, while dune form roughness depends 
mainly on the dune height H, wavelength L and water depth h. Dune form roughness can be 
estimated from the geometry of the dune and water depth by an equation derived independently 
by Engelund and Yalin in the 1960’s (Yalin, 1992): 
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Dunes are one of the main factors governing hydraulic resistance in the channel of a sand-bed 
river. An initial smooth flat bed can increase its roughness from 0.020 to 0.030 by the presence of 
dunes (Julien and Klassen, 1995). Most field studies on large sand-bed rivers show Manning’s n 
declines with rising stage and flow (ASCE, 1996). The decline is generally attributed to two 
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factors, (1) a decrease in the relative roughness and (2) change in the dune geometry with flow 
velocity. Relative roughness is the ratio of the height of the predominant bed projections on the 
bed to the flow depth. For an alluvial sand-bed channel, these projections are the bedforms 
(dunes). Furthermore, as the flow velocity and shear stress increase at high flows it is sometimes 
observed that the bedforms “wash-out”, creating a smoother, flat-bed condition. For example, 
repeat measurements on the Mississippi River showed the n value is about 0.06 at very low flow 
and decreases to 0.025 at high flow (ASCE, 1996). However, a recent case study on the Rhine 
River during the flood of 1998 flood showed the Manning n value increased with discharge 
(Julien et al, 2002).   

A number of methods have been developed to predict alluvial channel roughness using sediment 
transport theory. Among the most widely referenced include Einstein and Barbarossa (1952), 
Engelund-Hansen (1967) and van Rijn (1989). The methods estimate the state of the bed at 
various stages of sediment transport using relations between channel form roughness, bed shear 
stress and sediment transport. The methods were derived mainly from small laboratory flumes 
and are subject to considerable uncertainty when scaled up to actual rivers. Field verifications on 
larger low-gradient sand bed rivers have generally produced poor results (Julien and Klaasen, 
1995, Julien et al, 2002). It was found that theoretical methods to predict roughness worked best 
when actual measurements of dune geometry were available-this is seldom possible for the case 
of design flood conditions.  Other studies of bedforms in the lower Mississippi River showed the 
size and roughness characteristics of dunes are not predicted well by experimental and theoretical 
relations, even though intensive flow measurements were made in the study area.  
 
3.5.2 TEST CALCULATIONS ON FRASER RIVER 
Observations of dunes on the Fraser River during freshet flows have been made mainly at the 
upstream and downstream ends of the sand-bed reach: 

• At the Mission gauge (km 85) in the 1984, 1985 and 1986 freshet seasons. Velocity was 
estimated using measurements made at Mission gauge (McLean, 1990); 

• In the Woodward-Ladner Reach of the estuary (km 16) by Pretious and Blench (1951) 
during the 1950 freshet. These data have also been analysed by Allen (1973); 

• At Stevenson (km 10) in the estuary during the 1989 and 1997 freshet seasons as reported 
by Villard and Church (2003, 2005) and Kostaschuk et al. (2004). 

 
The observations by Pretious and Blench (1951) were made throughout the 1950 flood and 
include measurements at unusually high flow conditions. An extract from the observations is as 
follows: 

While the Hope discharge remained below 350,000 cfs (10,000 m3/s) the waves (dunes) 
were of the order of 20 to 50 feet long and a couple of feet high. When 350,000 cfs was 
exceeded. the waves became conspicuously larger. As river stage increased so did wave 
size. On the 23rd, a specially large wave that had started to grow on the 20th attained a 
full size of about 500 feet (150 m) long and 15 feet (4.5 m) from trough to crest and 
maintained a fairly steady rate of progression of 250 feet/day (75 m/day) till the 29th.  

 
These observations illustrate that the dunes were still growing in size on June 20th, when the 
Fraser River reached its peak flow of 15,840 m3/s (estimated by McNaughton, 1951). There is no 
evidence the dunes washed out or developed a flat-bed that would cause the resistance to decrease 
appreciably.  
 
The observations at Mission were made over a range of flows, from a low of 5,860 m3/s (August 
3, 1984) up to a maximum of 12,300 m3/s on June 5, 1986. The dune height and wave length 
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generally increased with discharge. Observations at the highest flow conditions indicated the 
dunes had a wave length of 44 m, an average height of 1.7 m and a maximum height of 2.8 m. 
The observations at Steveston were made during the 1997 freshet (peak discharge at Mission of 
12,180 m3/s). These measurements were made in the tidally-dominated reach of the river and are 
less representative of conditions upstream of New Westminster.  
 
Figure 3.6 shows the values of dune height versus dune length for data at Mission, Steveston 1 
and Steveston 2. Both H and L increase with discharge, keeping the value of H/L almost constant. 
If H/L remains constant, then Equation 1 implies the channel roughness should increase with 
increasing discharge.  Only data sets Mission and Steveston 2 include simultaneous 
measurements of H, L and h, making it possible to compute dune roughness n”. Assuming grain 
roughness n’ = 0.018, the total roughness n can be computed from equation (1). Roughness varies 
between 0.020 at very low flow to 0.032 for Mission, and between 0.024 and 0.042 for Steveston 
2. The average value at Mission is n = 0.025 at high flows. The computed roughness values for 
Steveston 2 are somewhat higher, due to the larger dunes.  
 
Test calculations were also made at Mission using several different alluvial roughness predictors 
including the equations of van Rijn, Engelund-Hansen and Einstein-Barbarossa. These relations 
do not require measurements of dune geometry and so in principal, can be used to estimate 
roughness conditions beyond the range of field observations. Van Rijn’s method significantly 
underestimated the dune height measured in 1984 to 1986 at Mission (by a factor of five at higher 
flows). Van Rijn’s equation also predicted the dunes would wash out completely when the mean 
velocity exceeded approximately 2 m/s, while field measurements under these same conditions 
showed the dunes were typically 2 m in height and continuing to increase in size. These tests 
confirmed previous studies by Julien and Klaassen (1995) which showed that van Rijn’s 
equations are not reliable predictors of bedform properties on large sand-bed rivers.  
 
The equations were also tested against the observed hydraulic geometry data collected by WSC at 
the Mission gauge. The Engelund-Hansen equation produced reasonably good agreement in terms 
of predicting mean velocity and mean depth during moderate freshet flows (Figure 3.7A). All 
relations tended to over-estimate the velocity (particularly at flows less than 10,000 m3/s) which 
indicates roughness was under-estimated. However, all of the theoretical equations are sensitive 
to the assumed sediment grain size and water surface slope. For example, changing the sediment 
size from 0.35 mm to 0.25 mm in the Engelund-Hansen equation increased the predicted velocity 
(decreased roughness) by 13%. 
 
The relation between channel roughness (grain resistance plus dune resistance) and mean velocity 
is shown in Figure 3.7B. It should be noted that all of these predictions represent only the effect 
of form roughness and grain roughness and do not include other losses caused by bends or local 
effect along the river banks (such as log-booms). The Engelund-Hansen equation predicted 
roughness decreases from 0.028 at a discharge of 9,000 m3/s to 0.024 at a discharge of 
19,000 m3/s. The Einstein-Barbarossa equation predicted much lower roughness at low flow and 
the opposite trend (roughness increases with flow). Also superimposed on this plot are the 
estimated roughness values based on the measurements of dune height and wave length made at 
Mission in 1984 to 1986. These results show a trend of increasing roughness with discharge. 
Estimated roughness values are generally in the range of 0.025 to 0.032, which is similar to the 
range of the Engelund-Hansen predictions (although the trends of the two equations are in the 
opposite directions).  
 
Manning roughness values of 0.032 to 0.025 are typical of values observed on other large sand-
bed rivers (Julien, 1989). However, given the uncertainty of the various theoretical equations, we 
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would not recommend extrapolating these results to the design flood conditions on the Lower 
Fraser River. Instead, we believe the roughness values used in the hydraulic model should be 
based on direct calibration using recorded water surface profiles and discharges. However, the 
theoretical predictions provide a useful basis for assessing the reasonableness of the calibration 
results, particularly for extrapolating them to the design flood condition. 
 
 
3.6 EFFECTS OF RIVER TRAINING AND DREDGING 

3.6.1 RIVER BED CHANGES BELOW NEW WESTMINSTER 
The channel has deepened appreciably below New Westminster in response to dredging, river 
training and confinement by bridges and dikes. An extreme example of bed lowering has 
occurred near New Westminster at the site of the Patullo Bridge and CN Rail Bridge. Surveys 
from 1903 indicate the bed has lowered by up to 10 m compared to recent surveys, probably 
mainly in response to local pier scour and the constriction induced by scour protection. Similar 
magnitude changes to the river bed occurred after Alex Fraser Bridge was constructed. This 
permanent bed lowering reduced the need for maintenance dredging in the reach of St. Mungo 
Bend (Km 28). 
 
Annual river surveys from Public Works have been used to produce time series plots of bed levels 
in the navigation channel to illustrate the long-term overall channel response. Average bed levels 
in the channel have typically lowered by 3 m over a 30 year period or approximately 0.1 m/year 
(nhc 1999), with the greatest bed lowering occurring in the 1980’s. This is consistent with the 
period when the rate of sediment removal exceeded the incoming bed material load. Since the 
mid-1990’s the rate of bed lowering has slowed considerably or in some locations (below 
Steveston Cut, Km 8-11) actually reversed in some years due to the reduced dredging effort.  
 
Appendix C summarizes typical cross sections in 1946-1951 and in 2005. Table 3.6 summarizes 
overall channel changes on the South Arm of the Fraser River between Sandheads (Km 0) and 
New Westminster (Km 35) for various time periods. The volumes represent net changes 
(deposition – erosion) computed from a comparison of annual surveys by Public Works & 
Government Services Canada (PWGSC) or their predecessors. Figure 3.8 shows the annual 
dredge removals on the river and compares these removals to the incoming bed material load at 
Mission (nhc, 2002). 
 

3.6.2 CHANNEL CHANGES UPSTREAM OF NEW WESTMINSTER  
Dredging and channel excavation below New Westminster appears to have initiated progressive 
degradation that is migrating upstream towards the end of the sand-bed reach at Sumas Mountain. 
This degradation was initiated by hydraulic changes along the river, notably the flattening of the 
water surface profile between Sandheads and New Westminster and steepening of the profile 
between New Westminster and Sumas Mountain. A simplified model of the degradation process 
was presented in McLean, Mannerström and Hunter (2005) using the one dimensional sediment 
program GSTARS 3 (Yang, 2002). These simulations showed the degradation would take a 
number of decades to approach equilibrium 50 km upstream at Mission.  
 
Relatively complete surveys of the channel between New Westminster and Mission were made in 
1952, 1991 and 2005, which provides a good basis for assessing channel changes in this reach. 
The survey data were recently compared to identify systematic channel changes in this reach.  
Typical cross section changes between 1951 and 2005 are summarized in Appendix C. The net 
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channel volume changes between Douglas Island just upstream of Port Mann (Km 47) and 
Mission (Km 85) were also computed. Net channel changes are summarized in Table 3.7. 
Approximately 21 million m3 of sediment has been removed from the channel reach between Port 
Mann and Mission over the last 50 years by degradation. This sediment has been transported 
downstream into the delta and has probably contributed to the dredging burden in the navigation 
channel.  
 
3.6.3 IMPACTS OF DREDGING ON WATER LEVELS 
The tide gauges at Steveston and New Westminster and hydrometric stations at Port Mann and 
Mission provide a good record for assessing the long-term cumulative effects of dredging and 
other river training works on water levels. The lowest recorded water levels at New Westminster 
decreased consistently from the mid 1960’s until the mid 1990’s, then remained approximately 
constant. The lowering at New Westminster amounted to approximately 0.7 m in 25 years 
(McLean and Tassone, 1988). It is believed this decrease is primarily due to channel bed lowering 
due to dredging and river training.  
 
Water levels at average flows and moderate freshet flows show a similar trend of decreasing 
water levels over time. These trends are particularly evident at New Westminster and Port Mann 
and the Pitt River near the confluence with the Fraser.  The water level trends are complicated by 
several factors including variations in discharge patterns and tides. Therefore, in order to reduce 
the effects of other variables, a “specific-gauge analysis” was carried out using hourly data at Port 
Mann and Pitt River near Port Coquitlam. This involved plotting recorded water levels for 
specific river discharges (as recorded at Mission) and specific tide levels. Separate curves were 
prepared for the minimum, mean and maximum tide levels at a Mission discharge of 8,000 m3/s. 
Figure 3.9 shows plots at Port Mann and Pitt River near Port Coquitlam at a mean tide condition.  
 
At a discharge of 8,000 m3/s, the corresponding water level decreased by approximately 0.6 m at 
the mouth of the Pitt River and Port Mann over the last 35 years. An analysis of discharge 
measurements at the Water Survey of Canada gauge at Mission (08MH024) showed a similar 
trend, although the magnitude of the changes was considerably smaller. At a constant discharge 
of 8,000 m3/s, water levels have lowered at Mission by approximately 0.2 to 0.3 m over the last 
40 years. 
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4.  MODEL DEVELOPMENT 
 
4.1 MODEL FORMULATION 

4.1.1 EQUATIONS OF MOTION 
MIKE11, 2005 version (SP 4), by the Danish Hydraulic Institute was used in this investigation.  
Hydrodynamic models such as MIKE11 solve the one-dimensional equations of mass 
conservation and momentum: 
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where,  Q = Flow 
 B = Surface width  
 x =  Distance 
 y = Depth 
 t = Time 
 Sf = Friction Slope 
 So = Bed Slope 
 v = Velocity 
 g = Gravity 
 
There are several techniques for simplifying these equations. For the case of steady gradually 
varied flow, the momentum equation can be reduced to: 
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This is the basis of all standard-step backwater analysis models used on non-tidal rivers. The 
equation can be simplified further by neglecting the inertial term: 
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Equation (6) can be combined with the continuity of mass equation, leading to the result: 
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      and, c is the wave speed 
 
This equation is commonly used in flood routing to predict the speed and subsidence of a flood 
wave along a channel. It is termed the “diffusion” method since the equation is similar in form to 
the diffusion equation. The equation implies that an observer, moving along with the crest of the 
flood wave will measure a subsidence in the magnitude of the wave over time, with the rate of 
subsidence governed by the diffusion coefficient “K”.  
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A further simplification can be made by assuming Sf = S0. This leads to the kinematic wave 
equation: 
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which represents the special case where the diffusion coefficient K is zero (the flood wave does 
not subside as it travels along the channel). 
 
MIKE11 has three different options for solving the equations: 

• (High order) fully dynamic method, 
• Diffusive wave approximation, and; 
• Kinematic wave approximation 

In each case, the equations of motion are transformed to a set of implicit finite difference 
equations in a computational grid consisting of alternating Q (discharge) and h (water level) 
points that are computed for each time step. The adopted numerical method for solving the finite-
difference equations is a six point Abott scheme.  

 
For the tidally varying reach between Mission and Georgia Strait a fully dynamic method must be 
used since accelerations terms are important components that cannot be neglected.  UMA (2000) 
encountered instability problems when trying to use the dynamic method for the MIKE11 model 
of the gravel-bed reach between Mission and Hope. Consequently, the diffusive wave 
approximation was adopted. This simplification may to some extent have been the reason for 
difficulty in achieving good calibration results in locations where backwater effects were 
significant.  
 
The terms of reference specified that nhc’s 2006 model be joined with UMA’s 2000 model to 
provide a flood forecasting capability (Section 8). MIKE11 allows for the use of different 
solution methods for different reaches within a single model and hence the full dynamic method 
was used for the tidal reach from the Strait of Georgia to Mission and the diffusive wave solution 
method for the Mission to Hope reach.  
 
4.1.2 MODEL SCHEMATIZATION 
Model schematization involves developing a network of river reaches, branches and junctions to 
represent the river channel and floodplain geometry. Considering the excellent bathymetric 
coverage and extensive LIDAR survey, choosing closely spaced sections was possible.  However, 
as the section spacing is reduced, the computational time step must also be reduced to maintain 
computational stability, resulting in lengthy model runs without significant gain in accuracy.  
Based on the cross-sectional channel geometry and the Courant criterion (DHI, 2004) a spacing 
of 400 m was selected.  In the narrower side channels, the spacing was reduced to 200 m.  Cross-
sections, including overbank sections, were located perpendicular to channel flow as shown on 
the model layout in Map No.1.   
 
The main channel was modelled as a single branch and cross-sections were numbered based on 
the thalweg chainage.  The distances roughly correspond to PWGSC standard Fraser River 
chainage. Side branch sections were numbered from the downstream end and flow direction in 
MIKE11 was specified as negative.  For the calibration/verification floods, flow is mainly 
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contained within banks, and overbank sections were modelled by extending the channel sections 
across the floodplain.   
 
Branches were connected within MIKE11 at pre-selected points.  After each cross-section import 
and after connecting a set of branches, the model was run to see that no hydraulic instabilities 
formed.  Where problems were encountered, these were rectified as much as possible before 
proceeding.  For all runs, the model was started with an initial parameter file.  A run time step of 
2 seconds was selected as optimum based on Courant criterion.  Initially, freshet time periods of 
only two weeks were modelled to reduce run-times but were later extended to span the entire 
freshet duration. 
 
4.1.3 BOUNDARY CONDITIONS 
The following boundary conditions were specified for each scenario in the 2006 model: 

• Inflow at upstream end (near Sumas Mountain).  The flow was assumed to be equal to 
flow at Mission, since no significant tributaries enter the in-between reach.  

• Inflow from main tributaries: Pitt, Alouette, Stave and Coquitlam Rivers. (The tributaries 
are small relative to the Fraser and have minor impact on the Fraser profile). 

• Tidal levels at the mouth of the North Arm, Middle Arm, South Arm and Canoe Pass. 
 

The historic model which was used specifically for reproducing the 1948 and 1950 floods was 
developed only for the reach between Mission and New Westminster, based on available historic 
cross section survey information. The New Westminster tide gauge was used to establish the 
downstream boundary for this model.  
 
4.2 AVAILABLE DATA-2006 MODEL 

4.2.1 CHANNEL AND FLOODPLAIN GEOMETRY 
Public Works and Government Services Canada (PWGSC) provided sounding data comprising of 
single track and multi-beam bathymetry, collected mainly in 2004. The data were geo-referenced 
to GVRD datum and provided in ASCII format. The complete dataset consisted of roughly 19 
million individual points collected on either survey or swath transects. The data files were 
imported into ArcMap GIS and then converted to point coverage in Arc/Info format. Soundings 
upstream of Mission were collected in 2003. The initial dataset contained some gaps in Middle 
Arm, Canoe Passage, and south of Steveston South Jetty. Additional small gaps were also 
identified along channel margins where log booms prevented boat access.  To provide coverage 
for these areas PWGSC conducted additional surveys in December, 2005 and also supplied 
information from a 1989 survey that included bank edges. 
 
The 2004 PWGSC surveys extended up Pitt River into the shipping channel of Pitt Lake, but did 
not include the lake. Lake bathymetry was obtained by digitizing a hydrographic chart of Pitt 
Lake (Chart 3062, surveyed 1984).  
 
Bank and floodplain topography was compiled from LIDAR data, collected by Terra Remote 
Sensing Inc. in June, 2005. The LIDAR data consisted of both full return and bare earth 
elevations, where water, buildings, vegetation, vehicles etc. were removed from the full return file 
through a combination of software and manual editing by Terra. The LIDAR data consisted of 
1 m ground coordinates and elevations in ASCII format and contained approximately 130 million 
elevation points. The survey did not extend upstream of Matsqui Prairie and LIDAR data 
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collected in 1999 and 2004 was incorporated to extend floodplain cross-sections to Sumas 
Mountain. 
 
The geometry of the river and floodplain was constructed within six overlapping sub-areas. The 
boundaries correspond to limits of the LIDAR data except near the mouth, where they were 
modified to include tidal flat areas. This division was necessary to keep the size of each created 
TIN model below the maximum allowable file size within GIS. The input data for each model 
were thinned to 3 metres within the TIN module to eliminate duplicate and redundant points. This 
spacing was found to reduce computing time and file storage size, while preserving the shape of 
channel and floodplain features. Each TIN model represents a seamless interpolated model of the 
channel bed, banks and floodplain based on the available topographic data and was used to 
extract cross-sections for input to MIKE11. 
 
4.2.2 HYDRAULIC STRUCTURES AND BRIDGES 
Figure 4.1 shows the location of hydraulic structures within the study reach.  The purpose of 
most structures is to locally confine the river channel to increase flow velocities and consequently 
reduce sediment deposition in order to help maintain a navigable channel.  Design drawings of 
the structures where obtained from PWGSC and each structure was reviewed to determine the 
best method of representation in the model.  In most instances, the structures form boundaries that 
simply define the extent of the effective channel area and do not require specific modelling.  
However, the Albion Wall passes substantial amounts of flow (in the order of 15%) and was 
modelled as a side branch. 
 
Bridge crossings are summarized in Table 4.1 and Figure 4.1.  There are nearly 30 bridges 
within the study area, 27 of which were modelled.  To accommodate navigation, the bridge decks 
are typically well above the design flood level.  However, some of the railroad structures have 
swing spans and decks that could potentially get submerged during the design flood.  In order to 
model the bridges, information on pier configurations, low chord and deck elevations was 
obtained from Ministry of Transportation, BC Transit, Airport Authority and various 
municipalities and consulting firms.  Some bridge dimensions and details were verified during 
field trips.  
 
4.2.3 HYDROMETRIC AND TIDAL DATA 
Hydrometric and tidal data was required to establish model boundary conditions for calibration, 
verification and design flood profile computation.  For all model runs, inflow at the upstream end 
and from main tributaries, along with downstream water levels formed the boundary conditions.  
Table 4.2 summarizes available stream-flow, water level and tidal data.  The main source of 
information was Water Survey Canada (WSC), but water level data was also provided by Marine 
Environmental Data Services (MEDS) as well as Langley, Surrey, Richmond and Delta.  Flow 
records for Stave River were obtained from BC Hydro.  Non-continuous water level records 
collected at staff gauges were available for 1999 (Sigma, 1999) and for 1997 from MOE. 
 
In the Scoping Study (2004), nhc recommended that the 1999 flood be used for model 
calibration and the 1997 flood for verification.  However, in view of the more extensive water 
level data now available for 2002, the 2002 flood was selected for primary calibration with the 
1999 and 1997 floods used for verification.  The 2002 peak flow (11,270 m3/s at Mission) is 
slightly less than the 1999 and 1997 floods but as the more recent event it is more representative 
of present channel conditions.  Also, significantly more continuous water level data is available 
for this flood than the other two. Detailed available water level records for the freshet 
calibration/verification floods are summarized in Table 4.3 and gauge locations are shown in 
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Figure 4.2. Figure 4.3 shows the 2002 calibration data for various continuous recording gauges 
along the Main Arm.  These calibration/verification flows are only about 60% of the design flow 
at Mission of 18,900 m3/s and hence a secondary calibration using a historic model was also 
carried out. 
 
Few flow and water level records are available for the winter storm surge season. Following 
1992, winter daily flows at Mission were not published and had to be estimated based on flow 
records for Fraser River at Hope, Harrison River near Harrison Hot Springs, Chehalis River near 
Harrison Mills and Chilliwack River at Vedder Crossing.  Available winter 
calibration/verification data are shown in Table 4.3.   
 
4.2.4     FLOW SPLIT DATA 
Recorded flow spilt data is essential for confirming that the model correctly distributes flow into 
separate channels.  In late May and early June of 2005, PWGSC collected flow split data using 
the ADCP discharge measurement method at Matsqui, Crescent, McMillan, Barnston and 
Douglas Islands as well as at the Trifurcation.  Total flow during the period ranged from 6,000 
m3/s to 10,000 m3/s.  Transects at each location were repeated at least twice and then averaged.  
Good agreement was generally obtained between recorded total flows and the sum of splits, 
indicating good measurement accuracy.   
 
In November, 2005 and January, 2006, PWGSC obtained further measurements at Sea Island, in 
the Albion Wall area as well as for the Woodward/Ladner reaches and Canoe Pass. 
Measurements were obtained during both ebb and flood tides with total flows in the 5,000 m3/s to 
8,000 m3/s range.  Recorded average flow splits are summarized in Figure 4.4.  The flow 
distribution measured in 2005 is remarkably similar to the estimated values measured by Keane 
(1957) during the period May to August 1954, as summarized by the Inland Waters Directorate 
(1970). 
 
4.3 2006 MODEL DEVELOPMENT 

4.3.1 RIVER CROSS SECTIONS 
A total of 615 sections were digitized and used in the 2006 model.  Following initial model setup, 
some sections were added/removed, split or re-oriented in order to more accurately model flow 
conditions. The channel geometry for each cross-section was extracted from the TIN models by 
recording the elevation of the TIN surface at a user specified distance using an interpolation 
method in Arc/Info. Elevations were sampled every 3 m, coincident with the density of data used 
to create each TIN. Since MIKE11 has a limit of 1000 points per section, sections longer than 
3 km (found at Pitt Lake and the tidal flats) were re-sampled at 9 metres. The points 
corresponding to each section were written to a text file and imported into ArcMap for 
processing. This reference information was read into MIKE11 from a text file using a Visual 
Basic routine. The GIS file was used to establish chainages and positional coordinates for 
network junctions, bridges, and water level gauges.  
 
For initial model assembly, a uniform Manning’s roughness coefficient of 0.03 was used for all 
channels. Approximate overbank values ranged from 0.06 to 0.15 and were determined using 
orthophotography provided by FBC or field observations. 
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4.3.2 HYDRAULIC STRUCTURES 
Bridges were modelled using the energy method.  In most instances river training structures were 
not specifically modelled but were used to limit effective channel areas.  Flow passing through 
Albion Wall was modelled as a side branch.  Roughness coefficients were increased to represent 
the pile wall and walers. 
 

4.4 2006 MODEL WINTER CALIBRATION AND VERIFICATION 

4.4.1 BOUNDARY CONDITIONS 
The winter calibration and verification events were selected to represent periods of high ocean 
tide levels rather than high river flows.  Only very limited winter water level data is available and 
it was not possible to calibrate or verify the model to the extreme tides listed in Section 3.3.  
Instead a two week period in November, 2002 with reasonably high tides and good water level 
records was chosen for calibration.  The verification period was December, 2002 / January, 2003 
when tides were higher but unfortunately water level records were few, though somewhat more 
extensive than generally available for the winter.  
 
Upstream Inflow 
During medium and low flow, the discharge at Mission is strongly affected by the tide.  Daily 
flows have not been published by WSC at Mission since 1992, although estimated non-freshet 
daily flows were previously obtained for the period 1993 to 2001.  For 2002 and 2003, non-
freshet flows at Mission were estimated by adding the Fraser River discharge at Hope to recorded 
flows from the major tributaries between Hope and Mission (Harrison, Chehalis and Chilliwack, 
plus an allowance for local inflow).  Based on daily flows, hourly hydrographs were generated for 
the calibration/verification periods in November and December of 2002 and January 2003.  The 
November calibration flow at Mission was estimated to be about 1,500 m3/s and the 
December/January verification flow just under 1,000 m3/s.  Table 4.3 summarizes winter 
calibration and verification data. Both flows were slightly less than the corresponding monthly 
averages.  
 
Tributary Inflow 
Daily flow records were available for Stave, Coquitlam and Alouette Rivers for the calibration 
and verification periods.  Pitt River flows were generated based on average flow ratios. The 
combined inflow from all four tributaries was roughly 100 m3/s in November and close to 
200 m3/s in December.  These flows are well below seasonal peaks.    
 
Tidal Levels 
The November peak tide reached a water level of 2.22 m at Point Atkinson resulting in maximum 
water levels of 2.24 m at Steveston gauge and 2.27 m in the North Arm at Vancouver South 
gauge.  The corresponding ocean starting levels generated by Triton ranged from 2.22 m at the 
North Arm to 2.13 m at Canoe Pass, with a total swing range of 4.4 m.   
 
During the December, 2002 and January, 2003 verification period, tides reached a maximum high 
water level of 2.42 m at Point Atkinson (January 3).  Corresponding generated starting levels 
ranged from 2.42 m at the North Arm to 2.33 m at Canoe Pass, with a maximum swing of 4.75 m.  
The recorded Steveston peak level was 2.48 m. 
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4.4.2 CALIBRATION AND VERIFICATION 
Winter calibration and verification results are provided in Table 4.4. The tabulated verification 
levels are for December 30, 2002, when water levels were available for the key gauge at 
Vancouver South.  Plots of observed and modelled water levels are included in Appendix D.  
Modelled peak levels are generally within 0.15 m of observed levels.   
 
Measurement errors were detected in the Nelson Road trough levels for November 2002 and in 
the Vancouver South trough levels for December 2002.  Peak levels in the North Arm were 
under-predicted; by 0.26 m for the calibration and 0.15 m for the verification run. Observed water 
levels in the North Arm are sparse and the calibration is considered less accurate than for the 
Main Arm.  It was not possible to rectify these discrepancies through roughness adjustments.  The 
errors may have been the result of variations between estimated and actual ocean levels.  
Generally, the model agreed well with observed data and was considered valid for winter design 
conditions. 
 
4.5 2006 MODEL FRESHET CALIBRATION AND VERIFICATION 

4.5.1 BOUNDARY CONDITIONS 
Upstream Inflow  
For freshet model calibration (2002 – maximum flow of 11,270 m3/s) and verification (1999 and 
1997, maximum flows of respectively 11,820 m3/s and 12,180 m3/s), recorded hourly flows were 
available for Mission and transferred to the upstream end of the model.  During all three years, 
water levels at Mission were slightly influenced by tidal fluctuations, resulting in WSC reported 
flows fluctuating by up to 200 m3/s.  Since flows at Sumas Mountain would not have been tidal, 
the inflow hydrographs were mathematically smoothened. 
 
Tributary Inflow 
Recorded flows were available for three of the four main tributaries:  Stave, Alouette and 
Coquitlam Rivers (Table 4.3).  All three watersheds are regulated by BC Hydro Dams.  Summer 
peak flows occur throughout the Fraser freshet season and do not show any correlation with the 
Fraser peak. Flow records for Pitt River ended in 1964.  The unregulated Pitt basin correlates 
poorly with other watersheds in the area.  Considering the relatively small contribution from Pitt 
River, a constant flow equal to the average summer base flow of 100 m3/s was assumed for the 
freshet calibration and verification. Total tributary inflows during the 2002, 1999 and 1997 Fraser 
peaks were respectively 246 m3/s, 280 m3/s and 285 m3/s. The tributaries typically contribute less 
than 3% of the total freshet flow. Local inflow and flows from smaller watersheds were ignored 
as their contribution is minimal. 
   
Tidal Levels 
By combining recorded surge levels at Point Atkinson and predicted tide levels at a number of 
locations in the area, Triton used their harmonic tidal model of Georgia Strait to estimate hourly 
water levels at the four outlet arms for 2002, 1999 and 1997 (see Appendix E for details).  For 
the days corresponding to the peak flows, maximum tide levels at the South Arm outlet were 
respectively 1.44 m, 1.19 m and 1.39 m.  Water levels at all outlets were within 0.1 m of the Point 
Atkinson level. 
 
4.5.2 2002 CALIBRATION 
Results of the final calibration for the 2002 flood are listed in Table 4.5. The agreement with 
recorded peak levels is generally within the target accuracy of +0.10 m, with an average absolute 



  nhc 

 
Final Report - Lower Fraser River Flood Model  Page 28 

error of 0.09 m. Plots of observed and modelled water levels are provided in Appendix D.  Some 
measurement errors were noted at the 192nd Street and Salmon River gauges.  The Vancouver 
South and Bathslough gauges are within a short distance of each other, yet peak readings are 
typically about 0.15 m apart.  The WSC Vancouver gauge is considered more reliable.  Some 
uncertainty is associated with the ocean starting levels and it was not possible to more closely 
match peak levels at Steveston, under-predicted by 0.20 m.  Tidal trough levels are not quite as 
well matched as peak levels (Table 4.5) but since the main purpose of the model is to simulate 
peak levels, the calibration was considered sufficiently accurate.  The average absolute trough 
error was 0.15 m.  Due to the two-dimensional nature of the flow, presence of a salt wedge, bed 
formations and wave action, the hydraulic conditions at the ocean interface are extremely 
complex and highly precise modelling using a one-dimensional model is difficult. 
 
Estimated Manning’s roughness coefficients are provided in Table 4.6. MIKE11 interpolates 
linearly between upstream and downstream roughness coefficients for intermittent cross-sections. 
Coefficients ranged from 0.025 to 0.033 in the main channels and were slightly higher in side 
channels (up to 0.035).  For cross-sections downstream of Port Mann, the relative roughness 
coefficient was varied from 1.0 at peak tidal levels to 0.75 at trough levels to better match water 
levels at troughs. Within the ocean, where flow is partly over salt water, this reduced n-values to 
as low as 0.015 at tidal troughs.  Over-bank roughness coefficients, estimated from air-
photography, ranged from about 0.08 to 0.10.  
 
Observed and calculated flow splits are listed in Table 4.7.  In general, the agreement between 
observed and simulated splits is within a few percent.  The observed Ladner/Canoe and North 
Arm/Middle Arm splits appear suspect and the model was not adjusted to try and match the 
observed splits.  Measurements at these locations were obtained during winter conditions and are 
probably not representative of freshet flows. 
 
4.5.3 1999 AND 1997 VERIFICATION 
Following calibration, the model was verified using water levels recorded during the 1999 and 
1997 floods.  Good agreement was found between the 1999 flood levels as shown in Table 4.5 
(average error less than 0.1 m).  Computed water levels were also compared with miscellaneous 
staff gauge readings obtained during the 1999 flood (Sigma, 1999).  The levels generally agreed 
well, although some random discrepancies were noted, as shown in Appendix D.  The 1997 peak 
levels upstream of New Westminster were over-predicted on average by 0.16 m (Table 4.5). The 
1997 peak flow of 12,180 m3/s was somewhat higher than the 2002 flood of 11,270 m3/s, 
suggesting a possible reduction in roughness with increasing discharge. 
 
Whereas the model calibration is accurate for discharges in the 11,000 to 12,000 m3/s range, 
simulated water levels for the almost 70% larger design flow could vary from actual flood levels 
and further investigations were undertaken to try and estimate the roughness variation with flow. 
 
4.6 HISTORIC MODEL DEVELOPMENT 

4.6.1 AVAILABLE DATA 
The historical model was developed for the reach extending from New Westminster to Mission to 
evaluate conditions during the large floods in 1948 and 1950. This model was developed from 
river surveys carried out in 1951 and 1952, collected by the Dominion Public Works Department.  
In the reach from New Westminster to Douglas Island, 1953 bathymetry was used, whereas the 
Pitt River channel cross-sections were extracted from more recent surveys.  Overall, the model 
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cross-sections used in the 1950’s model are less accurate than the 2006 model.  The old charts 
provided limited data along bank lines and were in some instances difficult to decipher.   
 
Available flow and water level information used in the secondary calibration is listed in 
Table 4.8.  The historic data are not as accurate as that used for the 2002 to 1997 calibration.  
Some flows were estimated values, rather than recorded and peak levels were typically not 
obtained from continuous recorders but in some instances correspond to high watermarks 
surveyed after floods.  In spite of these limitations, the data represents hydraulic conditions 
during the second highest flood within historic times and provides the best means available for 
evaluating variations in roughness with flow. 
 
4.6.2 MODEL ASSEMBLY 
Assembly of the historic model involved digitizing the 1951,1952 and 1953 soundings from 
Sumas Mountain to New Westminster, geo-referencing the bathymetry and floodplain 
topographic maps and then extracting cross-sections.  A spacing of about 1 km was used instead 
of the 400 m spacing in the 2006 model.  Steps were taken to ensure that the 1950’s historical 
model performed similarly to the 2006 model and that estimated roughness coefficients would be 
comparable.  The 2006 model was modified to reflect the reduced number of cross-sections and 
using the 2002 calibration profile as a test, the simplified model was found not to significantly 
deviate from the high density cross-section model.  Some junction locations were adjusted 
compared to the 2006 model to reflect the slightly different island configurations of the 1950’s. 

The 1950, 1969, and 1972 floods were contained by diking whereas the 1948 flood spilled on to 
the floodplain, with flow actively conveyed over bank.  Therefore two versions of the model were 
assembled, one with flow confined to the main channel and the other allowing sections of the 
floodplain to actively convey flow.  The two versions also allowed assessing dike confinement 
effects in the reach between Sumas Mountain and New Westminster. 
 
The historic model extended only from near Sumas Mountain to New Westminster (including Pitt 
River) and was used specifically for assessing the 1948 and 1950 floods. The following boundary 
conditions were specified: 

• Inflow at upstream end near Sumas Mountain.  
• Inflow from Pitt River. 
• Water levels at New Westminster tide gauge. 

 
4.6.3 1948 FLOOD CALIBRATION 
The model was calibrated to the 1948 water level profile using a Mission flow of 15,500 m3/s 
(best estimate). Based on 1948 air photography, included in Appendix A, large portions of the 
floodplain were submerged.  Assuming a roughness on the floodplain of 0.075 and a total flow at 
Mission of 15,500 m3/s, the corresponding channel roughness coefficient would have been 0.027.  
The above analysis suggests that for the reach between Douglas Island (Km 47) and Mission 
(Km 85) the average channel roughness was 10% less than obtained through calibration of the 
2002 flood.  If no flow were conveyed over-bank (i.e. water ponded on the floodplain but was 
conveyed entirely within the main channel), the roughness may have been as low as 0.026.  
However, it is not possible to confirm the percentage of flow conveyed in the channel and it 
seems likely that at least some of the flow was over-bank and hence a coefficient of 0.027 was 
assumed. A comparison of observed and computed water levels at different locations along the 
channel is provided in Table 4.8. 
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4.6.4 1950 FLOOD VERIFICATION   
The 1950 flood simulation was based on a discharge of 14,500 m3/s (estimated by McNaughton, 
1951). The flow was entirely contained within the dikes.  It was found that the recorded and 
computed water levels at the Mission gauge matched for a channel roughness coefficient of 
0.028. The observed and computed water levels are listed in Table 4.8. 
 
Overall, the deviations from observed 1948 and 1950 levels are higher than for the 2006 model 
calibration.  This was expected, considering potential inaccuracies in channel geometry, flow 
estimates, over-bank flow assumptions and lower quality high watermark information for the 
historic simulations.  Also, a single average roughness coefficient was used for the entire New 
Westminster - Sumas Mountain reach, without effort to try and calibrate to other gauges than to 
the one at Mission.  
 
4.6.5 1969 AND 1972 SIMULATION 
The 1969 flood had a peak flow of 9,660 m3/s at Mission and the 1972 flood a flow of 
13,650 m3/s (based on a WSC discharge measurement rather than published flow).  These 
intermediate flood flows were selected for simulation to see if roughness varies in a systematic 
way in the 10,000 to 15,500 m3/s range.  Some channel changes would have occurred between the 
early 1950’s and 1972, but would not have been as significant as from 1972 to present.  Fairly 
complete boundary condition data and observed water level information was available for the 
floods.  A roughness coefficient of 0.030 was required for the 1969 flood and a coefficient of 
0.029 for 1972. 
 
4.6.6 ASSESSMENT OF DIKE CONFINEMENT EFFECTS 
The influence of dike construction between Mission and New Westminster on the 1894 design 
profile was assessed using the historic model. This assessment focused on confinement effects 
rather than flood attenuation due to storage. The historic model was used since it was considered 
more representative of the floodplain in 1894.  Effects of dikes downstream of New Westminster 
were ignored.  The historic model was run both with and without dikes and the results compared.  
For the runs without dikes, the maximum likely floodplain conveyance was assumed, giving the 
highest probable water level variation.   
 
At the 1894 design discharge, the dikes raised the water level by a maximum of 0.4 m at Mission.  
Water level differences did not increase uniformly through the reach but showed irregular 
variations as a result of the dike configurations.  For lower discharges, contained within the 
channel, the water level rise due to confinement diminished to zero.  The results confirm that if 
present dikes were to withstand a flood of the same magnitude as in 1894, water levels at Mission 
could be up to 0.4 m higher than observed in 1894 due to dike confinement effects alone.   

 
4.7 REVIEW OF MODEL ROUGHNESS  

4.7.1 ASSESSMENT OF MODEL CALIBRATION  
Figure 4.5 summarizes all available information on the relation between discharge and channel 
roughness for the reach downstream of Mission. The series of triangles corresponding to n=0.030 
represents the overall best-fit relation for flows between 6,500 m3/s and 11,300 m3/s and is based 
on the model calibration for the continuous period of June 1 to July 1, 2002. The points labeled 
“1972 and 1974” represent estimated point roughness values determined using Water Survey of 
Canada’s hydrometric measurements at Mission during flood conditions for these two years. The 
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roughness values were derived by calibrating a truncated 2006 model for the Sumas Mountain -
Whonock reach to Mission water levels, using recorded Whonock water levels as the downstream 
boundary condition and the Mission discharge as the upstream boundary condition.  Most of these 
values fluctuate in the range between 0.032 and 0.028 and there is no obvious trend with flow. It 
is likely that some of the scatter in the 1972 and 1974 n-value estimates is due to the short reach 
between Whonock and Mission and the problem of estimating flow losses around Matsqui Island. 
Some additional source of uncertainty was also introduced by using the 2005 cross sections to 
represent conditions in 1972 and 1974. Therefore, although these results are indicative, they are 
believed to be less reliable than the 2002 calibration data. The filled circles on the graph represent 
roughness values estimated from floods in 1969, 1950 and 1948 using the historic model (1950’s 
cross sections). The computed Manning roughness values decrease from 0.029 at a discharge of 
13,700 m3/s to 0.027 at 15,500 m3/s. Error bounds (ranging from a high of 0.029 to a low of 
0.026) are shown for the roughness value during the 1948 flood. These error bounds were 
determined by using the range of estimated peak discharges for the 1948 flood.  

The plot suggests there is a weak trend for roughness to decrease when the flow exceeds 
approximately 12,000 m3/s. These results show a similar trend as the theoretical predictions using 
the Engelund-Hansen equation (Section 3.5.3) except the measured roughness values are 
displaced higher than the theoretical predictions. Based on these results it was decided to adopt a 
channel roughness of 0.027 for the design flood condition of 18,900 m3/s at Mission. This value 
was used for the reach extending from Mission downstream to near Port Mann/Douglas Island. 
Further downstream, the main channel roughness was set to average 0.03. There were two 
reasons for maintaining a slightly higher roughness value in the lower reach: 

• The historic data is not adequate to estimate roughness values in 1948 or 1950 for the 
reach downstream of Port Mann. The calibration/verification results from 1997, 1999 and 
2002 provide an average roughness value of 0.03 in this reach. Therefore, these values 
have been adopted.  

• There is some indication that for the same river inflow conditions, the amplitude of the 
dunes in the lower reach is greater than in the upper reach near Mission. This is probably 
due to the greater tidal effects in the estuary. Consequently, it is reasonable to maintain a 
slightly higher roughness value in the lower reach. 

 
Figure 4.6 compares the computed relation between discharge and water level at Mission along 
with WSC’s 2006 updated rating curve (rating curve 4). The curve from the MIKE11 model 
represents an overall “best-fit” using the results from the 2002 freshet calibration runs and the 
predicted water levels for flows corresponding to the 1948, 1950, 1972 and adopted 1894 design 
flood condition. The model predictions and WSC rating curve match very closely over the entire 
range of measured discharge data between 6,000 m3/s and 14,000 m3/s. There is also good 
agreement at higher flood flows where the WSC rating curve is extrapolated. The revised WSC 
curve predicts a slightly higher water level than the model at design flood conditions (8.89 m 
model versus 9.05 m rating curve). Given the uncertainties involved in extrapolating the rating 
curve as well as the uncertainties in hydraulic roughness and sediment transport-induced changes 
in topography during extreme floods, it is believed that the differences between the rating curve 
and model are not significant. 
 
4.7.2 ADOPTED ROUGHNESS VALUES 
Table 4.6 summarizes the final roughness values that were adopted for the freshet design flood 
profile computations. The Resistance Radius method was used throughout the modelling except 
for the cross-sections within the ocean where the Total Area, Hydraulic Radius method was 
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considered more appropriate. The values represent “best-estimates” rather than “upper/lower 
bound” limits of channel roughness. 
 
The adopted roughness values are generally comparable to previous hydraulic modelling on the 
river. For example, Baird (1998, 1999) reported the main channel roughness ranged between 
0.032 and 0.030. However, these values were estimated for moderate flows, not extreme flood 
conditions.  
 

4.8 ASSESSMENT OF MODEL ACCURACY AND LIMITATIONS 
MIKE11 is a one dimensional hydraulic model and does not take into account two or three 
dimensional flow effects.  Saltwater intrusion in the lower estuary was not specifically modelled 
but indirectly accounted for in roughness coefficients. Flow at the ocean boundary is highly two-
dimensional but was modelled one-dimensionally with cross-sections modified to incorporate 
increased storage areas.  Based on calibration results these methods were found to be sufficiently 
accurate for the purposes of computing the flood profile.  
 
The calibration and verification runs generally showed excellent agreement with measured water 
levels and were well within the normal limits for floodplain mapping and flood hazard assessment 
when compared to other rivers in British Columbia. The additional calibration and verification 
runs using 1948, 1950, 1969 and 1972 floods demonstrate that the model can be used for a wide 
range of flow conditions. 
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5. DESIGN FLOOD PROFILE 

5.1 FRESHET PROFILE 

5.1.1 BOUNDARY CONDITIONS 
Following successful model calibration and verification, the model boundary conditions were set 
to design values. As specified in the terms of reference, a design inflow of 18,900 m3/s was used 
at the upstream end of the model, corresponding to a discharge of 17,000 m3/s at Hope (estimated 
to have occurred in 1894), plus local inflows between Hope and Mission estimated by UMA to be 
1,900 m3/s (lower bound value, taking into account the low probability of tributaries peaking at 
the same time).   
 
Tributary design inflows from Stave, Pitt, Alouette and Coquitlam Rivers were estimated based 
on peak flow ratios in the same manner as UMA (2000) determined local inflows to the gravel-
bed reach (Section 3.1.3).  Results were summarized in Table 3.2 and suggested a total flow of 
19,650 m3/s at New Westminster.   
 
During the Fraser freshet, high tide levels are common (since Large tides occur in June around 
the time of the peak freshet) but storm surges are minimal. At the four outlet arms, the 2002 
calibration tide levels were used as the downstream boundary condition (maximum tide at Point 
Atkinson of 1.84 m).  The levels roughly correspond to a two-year return period summer high tide 
(no surge).  Since winter flood conditions exceed freshet levels at the downstream end, an in-
depth analysis of summer tides was not carried out.  The sensitivity of the freshet profile to ocean 
levels is described in Section 5.4.3. 
 
5.1.2    SIMULATION RESULTS 
Some adjustments had to be made to the calibrated model to accommodate the design flow.  All 
standard, non-standard and other types of dikes, including railroad and highway embankments, 
were extended vertically in the model to stop flow spillage onto the floodplain. This was based on 
the assumption that dikes presently not sufficiently high will be raised to prevent flooding in the 
future and is in keeping with MOE guidelines for floodplain mapping studies. However, 
unprotected floodplain areas, as covered by cross-section lines in Map No. 1, were included as 
actively conveying flow.   
 
Flow levels at the bridges were reviewed and only one bridge, Jacob-Haldi Bridge at McMillan 
Island, was subject to pressure flow, with water touching the bridge deck but not over-flowing it. 
The performance of the river control structures was also reviewed.   
 
Computed flow splits at the design flow were nearly the same as for the calibration/verification 
flows. The water level at Mission was found to be 8.9 m or 1.0 m higher than the design water 
level computed in 1969 which was equal to the observed 1894 water level. The design profile is 
plotted in Drawing No. 34325-1 and tabulated in Table 5.1.  Also listed in the table are the 
design level increases compared to the 1894 profile calculated in 1969. 
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5.1.3 UPSTREAM MODEL EXTENSION 
The 2006 model ends at Sumas Mountain, approximately at the end of the tidal reach of the river, 
10 km upstream of Mission.  A MIKE11 model of the gravel-bed reach between Hope (Laidlaw) 
and Mission was developed by UMA in 1999.  The two models were joined together, to provide a 
single model of the entire reach of the river from Hope to the Strait of Georgia.  In order to 
combine the models, some technical details had to be resolved. The downstream model is fully 
hydrodynamic and computations are done at a time interval of two seconds.  The upstream model 
uses the diffusive wave approximation method (neglecting velocity head) and a computational 
time step of one hour.  The upstream model has a large number of linked channels, crossing 
islands and floodplain.  The MIKE11 tool “pfs.MERGE” was used to join the models but some 
editing of the combined network and hydrodynamic parameter files was required.  The joined 
model used a time step of 2 seconds and for a five-day modelling scenario the run took 
approximately 4 hours to complete.  
 
The design flood profile from Laidlaw to Mission computed by UMA assumed a starting level of 
7.99 m, corresponding to a water level of 7.92 m recorded in 1894 and a 0.07 m allowance for 
confinement effects caused by Matsqui dike upstream of Mission.  Other downstream effects of 
diking were not taken into account.  Upstream diking was modeled and assumed not to fail.  
These starting conditions were outlined in UMA’s terms of reference.  However, the new 
downstream model showed that for the design flow, the upstream model starting level should be 
8.9 m, or 0.9 m higher than the previously used level.  This rise in the starting level has an impact 
on water levels up to Harrison Mills, as shown in Drawing No. 34325-2.  Considering the much 
higher water levels in the reach upstream of Mission a review of the UMA model was 
undertaken. Cross-sections were generally sufficiently high to contain the flow.  However, the 
backwater component, previously not included in the water surface computations, is likely more 
significant now.  As specified in the terms of reference, this model was adopted unmodified for 
extending the 2006 model.  There are several differences between the two models.  The upstream 
model uses the diffusive wave solution, has frequent and crossing linked channels and cross-
section bed-levels are highly irregular affecting relative roughness.  The downstream model is 
fully hydrodynamic, has no linked channels and a smoother bed topography. 
 
The revised profile for the Mission-Harrison Mills reach is plotted in Drawing No. 34325-2 and 
is tabulated in Table 5.2.  The extended model can be used as a flood-forecasting tool as 
described in Section 8.  Predicted tide levels can be set as the downstream boundary condition 
and forecasted flood hydrographs used as upstream and tributary inflows.  Water levels at any 
point and time along the river can then be computed.   
 
5.2 WINTER DESIGN PROFILE 

5.2.1 DESIGN BOUNDARY CONDITIONS 
The 200 year tide/surge level in combination with an appropriate Fraser River winter flood flow 
was specified as the winter design boundary conditions.  The 200 year ocean level at Point 
Atkinson was estimated to be 2.89 m at the 95% upper confidence limit (Appendix B).  Using a 
harmonic tidal model of Georgia Strait, Triton translated this elevation to a ocean levels of 2.84 m 
at Fraser South Arm (2.78 m at Canoe Pass), 2.88 m at North Arm and 2.87 m at Middle Arm.  
The design event was incorporated into a two-week time series of ocean water levels for 
simulation in the MIKE11 model.   
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Ocean storm surges and high Fraser River winter discharges are not statistically independent 
events and conceivably a 200 year Fraser River winter flow and the design surge could coincide.  
This condition was initially assumed for the winter base profile. The 200 year Fraser River winter 
flow at Mission, based on flows recorded between September and March, was estimated to be 
9,130 m3/s (Section 3.3.2).  Table 3.5 summarized adopted tributary inflows downstream of 
Mission for the winter flood profile. The 200 year winter tributary flows combined with the 
Fraser 200 year winter flow resulted in a discharge of 12,690 m3/s at New Westminster.   
 
5.2.2 SIMULATION RESULTS 
Simulated winter design profiles for the South, Middle and North Arms are included in Drawing 
No. 34325-1 and tabulated in Table 5.2 for the river reaches where winter design levels exceed 
freshet levels.  The profiles in Middle Arm and Canoe Pass were essentially horizontal.  
Figure 5.8 of Section 5.5.2 shows profiles corresponding to the 200, 100 and 20 year discharges 
and demonstrates that in the reach where the winter profile exceeds the freshet profile, the 
discharge used for modelling has almost no effect on the profile.  A detailed joint frequency 
analysis of coinciding storm surge/ high flow events was therefore not required. 
 
5.3 COMBINED PROFILES 
As specified, the freshet and winter profiles were combined and the higher of the two profiles 
adopted as the design profile.  The design profile for the South, Middle and North Arms as well 
as Pitt River are shown in Drawing No. 34325-1. The point where the winter profile exceeds the 
freshet profile is roughly at Km 28 or about 1,400 m downstream of the Alex Fraser Bridge.   
 
When the profile was plotted at each model cross-section, the computed water levels showed 
some irregularities caused by sudden energy losses at branch junctions and hydraulic structures.  
These sudden dips or spikes of up to about 20 cm are not directly representative of actual river 
conditions and the plotted design profile was graphically smoothened.   
 
For comparison, the previous design profile, corresponding to the 1894 profile computed in 1969 
is also shown in Drawing No. 34325-1. The winter design profile is about 0.3 m higher than the 
previous profile.  In the transition from the winter to freshet profile, the updated profile is slightly 
lower than the previous profile.  However, upstream of New Westminster the updated profile 
becomes increasingly higher.  Then, from about Km 55 to the upstream end of the study reach the 
two profiles are roughly parallel, with the updated profile being nearly 1 m higher.  Original and 
updated water levels at upstream and downstream boundaries of municipalities along the river are 
listed in Table 5.1. 
 
5.4 SENSITIVITY ANALYSIS-FRESHET CONDITIONS 
The sensitivity of the design flood profile to variations in roughness, flow, ocean starting levels, 
and bed level changes due to scour was evaluated.  This involved adjusting each variable and then 
determining the resulting deviation from the base profile.  
 
5.4.1 ROUGHNESS 
Computed water levels upstream from about New Westminster were found to be quite sensitive to 
the channel roughness coefficients used.  A 10% roughness increase or decrease over the entire 
river system raised and lowered the water level at Mission by 0.57 m and 0.65 m respectively. A 
10% variation in roughness corresponds to a range in values between 0.03 and 0.024 for the reach 
between Mission and New Westminster (base n value = 0.027).  As discussed in Section 3.5.2, an 
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n value of 0.024 is probably approaching a theoretical lower limit of roughness for the design 
discharge. A 20% universal increase raised the Mission water level by 1.13 m.  Results are listed 
in Table 5.3 and plotted in Figure 5.1. The variations correspond to standard values used for 
design profile studies. 
 
A separate roughness sensitivity test was carried out for the historical 1950’s model, by varying 
the roughness coefficient between 0.024 and 0.029 in 0.001 increments from Douglas Island to 
Sumas Mountain.  Results are summarized in Figure 5.2 and Table 5.4.  There was no basis for 
varying roughness in this manner within the lower reaches.  Historic bathymetry was not 
available and modelling of the 1948 and 1950 floods could not be performed. Section 4.7.1 
described why roughness reductions in the lower reaches would be less likely than in the upper 
reach.  
 
5.4.2 DISCHARGE 
The model was also found to be very sensitive to discharge (Table 5.5 and Figure 5.3).  By 
increasing and decreasing the design inflow by 10%, the water level at Mission was raised by 
0.63 m or lowered by 0.71 m.  Relatively small adjustments to the design discharge can therefore 
significantly alter the design water levels. The tributary inflows downstream of Mission constitute 
a small percentage of the total flow.  Therefore, differing assumptions about the timing and 
magnitude of these inflows will have only a minor effect on the computed water levels. The 
assumptions on these inflows that were used to develop the design flood are believed to be 
conservative. Since three of the four tributary watersheds are regulated, these design flows could 
conceivably be reduced somewhat from the assumed values.  
 
5.4.3 STARTING OCEAN WATER LEVEL 
Freshet water levels were found to be fairly insensitive to ocean level starting conditions.  A 10% 
increase in tidal swing (equivalent to about 0.2 m) had very limited effect on water levels 
upstream of New Westminster (Table 5.6 and Figure 5.4).   
 
5.4.4 SCOUR AND BED LEVEL CHANGES 
Local changes in bed level affect the profile only marginally.  Regime bed scour elevations were 
estimated for the reach between Douglas Island and Mission at channel bends, narrow reaches 
and junctions (Table 5.7).  This local bed lowering was entered in the model and found to reduce 
the design level at Mission by only 0.14 m (Table 5.8 and Figure 5.5).  The bed changes 
observed in this reach from 1991 to 2006 were also entered in the model and seen to only slightly 
affect the profile. 
 
5.5 SENSITIVITY ANALYSIS-WINTER FLOOD CONDITIONS 
Some of the sensitivity analyses were repeated to determine the effect of changes in roughness, 
flow and ocean level on the winter design profile.  As was seen in Drawing No.1, the winter 
design profile is nearly horizontal and heavily backwater influenced. 
 
5.5.1 ROUGHNESS 
The roughness coefficients were varied by +10% which increased and decreased water levels by 
only 0.08 m at the upstream end of the reach where the winter design profile governs.  The winter 
profile can therefore be considered quite insensitive to variations in roughness.  Results are listed 
in Table 5.9 and plotted in Figure 5.6. 
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5.5.2 DISCHARGE 
The combined 200 year discharge of 12,690 m3/s (Mission - 9,130 m3/s and total tributaries – 
3,560 m3/s) was varied by +10%, which altered the water level at the winter/freshet profile 
transition point, downstream of New Westminster, by +0.09 m and -0.08 m.  Profile variations 
are summarized in Table 5.10 and Figure 5.7. 
 
A separate discharge sensitivity test was undertaken to assess larger flow variations, 
corresponding to different return period inflows listed in Table 3.5.  Profiles were computed for 
the combined 100 year flow of 11,590 m3/s and 20 year flow of 9,060 m3/s.  Results are provided 
in Table 5.11 and Figure 5.8.  At the transition point, the 100-year winter flood resulted in a 
0.07 m drop in the water level and the 20 year winter flood reduced the design level by 0.13 m.  
These variations are relatively small and the 200 year flow was considered appropriate for the 
design level.  
 
5.5.3 STARTING OCEAN LEVEL 
The design winter ocean starting level was varied by raising the entire tidal cycle by 0.6 m. This 
models the estimated change in water levels over the next one hundred years due to climate 
change and delta subsidence as discussed in detail in Section 7.3.  Because of the very flat 
gradient of the winter profile, the starting level has considerable impact on the entire profile.  At 
the transition point, defined by the base winter / freshet profiles, the water level was 0.55 m 
higher, which in turn shifted the actual transition point upstream by about 4 km, to approximately 
Km 33.  Results are summarized in Table 5.12 and Figure 5.9.  
 
5.6 ASSESSMENT OF RESULTS 
The investigations carried out in this study indicate that flow attenuation due to flood storage and 
overbank spilling between Hope and Mission during the 1894 flood event affected the magnitude 
of the discharge at Mission. The peak discharge downstream of Mission in 1894 was 
approximately 16,500 m3/s. The adopted design discharge for the flood model is 18,900 m3/s at 
Mission and 19,650 m3/s at New Westminster. The 1894 historic flood profile is not directly 
comparable to the 2006 computed flood profile. 
 
The channel and floodplain of the Fraser River has undergone significant changes over the last 
century due to the effects of dredging, river training and diking. These factors have certainly 
affected flood levels along the river although determining their exact magnitude is difficult. 
Section 4.6.6 estimated that confinement effects of diking between Mission and New 
Westminster may have increased the water level at Mission by about 0.4 m compared to undiked 
conditions.  Bed degradation, discussed in Section 3.6.3 has lowered the water level at Mission in 
the order of 0.2 to 0.3 m.  The loss of floodplain storage between Hope and Mission, assuming 
dikes can contain the design discharge, would result in up to 0.7 m higher water levels at Mission 
(Section 3.1.1).  By adding and subtracting these variations it can be seen that, with present 
channel conditions, it is no longer possible to pass the design flood with a Mission water level of 
7.92 m, as recorded in 1894.  Instead, the following break-down supports a water level 
approximately equal to the modelled Mission level of 8.89 m:  
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• 1894 historic flood level:         Elev.      7.92 m   

• Confinement from dikes, Mission to New Westminster:       Approx.            +0.4  m   
• Bed degradation Mission to New Westminster:      Approx.            - 0.2  m   
• Loss of flood storage downstream of Hope:      Approx.            +0.7  m 

Mission minimum design level for present river conditions: Approx. Elev.    8.82 m   
  
It is also useful to compare computed MIKE11 water level at Mission with the range of 
predictions made using other simple methods: 

• WSC rating curve extension:  9.05 m (Section 3.2.1) 
• Hydraulic geometry analysis:  8.80 m to 8.5 m (Section 3.2.2) 
• Fraser Basin Board (McNaughton): 8.60 m (Section 2.3) 

All of these methods indicate that under the present conditions, a flood of 18,900 m3/s at Mission 
would produce significantly higher water levels than was experienced in 1894. 
 
The most appropriate way to express the uncertainty of the predicted flood levels is through the 
sensitivity analysis described in Section 5.4 and 5.5. The two most critical parameters affecting 
freshet water levels were the channel roughness (Manning n) and discharge. The influence these 
parameters on river stage varies with location, since the water surface profile is controlled at its 
downstream end by the level of the ocean and approaches near-uniform flow conditions upstream 
near Mission. As a result, the influence of uncertainties in discharge and channel roughness 
become more significant in the upstream direction. This effect is clearly seen on Figure 5.1 and 
5.3. Increasing or decreasing the discharge by 10% has virtually no effect on water levels 
downstream of Steveston, raised or lowered water levels by approximately 0.4 m at New 
Westminster and raised or lowered water levels by +0.63 m to -0.71 m at Mission. The effect of 
changes in roughness along the profile was virtually the same. In the limit, as uniform flow 
conditions are approached near Mission, the sensitivity of river stage is governed by the form of 
the Manning equation. For uniform flow in a wide approximately rectangular channel the flow 
depth can be expressed as (assuming uniform, steady flow): 
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  where y is the flow depth, Sf is the water surface slope n is the Manning   
  roughness value and W is the channel width. 
Since flow depth is a function of both n and Q raised to a power of 3/5th, the effects of 
uncertainties in n and Q on flow depth are similar. The relative error in flow depth (∆y/y) will be 
related to uncertainties in discharge (∆Q/Q) and channel roughness (∆n/n) as follows: 
 ∆y/y = 3/5 ∆Q/Q 
 ∆y/y = 3/5 ∆n/n 
This indicates a 10 % variation in discharge or roughness would be expected induce a 6% 
variation in flow depth. This represents the upper limit for the case of uniform flow which 
appears to be approached near the upstream end of the study reach near Mission. Typical mean 
depths in the sand-bed reach range between 10 to 14 m, so the variation in river stage should be in 
the order of 0.6 to 0.8 m, which is comparable to the results from the model simulations.  
 
For the winter flood profile, water levels in the lower 28 km of the estuary are controlled by the 
level of the ocean and are virtually independent of the roughness or winter discharge. Fortunately, 
there is a relatively long record available for predicting the statistical properties of the ocean 
levels and the variability of maximum tide levels is relatively small. Applying a 95% confidence 
limit to the predicted 200-year ocean level changed the overall value by approximately 0.1 m.
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6. ASSESSMENT OF DIKE FREEBOARD 
This section of the report assesses the freeboard of the existing dikes under both an 1894 design 
flood condition and for 200 year winter ocean levels. The freeboard is also estimated for other 
historic flood events and other discharges.  
 
6.1 FREEBOARD UNDER 1894 DESIGN FLOOD CONDITION 
Crest elevations for dikes downstream of Sumas Mountain, are summarized in Table 6.1.  The 
elevations were derived from various sources (Table 6.2), such as FRFCP Operation and 
Maintenance Manuals, municipal dike drawings or LIDAR, and represent the best data made 
available for this study.  Actual dike crest elevations may vary and need to be verified by each 
diking authority.  The tabulated elevations represent typical low points in the dike as well as the 
upstream and downstream limits of each dike.  Also tabulated are modelled design water levels at 
the selected locations for a range of flows. Not all low points were included in the table and for a 
continuous assessment, the dike crest and water surface profiles plotted in Drawings No. 3 – 11 
should be referred to. The freeboard available at the selected locations is listed in Table 6.3, with 
a negative freeboard indicating the amount of overtopping that would occur with the specified 
river design flow.  The winter profile does not include an allowance for water level rise due to 
global climate change or delta settlement. 
 
Drawings No. 12 - 14 provide a similar comparison for diking upstream of Sumas Mountain, 
with results tabulated in Table 6.4.  The dike crest elevations are the same as used by UMA 
(2001) and were provided by MOE.  Also shown in the figures is the design flood profile 
computed using the UMA model and a starting level at Mission of 8.9 m, derived from the 
downstream model. 
 
The dikes, designed to the 1894 flood profile computed in 1969, are generally inadequate.  In 
some instances, the dikes would need to be raised by up to 1.3 m in order to provide a standard 
0.6 m freeboard allowance.   
 
6.2 COMPARISON OF DIKE CREST ELEVATIONS AND FLOOD PROFILES 
As an initial evaluation of the flood protection capacity of present dikes, a series of water surface 
profiles corresponding to a range of discharges were computed using the MIKE11 model and 
were then compared to the 1894-profile computed in 1969, as shown in Figure 6.1.  Without 
compromising freeboard, the present capacity in the upstream reach of the study area is 
approximately 16,500 m3/s, increasing to roughly 17,500 m3/s at New Westminster.  A short 
distance downstream of New Westminster, the winter design profile determines the degree of 
protection offered by diking. 
 
For a detailed assessment, it was initially assumed that the LIDAR data would provide 
sufficiently accurate and up-to-date profiles of the dike crests.  However, with a vertical accuracy 
of + 0.25 m, dike crest elevations were seen to vary irregularly.  As an example, the Coquitlam 
Dike profile based on LIDAR was compared with the surveyed crest and seen to show some 
scatter (Figure 6.2).  LIDAR was used for the Barnston, Silverdale, Albion, Fort Langley and Pitt 
Polder dikes.  For all other diking, information was provided by MOE or various municipalities 
as indicated on the drawings. 
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Table 6.3 suggests that based on the dike crest elevations used for analysis, short segments of the 
Albion and Silverdale Dikes will overtop at discharges of less than 14,000 m3/s.  Freeboard at 
Glen Valley West Dike will be compromised at this flow and at Pitt Polder Dike at roughly 
14,500 m3/s (equivalent to the 1950 flood).  At a flow just exceeding 16,000 m3/s the dike is over-
topped at dike chainage 6+850. 
 
Freeboard for the Barnston Island dike is compromised at a flow just under 15,000 m3/s.  The 
same holds for a small segment of the Surrey dike at 15,500 m3/s.  
 
At the design flow of 18,900 m3/s the dikes at Mission, Silverdale, Maple Ridge (Albion), Pitt 
Polder, Pitt Meadows (South), City of Coquitlam (Pitt), Matsqui, Glen Valley (East and West), 
Langley (Barnston, Fort Langley and West Langley) and Surrey would all be overtopped at one 
or more locations. In addition, freeboard would be compromised at the Pitt Meadows (North, 
North of Alouette and Middle), Port Coquitlam and Langley (CNR). 
 
The existing diking system cannot convey a flood of 17,200 m3/s at Mission (approximately 
equivalent to a 1948 flood event without flood spills or attenuation) with a freeboard of 0.6 m. 
Under this equivalent 1948 flood condition, six dikes would be overtopped and the freeboard 
would be compromised at six other dikes. 
 
Dikes upstream of Sumas Mountain are also at risk.  These dikes are outside the original study 
area and a detailed assessment of the exact magnitude of flow that reduces freeboard below 0.6 m 
was not carried out.  However, from Drawings No. 12 to 14, it is evident that for the design 
condition, the Nicomen Island dike would be overtopped over most of its length, along with 
portions of diking at Kent (near Harrison River), Matsqui, Dewdney and Chilliwack. 
 
For present winter design conditions (no ocean rise or delta settlement) freeboard would be 
inadequate in Delta (Westham Island, Marina Gardens and some sections of River Road), in 
Richmond (all except east end of Lulu Island), Surrey, Maple Ridge and at Pitt Meadows (Pitt 
Polder).   
 
As the duration that water levels exceed freeboard increases, the risks of a dike failure also 
increases.  Dikes, even with adequate freeboard, may fail due to seepage, piping and geotechnical 
conditions.  The above analysis suggests that for both the freshet and winter design conditions, 
catastrophic flooding will occur along the Lower Fraser River. 
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7. FUTURE SCENARIOS 

7.1 GENERAL 
The calibrated model is a very useful tool for assessing the effect of different future scenarios on 
the flood profile. Future uses of the model include: 

• Forecasting freshet flood levels for undertaking emergency measures or issuing 
evacuation orders (discussed in Detail in Section 8). 

• Estimating effects of sedimentation, dredging and changed hydrological conditions on 
the flood profile. 

• Assessing new flood mitigation options including rehabilitation of existing flood 
protection systems. 

• Assessing impacts of future developments such as dikes, bridge abutments and 
hydraulic structures. 

• Simulating dike breach scenarios in support of floodplain mapping. 
 
This section describes two potential future effects by looking at how reduced dredging may 
change the river as well as what design profile changes may result from global sea-level rise. 
 
7.2 EFFECT OF DREDGING ON FLOOD LEVELS 

7.2.1 MORPHOLOGICAL RESPONSE TO REDUCED DREDGING ACTIVITY 
Questions have arisen on the flood control benefits associated with navigation dredging along the 
Lower Fraser River.  A complicating factor is that the river channel has been modified to such a 
large extent over the last 60 years by river training and jetties that it is difficult to measure the 
effect of dredging in isolation from these other works using the historical data that is available. 
Instead, this was addressed by assessing what would happen if dredging operations were 
significantly reduced in the future and a sensitivity analysis to rising bed levels was carried out 
involving: 

• Identifying the reaches where dredging has been carried out over the last 20 years; 
• Estimating the bed levels that would develop in each reach if dredging were curtailed, 

using the trends shown in Appendix C as a guide; 
• Modifying the cross sections in the model and re-running the model for the design flood 

condition. 
 

7.2.2 SHORT-TERM EFFECTS ON FLOOD PROFILE 
Four separate runs were made for this analysis: 

1. infill channel bed between Km 0 (Sandheads) to Km 11 (Steveston Cut) 
2. infill channel bed between Km 0 (Sandheads) to Km 25.5 (Purfleet Point) 
3. infill channel bed between Km 0 (Sandheads) to Km 31.5 (New Westminster) 
4. infill channel bed between Km 0 (Sandheads) to Km 40 (Port Mann) 

This provided a means to assess the relative importance of dredging in each reach to the overall 
changes in flood levels. 
 
Figure 7.1 shows the computed difference in flood levels along the river. Raising the bed level in 
the lower reach (downstream of Steveston Cut) had the least impact on flood levels, resulting in a 
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rise of approximately 0.1 m at New Westminster. Dredging operations at Steveston Cut, 
Steveston Bend and Sandheads have typically accounted for between 44% and 34% of total 
dredging effort since 1975 (Table 7.1). Raising the bed levels in all reaches from Sandheads to 
Port Mann resulted in an increase in flood stage of up to 0.4 m near New Westminster and Port 
Mann. The impact decreased further upstream, reaching approximately 0.1 m at Mission. This 
result is consistent with observed trends at the Mission gauge. This simulation represents the 
short-term (one or two years) effect caused by local infilling. Based on the previous 
morphological studies it is expected that the bed would gradually infill upstream of Port Mann 
again. Therefore, over a period of several decades the 0.4 m increase at New Westminster and 
Port Mann would eventually be experienced at Mission. 
 
7.3 SEA LEVEL RISE 

7.3.1 ASSUMPTIONS 
According to published reports, sea level has risen on average around 2 mm/year during the last 
century in the vicinity of the Fraser delta (Church, 2002).  Most recent studies have concluded 
that the sea level will rise at a faster rate than in the last century due to the effects of climate 
change. The US Environmental Protection Agency (Titus and Narayanan, 1995) has provided 
probability-based estimates for various future scenarios. For the median case, sea level was 
estimated to rise 0.15 m by the year 2050 and 0.34 m by 2100 (corresponding to a rate of 
3.4 mm/year). It was estimated there would be a 1% chance that climate change will raise the sea 
level by 1 m by the year 2100.  

The Inter-Governmental Panel on Climate Change (IGPCC) issued predictions of changes to sea 
level in 1990, 1995 and 2001 for a range of future scenarios.  However, the range in projections 
was very large. IGPCC, 2001 stated: 

Projections of global average sea-level rise from 1990 to 2100, using a 
range of AOGCMs (Atmosphere-Ocean Global Climate Models) 
following the IS92a scenario lie in the range 0.11 to 0.77 m. This range 
reflects the systematic uncertainty of modelling. The main contributions 
to this sea-level rise are: 

• a thermal expansion of 0.11 to 0.43 m, accelerating through the 21st 
century; 

• a glacier contribution of 0.01 to 0.23 m; 

• a Greenland contribution of -0.02 to 0.09 m; and 

• an Antarctic contribution of -0.17 to 0.02 m. 

Results from more recent studies quoted in a report by the Ministry of Water Land and Air 
Protection (2002) provide an even greater range of global sea-level rise scenarios, ranging 
between 9 to 88 cm by 2100 (corresponding to rates of 0.9 – 8.8 mm/year).  
 
The figures listed above represent only eustatic changes in sea level and do not include effects of 
local or relative sea-level change induced by factors such as ground subsidence. In deltaic areas, 
ground subsidence may significantly affect local or relative sea-level differences. Estimates of 
subsidence in portions of the Fraser delta and Boundary Bay have ranged from 1.2 to 
1.7 mm/year (Mathews et al, 1970). Significant local variations are expected to occur. Church 
(2002) indicated at most locations the rate of vertical movement will be less than 3 mm/year.  
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Table 7.2 summarizes a range of potential sea level rise values for the Fraser delta and adjacent 
region from Church (2002). Net sea level rise in the 21st century was estimated to range from a 
low of 2.8 mm/year to a high of 5.6 mm/year. For the purposes of the sensitivity analyses of this 
study we have assumed a potential net rise of 0.6 m over the next century, which is on the higher 
side of the rates given in Church (2002) but well within the range of scenarios provided by 
IGPCC (2001).  The actual sea level rise may vary. 
 
7.3.2 EFFECT ON WINTER FLOOD PROFILE 
Assuming a sea level rise of 0.6 m, the winter starting level was raised to 3.38 m.  Computed 
water levels are listed in Table 5.12 and plotted in Figure 5.9.  The rise is nearly horizontal over 
the lower reaches and shifts the location where the winter and freshet profiles cross roughly 5 km 
upstream or roughly to the Trifurcation.   
 
Selection of the final winter downstream boundary condition should be based on an economic 
risk assessment and the projected lifespan of the design profile.  For a detailed assessment of dike 
elevations in the ocean reaches an evaluation of freeboard requirements, incorporating wave run-
up and wind set-up should be completed. 
 
The design profile does not include an allowance for sea level rise and will likely require 
updating over time. 
 
7.3.3 EFFECT ON FRESHET PROFILE 
When applied to the freshet design profile, a 0.6 m rise in ocean level (entire tidal cycle raised) 
increased the starting level at the downstream boundaries to 2.04 m.  With this assumption, the 
water levels at the winter/freshet profile transition point (just downstream of New Westminster at 
Km 28) were 0.33 m higher. The freshet flood profile was increased by 0.20 m at Barnston Island 
and merged with the base profile at Sumas Mountain. Consequently, adjustment of the freshet 
profile due to sea level rise may also be required. 
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8. FLOOD FORECASTING MODEL 

8.1 PURPOSE 
The terms of reference specified that the 2006 model be extended using the previously developed 
Laidlaw-Mission model to develop a flood forecasting tool for the Lower Fraser River, extending 
from Hope to the coast.  The main purpose of this tool is to allow real-time predictions of water 
levels at any point along the river to support flood planning, preparedness and response.  The 
primary use of the model is for freshet predictions but it can equally well be used for winter 
conditions.   
 
The flood forecasting model is intended to be a “live” model, maintained by regular updates.  The 
Sumas Mountain to Georgia Strait section of the model was found to be relatively insensitive to 
bed changes but UMA (2001) previously noted that the Laidlaw-Mission portion of the model is 
quite sensitive to bed changes and that it should be updated with new bathymetry at least every 
ten years. 
 
DHI is continuously improving and expanding on the MIKE11 software.  Older versions of the 
program are not necessarily compatible with newer versions and the model should preferably be 
kept up-to-date with newer software versions as they become available.  
 
8.2 FLOOD FORECASTING INPUT REQUIREMENTS 
For present river conditions the model is directly useable and only the boundary conditions need 
to be edited when applying the model in flood forecasting mode.  The model boundary conditions 
include inflow at Hope, tributary flows from all major tributaries and ocean tide levels. Inflows at 
Hope can be based on predicted freshet flood hydrographs obtainable from MOE’s River Forecast 
Centre in Victoria, which uses the UBC Watershed model to estimate freshet flows from basin 
snow-pack, precipitation, evaporation data etc.  Alternatively, the model can be used for short 
term predictions based on actual recorded flows at Hope. 
 
The major tributary downstream of Hope is Harrison River. UMA (2001) developed a UBC 
watershed model for Harrison River which can be used for estimating Harrison flows.  
Alternatively, Harrison flows can be predicted as a ratio of flows previously used for calibration 
or design.  Design and calibration flows are listed in Table 8.1 to give an indication of the 
magnitude of freshet flow that can be expected from each tributary basin.  
 
Predicted tide levels are available for Point Atkinson from published tide tables or from the web 
at http://www.lau.chs-shc.gc.ca/english/Canada.shtml.  These do not include water level increases 
due to local or surge conditions. Triton used a harmonic tidal model to adjust Point Atkinson data 
to the four outlet arms.  The adjustments were found to be quite minor, of roughly 0.1 m or less, 
and considering the insensitivity of the freshet profile to ocean starting levels, the Point Atkinson 
data can be directly applied to the four arms without loss of accuracy. 
 
8.3   USER INSTRUCTIONS 
Detailed instructions for using the extended model in flood forecast mode are provided in 
Appendix E.  The MIKE11 User Manual is in some respects not entirely user-friendly and the 
aim of the instructions in Appendix E is to clarify relevant sections of the MIKE11 manual and 
provide specific guidelines for running the Fraser model. 
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The MIKE11 model is formed of four distinct input files, which are combined in a simulation file.  
The four input files contain information on the river network, cross-sections, boundary conditions 
and hydraulic parameters.  For running the model in flood forecast mode, typically only the 
boundary condition file and its associated time series file need to be revised.  This editing is most 
easily done through the simulation file.  The simulation file also specifies the time period of the 
run and boundary conditions must be available for the entire simulation period at all boundary 
locations. 
 
The boundary condition data should preferably be hourly and the model run with a 2 second time 
step.  The period of modelling can span the entire freshet period or only a few days.  The 
computational time for a two week period (extended model) is roughly four hours.  Generally the 
model must run for a duration of at least 6 hours (model) before the water surface computations 
have stabilized and results can be considered reliable.  
 
In the flow range from 12,000 m3/s to 15,500 m3/s, the channel roughness was found to decrease 
(Douglas Island to Mission reach) from a Manning’s coefficient of 0.030 to 0.027.  For 
computing flood profiles in this range, the roughness is automatically adjusted within the model 
based on the average cross-section velocity.   
 
8.4 SIMULATION RESULTS 
Once the model has successfully been run, the output can be viewed in MIKE View, a software 
specifically provided for analyzing MIKE11 and other DHI program output.  MIKE View 
provides a number of options for viewing the output as either plotted profiles or tabulated water 
levels.  Discharge and other hydraulic parameters can also be viewed.  Peak flood levels, the 
timing of peaks, the length of time water levels exceed a certain value and other important 
information can be directly extracted from MIKE View.  Detailed instructions for MIKE View 
are also included in Appendix E. 
 
As illustrated by the WSC rating curve for Mission, there are natural variations in the stage- 
discharge relationship and a certain flow does not necessarily result in the same water level all the 
time.  There are fluctuations between the rising and falling limbs of freshets, seasonal variations 
and long-term systemic changes caused by permanent channel changes.  Ideally, the model 
should be run in forecast mode for each freshet flood and the simulated profile compared with the 
observed profile following the flood.  This would provide direct feed-back on the accuracy of the 
model and the need for new bathymetry to update cross-sections.  During high flows, exceeding 
say 12,000 m3/s such comparisons are essential.  To ensure that future comparisons are feasible, 
flow and water level recording gauges must remain operational.  Preferably, the gauging network 
should be expanded to include at least one additional gauge in the North Arm as well as a gauge 
between New Westminster and Steveston.  Gauge requirements in the Laidlaw – Sumas Mountain 
reach were not assessed as part of this study.  
 
The model is straightforward to run and operate.  However, if given un-representative input or 
incorrectly modified, it will provide erroneous results.  It is imperative that the model be operated 
by technically qualified persons only.  
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9. ADDITIONAL WORK 

9.1 HYDROLOGICAL ASSESSMENT OF DESIGN FLOOD 
The 1894 design discharge of 18,900 m3/s at Mission appears to be a reasonable value for 
assessing flood hazards along the river. However, the actual level of risk associated with this flow 
under present hydrological conditions in the basin is unknown. Previous estimates of the return 
period of the 1894 flood have ranged from 160 years to over 500 years, based on the historic 
discharge data.  A re-assessment of the frequency and magnitude of flood flows at Hope and 
Mission using the long-term flow records now available should be carried out. 
 
However, given the potential effects of land-use change, climate change, flow regulation and 
other factors in the Fraser Basin, additional detailed hydrological analysis will be required to 
provide a reliable estimate of the frequency for a future flood equivalent to an 1894 event. We 
believe a detailed re-assessment of flood generation in the Fraser River basin is warranted. This 
analysis should include modelling runoff generation, flow routing through the various lakes and 
river network in the basin and simulating effects of flow regulation and diversions. The 
hydrological modelling should be capable of assessing the snowpack conditions and runoff 
generating conditions that are required for generating historic floods such as an 1894 event and 
1948 event. The effect of potential land-use changes (due to changes in forest cover) or changes 
induced by climate change should also be assessed. The information from such a study would 
provide a better basis for assessing the level of risk associated with the design flood event. 
 
9.2 DESIGN FREQUENCY AND FREEBOARD ASSESSMENT  
In British Columbia, the 200 year flood (0.5% risk of exceedence) is commonly adopted for the 
design of dikes and for assessing flood hazards. On the Lower Fraser River, the 1894 flood of 
record has been used by the joint federal/provincial Fraser River Flood Control Program and the 
BC Ministry of Environment.  Others, such as Indian and Northern Affairs Canada, use the 200 
year flood level.  
 
It is now common accepted practice that the level of flood protection should depend on the 
importance of the area being protected and the potential for loss of life and damage. In areas 
where there is a great threat to loss of life if there is a failure of flood control facilities, then much 
rarer design floods may be used. For example, in China along some sections of the Yellow River, 
the design discharge may range between 500 years to 2,000 years (0.2% to 0.005%). In the 
Netherlands, where much of the entire country is below sea level, very high standards of 
protection are used. In Central Holland, dikes are designed to carry the 10,000 year storm surge 
and river dikes are designed to carry the 1,250 year flood event. Poland uses the 1,000 year flood 
event for critical river levees.  
 
The level of risk that is acceptable along the Lower Fraser River should be assessed on the basis 
of the potential damages and loss of life that could occur. The choice of the 1894 flood may prove 
to be very reasonable and appropriate, considering its historical significance and apparent rare 
frequency.  
 
The requirements for freeboard along sea-dikes and river dikes should also be reviewed and 
assessed. The purpose of freeboard is to prevent overtopping of the dike caused by: 
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1. Waves 
2. Wind setup 
3. Tidal surges 
4. Hydraulic jumps and standing waves in the channel  
5. Super-elevation of the water surface in bends  
6. Occurrence of unexpected higher water levels due to sedimentation or an increase in 

channel friction due to bedforms or vegetation 
7. Effects of floating debris or ice 
8. Settlement of the dikes or underlying floodplain 
9. Other uncertainties in the hydrology and hydraulic conditions 

 
Freeboard in British Columbia is typically specified to be 0.6 m. This value is in the range that is 
commonly specified in other regions or countries for “typical” conditions where the risk to loss of 
life or damage is minimal. However, the value of freeboard usually varies with several factors 
including: 

1. Height of the dikes 
2. Type of construction material used to build the dikes 
3. Top width of the dikes 
4. Velocity head and degree of curvature of the channel 
5. Value of the land protected 
6. Potential loss of life if the dikes were to fail 

It is generally agreed that the amount of freeboard should be increased to protect areas with high 
value and high loss potential. A review of different freeboard requirements in other countries 
provided some examples of the range in values that have been adopted (McArthur, 1991): 

Germany: The lowest allowable value is 0.8 m and can go up to 1.5 m to protect populated areas. 
A variety of very sophisticated methods are used for computing the design discharge, water 
surface elevation and freeboard. 
Hungary: A fixed value of 1.0 m or 1.5 m is added to the design flood water surface elevation, 
depending on wave conditions and potential for erosion to the dikes.  
Japan: The freeboard increases with the magnitude of the design discharge. For small streams (Q 
less than 200 m3/s) the minimum freeboard is 0.6 m. For large rivers (Q greater than 10,000 m3/s), 
a freeboard of 2.0 m is used.  
Netherlands: Freeboard is computed using a detailed analysis related to the specific 
characteristics of the dikes and local hydraulic conditions. The minimum freeboard provided is 
always greater than or equal to 0.5 m. For sea dikes, the minimum freeboard is computed using 
the 2% significant wave run-up condition applied during the design high water event (10,000 year 
return period). Besides freeboard, a value for sea-level rise is added to the design height of the 
dikes to cover the design period (50-years). 
 
There is inadequate information at present to determine the appropriate freeboard that should be 
provided along the Fraser River dikes and adjacent sea-dikes. It appears the commonly accepted 
value of 0.6 m is at the lower range of freeboard levels that are used in other highly developed 
urban areas. 
 
9.3 MONITORING AND DATA COLLECTION 
For future re-calibration and verification of the model it is important that the present WSC and 
municipal water level recording stations are maintained and operated continuously during future 
flood events. The Mission gauge is particularly critical, since it provides both discharges and 
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water level information. In recent years there has been some difficulty in obtaining published 
discharge information at this station, due to the additional effort and expense that is required to 
process the data. The WSC’s efforts to improve the reliability and accuracy of discharge 
measurements should be supported. The water level gauges at Whonnock, Port Mann and New 
Westminster are important for future monitoring. The gauge at Port Hammond (08MH043), 
which was discontinued should be re-activated, which would require additional funding. The 
gauges at Steveston and Vancouver South (North Arm) are critical for winter and freshet water 
level records.  Preferably, a new gauge should be established between Vancouver South and the 
Trifurcation or alternatively, discontinued Station 08MH161, Fraser River (North Arm) below 
Tree Island be activated.  Similarly, Station 08MH053, Fraser River at Deas Island should be 
taken back into service.  
 
9.4  INSTITUTIONAL GUIDELINES 
A hydraulic model is only strictly valid for the conditions existing at the time of survey.  If actual 
channel, floodplain and flow conditions begin to vary from the modelled conditions, the model 
results could become less representative.  This reinforces the need for maintenance of the model. 
 
Potential institutional arrangements were discussed in the hydraulic model scoping study (nhc, 
2004).  Different arrangements for model operation and maintenance were considered and 
funding issues, advantages and disadvantages associated with each option were discussed.  The 
arrangements included FBC, MOE, PWGSC, WSC or a new River Management Authority acting 
as the lead agency.  The Laidlaw-Mission model currently resides with MOE and hence MOE is a 
natural caretaker candidate of the Sumas Mountain-Georgia Strait extended model.  However, on-
going funding is required for this task and it is recommended that FBC continue to play catalyst, 
convenor and facilitation roles to coordinate model usage and updates.  It would appear 
advantageous for FBC to continue facilitating the multi-interest and inter-disciplinary Technical 
Advisory Committee established for this present study. 
 
A continued cost shared approach is recommended.  The levels of government and relevant non-
government and private sector sources of funding established for the present study should be 
further pursued as necessary.  There may be opportunities for partners to pool resources, share in-
kind technical resources and learn from the expertise of a range of partners.  For example, there 
may be opportunities to collect up-to-date channel topography in conjunction with other 
bathymetric survey programs, floodplain mapping or modelling work. 
 
A collaborative process would inevitably support a very broad dissemination of the results to 
share the benefits of this project.  At present, there are a multitude of local, regional, provincial, 
federal, First Nations, private sector and non-governmental interests that can benefit from a 
continuous and up-to-date hydraulic model of the Lower Fraser River and related design flood 
profile.  There are immediate and primary benefits for flood protection and floodplain 
management.  However, there are also many secondary economic, social and environmental 
applications of the model. 
 
Additional institutional and administrative arrangements are required to provide clarity and 
certainty regarding cost-sharing, roles and responsibilities, use of and access to the model, etc.  
Financial and administrative arrangements should be established to ensure continuous 
maintenance and operation.  On-going funding options could be considered such as model license 
fees or fee-for-service payments to run specific model scenarios. 
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10. CONCLUSIONS AND RECOMMENDATIONS 

10.1 CONCLUSIONS 
1. The freeboard of the existing dikes along the Lower Fraser River is not adequate for the 

specified 1894 freshet flood and 200 year winter design flood conditions. Widespread 
dike overtopping and failure should be anticipated in the event these conditions occurred. 

 
2. Flood levels in the lower 28 km reach of the river (downstream of Alex Fraser Bridge) 

are governed by winter high tides and storm surges. The estimated 200 year winter ocean 
level (astronomical tide plus storm surge) was estimated to be 2.9 m (GSC). This value 
does not include any freeboard allowance or provision for wave runup. Additional site 
specific analysis is required to estimate wave run-up along the sea dikes. 

 
3. Flood levels upstream of Km 28 are governed by the freshet discharge. The computed 

water level at New Westminster is at 4.0 m GSC, which is 0.3 m above the historic 1894 
flood profile established from previous studies in 1969. The computed level at Mission is 
at 8.9 m (GSC), which is 1 m higher than the historic 1894 flood level.  

 
4. The design flood discharge used in this study was specified on the basis of previous 

investigations, and is intended to represent an 1894 flood event. A review was made to 
assess the physical changes to the river and its floodplain over the last century and the 
effects on peak discharges downstream of Mission. It was concluded that the 1894 design 
flood used in the model is higher than the actual peak discharge that occurred below 
Mission in 1894. Two factors could account for the higher discharges. First, the tributary 
inflows downstream of Hope in 1894 may not have been as large as the assumed inflows 
for the design flood condition. Second, the flood discharges in 1894 were attenuated 
downstream of Hope due to storage and retention of water on the floodplain, particularly 
in the reach between Agassiz and Sumas Mountain. Construction of dikes and 
reclamation of areas such as Sumas Lake have eliminated this flood attenuation effect. 

 
5. The existing diking system cannot convey a flood of 17,200 m3/s at Mission 

(approximately equivalent to a 1948 flood event without flood spills or attenuation) with 
a freeboard of 0.6 m. Under this equivalent 1948 flood condition, Pitt Polder dike would 
be overtopped and the freeboard would be only 0.2 to 0.3 m at nine other dikes. 

 
6. Dredging and river training below Port Mann have caused substantial changes to the river 

over the last century, resulting in a narrower, deeper channel. The net effect has been to 
reduce freshet water levels by 0.4 to 0.6 m at Port Mann and by 0.2 to 0.3 m at Mission. 
Much of present-day dredging activity takes place in the lower reach of the river 
downstream of Steveston. If dredging were curtailed in the future in this reach, the 
impacts on winter or freshet flood levels would be very minor, since water levels are 
strongly controlled by the tide in this reach. Dredging upstream of Steveston has a greater 
impact on freshet water levels. Curtailing dredging in this reach in the future could cause 
freshet flood levels to increase by up to 0.4 m at Port Mann. The initial effect at Mission 
would be small (in the order of 0.1 m). Over a period of several decades it is expected the 
bed would gradually infill upstream of Port Mann and the water level rise at Mission 
would be similar to that at Port Mann.  
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7. Projected sea level changes due to climate change were reviewed. A 0.6 m increase 
(combined effect of sea level rise and delta subsidence) was modelled as a scenario. The 
corresponding ocean level (200 year return period combined storm surge and 
astronomical tide) was estimated to be 3.5 m (GSC).  

 
8. The 2006 MIKE11 model was combined with an earlier model developed for the reach 

between Hope and Mission. The combined models provide a powerful flood forecasting 
tool for assessing flood hazards along the entire river system.  

  

10.2 RECOMMENDATIONS 
1. The results from this study show that widespread dike overtopping and dike failures 

would occur throughout the region in the event of an occurrence of the 1894 design flood. 
Municipal, provincial, federal and First Nation authorities should be alerted and advised 
of this situation. 

2. High priority should be given to re-assessing the adopted design flood currently based on 
an estimate of the 1894 flood of record at Hope. This should involve conducting 
hydrological studies and hydro-meteorological modelling to determine the magnitude and 
frequency of flood flows in the Fraser River basin. The analysis should include 
simulations under present climatic conditions and anticipated future conditions to account 
for changes in climate and basin forest cover (due to potential effects of Mountain Pine 
Beetle infestation).  

3. High priority should also be given to assessing both appropriate flood management 
strategies on the floodplain of the Fraser River and the institutional framework for 
implementation of those strategies. This should include both non-structural alternatives, 
such as floodplain zoning, and structural options like dike upgrading. The level of risk 
and appropriate design criteria for frequency and freeboard requirements for dikes and 
developments should be assessed. 

4. The model should be re-calibrated and verified if another large flood occurs (equal or 
greater than a 1972 flood event). This could confirm the channel resistance coefficients 
used in the model. The model results are quite sensitive to variations in channel 
roughness. A 10% increase in roughness would for example, increase water levels at 
Mission by about 0.6 m. A similar decrease in roughness would reduce the water level by 
roughly the same amount. The model results are not highly sensitive to local topographic 
changes and it is anticipated the cross sections will not need to be updated for at least five 
to ten years unless an extreme flood occurs. 

5.   The hydrometric gauging network on the river is an essential component for flood 
forecasting applications and for model calibration and verification. Funds need to be 
secured to maintain and support the program, particularly operation of key discharge 
stations such as at Mission and Hope. Consideration should be given to expanding the 
system by re-activating gauges that have been shut down, in particular Station 08MH043, 
Fraser River at Port Hammond; Station 08MH161, Fraser River (North Arm) below Tree 
Island and Station 08MH053, Fraser River at Deas Island.  
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Fraser River at Mission
Historic Flood Hydrographs
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Table 1: Floodplain Areas and Volumes

WL Area Volume WL Area Volume WL Area Volume WL Area Volume WL Area Volume WL Area Volume WL Area Volume
(m) 106 (m2) 106 (m3) (m) 106 (m2) 106 (m3) (m) 106 (m2) 106 (m3) (m) 106 (m2) 106 (m3) (m) 106 (m2) 106 (m3) (m) 106 (m2) 106 (m3) (m) 106 (m2) 106 (m3)

1 0 0.00 0.5 1.33 0.76 1 0.00 0.00 1 0.00 0.00 2 0.00 0.00 9 0.00 0.00 14 0.00 0.00
1.5 0.0075 0.00 1.0 4.81 2.60 2 0.02 0.01 2 0.00 0.00 3 0.00 0.00 10 0.07 0.01 15 0.00 0.00

2 0.2456 0.05 1.5 10.64 7.25 3 0.11 0.05 3 0.01 0.01 4 0.23 0.08 11 0.34 0.18 16 0.04 0.02
2.5 0.5135 0.23 2.0 18.73 15.55 4 1.25 0.55 4 0.02 0.02 5 1.32 0.76 12 1.19 0.82 17 0.50 0.27

3 1.4247 0.65 2.5 27.11 27.95 5 5.45 3.89 5 0.10 0.07 6 3.28 2.84 13 5.39 3.73 18 1.84 1.54
3.5 4.8285 2.08 3.0 35.88 44.77 6 10.59 11.61 6 1.17 0.52 7 14.50 9.84 14 13.20 12.95 19 3.96 4.62

4 12.0366 6.17 3.5 42.34 65.02 7 17.57 26.32 7 14.32 8.30 8 40.18 39.59 15 20.23 29.80 20 7.31 10.50
4.5 20.1891 14.25 4.0 49.55 88.70 8 26.98 48.03 8 25.96 29.49 9 44.75 82.26 16 26.01 53.10 21 11.66 20.53

5 28.6505 26.49 4.5 56.32 115.90 9 43.82 84.01 9 27.59 56.62 10 47.11 128.38 17 31.04 81.63 22 14.78 34.11
5.5 35.6911 42.67 5.0 62.69 146.24 10 62.07 136.86 10 27.70 84.26 11 47.75 175.90 18 35.24 114.97 23 17.50 50.59

6 40.2332 61.76 5.5 68.78 179.73 11 84.07 211.49 11 27.73 111.98 12 47.85 223.71 19 37.67 151.56 24 18.90 69.08
7 43.8437 104.21 6.0 74.11 215.96 12 103.18 304.73 20 38.72 189.84 25 19.36 88.25
8 45.1311 148.74 6.5 79.49 254.87 13 125.26 421.95 21 38.97 228.73 26 19.48 107.71

7.0 84.48 296.36 14 140.09 554.39 27 19.49 127.20
8.0 92.40 385.70 15 152.51 702.54
9.0 96.77 481.04 16 159.09 858.44

10.0 98.00 576.00 17 163.93 1020.98
18 166.37 1186.17

Note:  Active storage range shown in red.

Nicomen Kent SeabirdMatsqui Sumas Chilliwack Hatzic
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Table 2:  1894 Flood Progression

Date Description

26-May Hatzic dike failed, 300 m length of embankment was swept away and a 
large wave of water rolled in over the prairie.

27-May Langley dike failed, in 5 minutes 400 ha were flooded.  I.R. on McMillan 
Island was flooded.

28-May Matsqui Dike failed, a large section of embankment collapsed in the 
morning and by 2pm the prairie was covered with water.  River rising more 
slowly at 5cm/hr.

29-May Hope Slough dike failed resulting in extensive flooding of Chilliwack (1000's 
of acres).  Nicomen Island flooded by 1.2m, Matsqui Prairie submerged by 
2m. Mission Bridge approaches washed out. Water in Harrison River rose 
by 3m and Harrison Village was submerged. River overflowed banks at 
Chilliwack landing and reached Centreville Village.

30-May Annacis Island was flooded.
31-May Water levels nearly same as in 1882 at Matsqui and Langley.(1)

1-Jun Mission water levels increased 8cm overnight and 30 cm during the day.  
Matsqui flooded to foothills.

2-Jun Water level at New Westminster slightly higher than in 1882. Pitt Meadows 
dike failed. 

3-Jun Central portion of Lulu Island flooded, initially through dike breach near 
upstream end, later from high tide levels at downstream end.

4-Jun Westham Island dike failed. Water level at Langley 25cm higher than in 
1882.

5-Jun No1 Dike at Pitt Meadows failed, Deas Island dike failed. Water level 
dropped 2cm at Chilliwack since previous day but rose 4cm at New 
Westminster.

6-Jun Westham Island bank failed. Slight water level reduction at Langley and 
Mission. At Chilliwack water dropped by 14 cm.

7-Jun Ladner dike failed. Chilliwack water level dropped by 5cm.
8-Jun Water level at Mission dropped by 6cm.
9-Jun Chilliwack water level has dropped 23cm from the peak level.
10-Jun Water levels continue to drop but Upper Sumas still accessed by boat.
11-Jun Overnight water dropped 13cm at New Westminster and 46cm at 

Chilliwack.
14-Jun Train service resumed.

(1)  1882 Flood level at Mission was 7.34m.
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Table 3: Storage Area Bankfull and Flood Levels

Storage Mid-point Bankfull Calc 1894 WL
Area Chainage Elevation WL Range

(km) (m) (m) (m)

Matsqui 85 6.0 7.92 1.92
Sumas 102 7.2 9.90 2.70
Chilliwack 116 10.4 12.60 2.20
Hatzic 93 6.8 8.70 1.90
Nicomen 105 7.9 10.60 2.70
Kent 131 17.0 19.00 2.00
Seabird 143 22.0 24.20 2.20

su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



Table 4: Estimated Mean Daily Storage Volumes and Flows for 1894

Total Total
Storage Change in Mean Daily Storage Change in Mean Daily Adjusted Storage Change in Mean Daily Adjusted Storage Change in Mean Daily Storage Change in Mean Daily Storage Change in Mean Daily Storage Change in Mean Daily Mean Daily Storage

Date WL Volume Storage Storage Flow WL Volume Storage Storage Flow Storage Flow WL Volume Storage Storage Flow Storage Flow WL Volume Storage Storage Flow WL Volume Storage Storage Flow WL Volume Storage Storage Flow WL Volume Storage Storage Flow Storage Flow Volume
(m) 106 (m3) 106 (m3) (m3/s) (m) 106 (m3) 106 (m3) (m3/s) (m3/s) (m) 106 (m3) 106 (m3) (m3/s) (m3/s) (m) 106 (m3) 106 (m3) (m3/s) (m) 106 (m3) 106 (m3) (m3/s) (m) 106 (m3) 106 (m3) (m3/s) (m) 106 (m3) 106 (m3) (m3/s) (m3/s) 106 (m3)

27-May 6.00 61.8 61.8 715 7.20 314.2 314.2 3637 637 10.40 166.7 166.7 1930 0 6.80 6.7 6.7 78 7.90 36.6 36.6 424 17.00 81.6 81.6 945 22.00 34.1 34.1 395 3193 701.8
28-May 6.21 70.7 8.9 103 7.50 340.6 26.4 305 1305 10.64 184.7 18.0 208 100 7.01 8.5 1.7 20 8.20 47.9 11.3 131 17.22 88.9 7.3 84 22.24 38.1 4.0 46 1789 779.3
29-May 6.42 79.6 8.9 103 7.79 367.0 26.4 305 1305 10.88 202.6 18.0 208 1000 7.22 12.9 4.4 51 8.49 60.5 12.6 146 17.44 96.2 7.3 84 22.48 42.0 4.0 46 2735 860.9
30-May 6.63 88.5 8.9 103 8.09 393.9 26.9 311 1311 11.12 222.9 20.2 234 548 7.42 17.3 4.4 51 8.79 73.1 12.6 146 17.66 103.5 7.3 84 22.72 46.0 4.0 46 2289 945.2
31-May 6.84 97.4 8.9 103 8.38 422.0 28.2 326 326 11.36 245.3 22.4 260 570 7.63 21.7 4.4 51 9.08 86.0 12.9 149 17.88 110.8 7.3 84 22.96 50.0 4.0 46 1329 1033.2

1-Jun 7.05 106.4 9.0 104 8.68 450.2 28.2 326 326 11.60 267.7 22.4 260 570 7.84 26.1 4.4 51 9.38 99.6 13.6 158 18.09 118.4 7.6 88 23.20 54.3 4.4 51 1347 1122.8
2-Jun 7.26 115.8 9.4 108 8.97 478.4 28.2 326 326 11.84 290.2 22.4 260 570 8.05 30.8 4.7 54 9.67 113.3 13.6 158 18.31 126.4 8.0 93 23.44 58.8 4.4 51 1360 1213.5
3-Jun 7.47 125.1 9.4 108 9.27 506.4 28.1 325 325 12.08 314.6 24.5 283 283 8.25 36.4 5.6 65 9.97 126.9 13.6 158 18.53 134.4 8.0 93 23.68 63.2 4.4 51 1083 1307.1
4-Jun 7.68 134.5 9.4 108 9.56 534.5 28.0 325 325 12.33 342.8 28.2 326 326 8.46 42.0 5.6 65 10.26 140.9 14.0 162 18.75 142.4 8.0 93 23.93 67.7 4.4 51 1130 1404.8
5-Jun 7.92 145.2 10.7 124 9.90 566.5 32.0 371 371 12.60 375.1 32.2 373 373 8.70 48.5 6.4 75 10.60 156.9 16.0 186 19.00 151.6 9.1 106 24.20 72.9 5.2 60 1294 1516.6
6-Jun 7.78 138.9 -6.2 -72 9.70 547.8 -18.7 -216 -216 12.44 356.3 -18.8 -218 -218 8.56 44.7 -3.8 -43 10.40 147.5 -9.4 -108 18.85 146.2 -5.3 -62 24.04 69.8 -3.1 -36 -756 1451.3
7-Jun 7.88 143.4 4.5 52 9.84 561.2 13.4 155 155 12.55 369.7 13.4 155 155 8.66 47.4 2.7 31 10.54 154.2 6.7 77 18.96 150.0 3.8 44 24.15 71.9 2.1 25 539 1497.8
8-Jun 7.82 140.7 -2.7 -31 9.76 553.2 -8.0 -93 -93 12.49 361.6 -8.1 -93 -93 8.60 45.8 -1.6 -19 10.46 150.2 -4.0 -46 18.90 147.7 -2.3 -26 24.09 70.7 -1.3 -15 -323 1469.9
9-Jun 7.62 131.8 -8.9 -103 9.48 526.4 -26.7 -309 -309 12.26 334.8 -26.9 -311 -311 8.40 40.4 -5.4 -62 10.18 136.8 -13.4 -155 18.69 140.1 -7.6 -88 23.86 66.4 -4.2 -49 -1077 1376.8

10-Jun 7.32 118.5 -13.4 -155 9.06 486.4 -40.1 -464 -464 11.91 296.6 -38.2 -442 -442 8.11 32.4 -8.1 -93 9.76 117.1 -19.7 -228 18.38 128.7 -11.4 -132 23.51 60.1 -6.4 -74 -1588 1239.7
11-Jun 6.80 95.7 -22.7 -263 8.33 416.7 -69.7 -807 -807 11.32 241.0 -55.6 -643 -643 7.59 20.8 -11.5 -134 9.03 83.4 -33.7 -390 17.83 109.4 -19.3 -223 22.92 49.2 -10.8 -126 -2585 1016.3
12-Jun 6.64 88.9 -6.8 -79 8.10 395.2 -21.5 -248 -248 11.13 223.9 -17.1 -198 -198 7.43 17.5 -3.4 -39 8.80 73.7 -9.7 -112 17.67 103.9 -5.6 -64 22.73 46.2 -3.0 -35 -775 949.3
13-Jun 6.48 82.1 -6.8 -79 7.88 374.5 -20.7 -240 -240 10.95 207.8 -16.2 -187 -187 7.28 14.1 -3.4 -39 8.58 64.1 -9.6 -111 17.50 98.3 -5.6 -64 22.55 43.2 -3.0 -35 -755 884.1
14-Jun 6.32 75.3 -6.8 -79 7.65 354.4 -20.1 -233 -233 10.77 194.1 -13.7 -158 -158 7.12 10.8 -3.4 -39 8.35 54.5 -9.6 -111 17.33 92.7 -5.6 -64 22.37 40.2 -3.0 -35 -719 822.0
15-Jun 6.16 68.5 -6.8 -79 7.43 334.3 -20.1 -233 -233 10.58 180.4 -13.7 -158 -158 6.96 8.0 -2.8 -32 8.13 44.9 -9.6 -111 17.17 87.2 -5.6 -64 22.18 37.1 -3.0 -35 -712 760.5
16-Jun 6.00 61.8 -6.8 -79 7.20 314.2 -20.1 -233 -233 10.40 166.7 -13.7 -158 -158 6.80 6.7 -1.2 -14 7.90 36.6 -8.3 -96 17.00 81.6 -5.6 -64 22.00 34.1 -3.0 -35 -679 701.8

Nicomen Kent SeabirdMatsqui Sumas Chilliwack Hatzic
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Table 5:  1948 Flood Progression

Date Description

27-May Agassiz dike failed, Fraser flowed into Harrison Lake. Dewdney dike failed.
28-May CPR washed out at Agassiz. Dikes at Fort Langley failed. Sandbagging started at 

Lulu Island.
29-May Barnston Island almost inundated.
30-May Nicomen Island dikes failed.
31-May Matsqui and Rosedale dikes failed. Pitt Meadows and Harrison evacuated.
1-Jun Dike failed at Lulu Island but was repaired. Dike failed at Burnaby.
2-Jun Dike failed at Cannor, portion of Sumas Prarie (Chilliwack) flooded north and east 

of Vedder Canal.
3-Jun Hatzic dike failed, 4.5m wall of water burst through dike, ripping out 90m of CPR 

line.
4-Jun Barnston dike failed.  Dewdney flooded.
7-Jun Mission Bridge south span failed
11-Jun Residents of Sumas Prairie south evacuated.
13-Jun Water levels started to drop.
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Table 6: Estimated Mean Daily Storage Volumes and Flows for 1948

Total Total
Storage Change in Mean Daily Adjusted Storage Change in Mean Daily Adjusted Storage Change in Mean Daily Adjusted Storage Change in Mean Daily Adjusted Storage Change in Mean Daily Adjusted Mean Daily Storage

Date WL Volume Storage Storage flow Storage flow WL Volume Storage Storage flow Storage flow WL Volume Storage Storage flow Storage flow WL Volume Storage Storage flow Storage flow WL Volume Storage Storage flow Storage flow Storage flow Volume
(m) 106 (m3) 106 (m3) (m3/s) (m3/s) (m) 106 (m3) 106 (m3) (m3/s) (m3/s) (m) 106 (m3) 106 (m3) (m3/s) (m3/s) (m) 106 (m3) 106 (m3) (m3/s) (m3/s) (m) 106 (m3) 106 (m3) (m3/s) (m3/s) (m3/s) 106 (m3)

26-May 6.245 72.2 72.2 835 10 8.00 44.3 44.3 513 10 7.00 8.3 8.3 96 10 8.10 43.9 43.9 508 10 17.30 91.6 91.6 1061 10 50 260.2
27-May 6.634 88.7 16.5 191 10 8.49 61.5 17.3 200 10 7.42 17.2 8.9 103 10 8.64 66.9 23.1 267 10 17.64 103.1 11.5 133 733 773 337.4
28-May 6.946 101.9 13.3 153 10 8.89 75.4 13.9 161 10 7.75 24.3 7.1 82 10 9.08 85.8 18.8 218 10 17.92 112.3 9.2 107 558 598 399.7
29-May 7.202 113.2 11.3 131 10 9.21 83.4 7.9 92 10 8.03 30.3 6.0 70 10 9.43 102.2 16.4 190 10 18.15 120.4 8.0 93 93 133 449.5
30-May 7.355 120.0 6.8 79 10 9.40 87.0 3.6 42 10 8.19 34.7 4.4 51 10 9.64 112.0 9.8 113 613 18.28 125.3 4.9 57 57 700 479.1
31-May 7.437 123.7 3.7 42 542 9.51 88.9 2.0 23 10 8.28 37.1 2.4 28 10 9.76 117.3 5.3 61 461 18.36 128.0 2.7 31 31 1054 495.0

1-Jun 7.487 125.9 2.2 26 426 9.57 90.1 1.2 14 10 8.34 38.6 1.5 17 10 9.83 120.5 3.2 37 280 18.40 129.6 1.6 19 19 745 504.8
2-Jun 7.429 123.3 -2.6 -30 270 9.50 88.8 -1.4 -16 484 8.27 36.9 -1.7 -20 10 9.75 116.8 -3.7 -43 -43 18.35 127.7 -1.9 -22 -22 699 493.6
3-Jun 7.342 119.5 -3.9 -45 94 9.39 86.7 -2.1 -24 371 8.18 34.4 -2.5 -29 318 9.63 111.2 -5.6 -65 -65 18.27 124.9 -2.8 -33 -33 686 476.7
4-Jun 7.426 123.2 3.7 43 43 9.50 88.7 2.0 23 98 8.27 36.8 2.4 28 28 9.74 116.6 5.4 62 62 18.35 127.7 2.7 31 31 263 493.0
5-Jun 7.470 125.2 2.0 23 23 9.55 89.7 1.1 12 12 8.32 38.1 1.3 15 15 9.81 119.4 2.8 33 33 18.39 129.1 1.4 17 17 99 501.6
6-Jun 7.420 122.9 -2.2 -26 -26 9.49 88.5 -1.2 -14 -14 8.26 36.7 -1.5 -17 -17 9.74 116.2 -3.2 -37 -37 18.34 127.5 -1.6 -19 -19 -113 491.8
7-Jun 7.422 123.0 0.1 1 1 9.49 88.6 0.0 0 0 8.27 36.7 0.0 1 1 9.74 116.3 0.1 1 1 18.34 127.5 0.0 1 1 3 492.1
8-Jun 7.457 124.5 1.6 18 18 9.53 89.4 0.8 10 10 8.30 37.7 1.0 12 12 9.79 118.6 2.3 26 26 18.37 128.6 1.1 13 13 79 498.9
9-Jun 7.524 127.5 3.0 35 35 9.62 91.0 1.6 18 18 8.38 39.7 2.0 23 23 9.88 122.9 4.3 50 50 18.43 130.8 2.2 25 25 151 511.9

10-Jun 7.576 129.8 2.3 27 27 9.80 94.4 3.4 40 40 8.50 43.1 3.4 39 5 10.10 133.1 10.3 119 119 18.40 129.6 -1.2 -14 -14 176 530.1
11-Jun 7.570 129.6 -0.3 -3 -3 9.79 94.3 -0.1 -2 -2 8.49 42.9 -0.2 -2 -2 10.09 132.7 -0.4 -5 -5 18.39 129.4 -0.2 -2 -2 -13 528.9
12-Jun 7.539 128.2 -1.4 -16 -16 9.75 93.6 -0.7 -8 -8 8.46 42.0 -0.9 -10 -8 10.05 130.7 -2.0 -23 -23 18.37 128.4 -1.0 -11 -11 -67 522.9
13-Jun 7.451 124.3 -3.9 -46 -46 9.64 91.5 -2.1 -24 -24 8.37 39.4 -2.6 -30 -23 9.93 125.0 -5.7 -66 -66 18.29 125.6 -2.9 -33 -33 -193 505.7
14-Jun 7.307 117.9 -6.4 -74 -74 9.46 88.0 -3.4 -39 -39 8.21 35.2 -4.2 -48 -226 9.73 115.8 -9.2 -106 -106 18.16 120.9 -4.6 -54 -54 -500 477.8
15-Jun 7.170 111.8 -6.1 -71 -71 9.29 84.8 -3.3 -38 -38 8.06 31.2 -4.0 -46 -13 9.54 107.0 -8.8 -102 -102 18.04 116.5 -4.4 -51 -51 -275 451.2
16-Jun 7.039 106.0 -5.8 -68 -68 9.12 81.7 -3.1 -36 -36 7.92 27.9 -3.4 -39 131 9.35 98.5 -8.4 -97 -97 17.92 112.5 -4.0 -46 -46 -117 426.5
17-Jun 6.969 102.9 -3.1 -35 -35 9.03 80.0 -1.7 -19 -19 7.85 26.3 -1.6 -19 -19 9.26 94.0 -4.5 -52 -52 17.86 110.4 -2.1 -24 -24 -149 413.6
18-Jun 6.907 100.2 -2.7 -31 -31 8.95 77.7 -2.3 -26 -26 7.78 24.8 -1.4 -16 -16 9.17 90.0 -4.0 -46 -46 17.81 108.5 -1.8 -21 -21 -141 401.4
19-Jun 6.888 99.5 -0.8 -9 -9 8.93 76.9 -0.8 -9 -9 7.76 24.4 -0.4 -5 -5 9.14 88.9 -1.2 -14 -14 17.79 108.0 -0.5 -6 -6 -43 397.7
20-Jun 6.832 97.1 -2.4 -28 -28 8.86 74.4 -2.5 -29 -29 7.70 23.1 -1.3 -15 -15 9.06 85.2 -3.6 -42 -42 17.74 106.3 -1.7 -19 -19 -133 386.2
21-Jun 6.768 94.4 -2.7 -31 -31 8.78 71.6 -2.8 -33 -33 7.63 21.7 -1.5 -17 -17 8.98 81.2 -4.0 -47 -192 17.68 104.4 -1.9 -22 -22 -296 373.3
22-Jun 6.680 90.6 -3.8 -43 -43 8.67 67.6 -3.9 -45 -45 7.54 19.7 -2.0 -23 -23 8.85 76.0 -5.3 -61 -42 17.61 101.8 -2.6 -30 -30 -185 355.7
23-Jun 6.550 85.1 -5.5 -64 -64 8.50 61.9 -5.8 -67 -67 7.40 16.7 -3.0 -34 -34 8.67 68.3 -7.7 -89 -62 17.49 98.0 -3.8 -44 -44 -271 330.0
24-Jun 6.413 79.3 -5.8 -67 -67 8.33 55.8 -6.1 -71 -71 7.25 13.6 -3.1 -36 -36 8.48 60.1 -8.1 -94 -66 17.37 94.0 -4.1 -47 -47 -287 302.7
25-Jun 6.280 73.7 -5.6 -65 -65 8.16 49.9 -5.9 -68 -68 7.11 10.5 -3.0 -35 -35 8.30 52.2 -7.9 -91 -64 17.25 90.0 -3.9 -45 -45 -277 276.4
26-Jun 6.149 68.1 -5.6 -64 -64 7.9 42.4 -7.5 -87 -87 6.90 7.5 -3.0 -35 -35 8.00 39.6 -12.6 -146 -102 17.2 88.3 -1.7 -20 -20 -309 245.9

Matsqui KentNicomenHatzicChilliwack
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Fraser River at Mission
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Air Photography Showing 
Extent of 1948 Flood Downstream of Mission 
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1948 Flood – Silverdale Creek to Mission
Source: BC Gov’t Special Project
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1948 Flood – McMillan Island to Silverdale Creek
Source: BC Gov’t Special Project
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1948 Flood – Barnston to McMillan Island
Source: BC Gov’t Special Project
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Text Box
1948 Flood – Barnston Island to McMillan Island
Source: BC Gov’t Special Project
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1948 Flood – Port Mann to Barnston Island
Source: BC Gov’t Special Project




su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt



su
pe

rse
de

d b
y 2

00
8 n

hc
 re

po
rt


	2 - Appendix%20A.pdf
	Memo24July2006.pdf
	Table1.pdf
	Table2.pdf
	Table3.pdf
	Table4.pdf
	Table5.pdf
	Table6.pdf
	Figure1.pdf
	Figure2.pdf





