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Storm of August 19, 2005: a Catalyst for Change from Reactive to Adaptive Urban Flood Management in Toronto, Ontario, Canada
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Abstract: The storm of August 19, 2005 caused unforeseen damage to Toronto’s urban infrastructure and created a new storm of record for many area watersheds.  Traditional flood control structures (dams, dykes and trapezoidal conveyance flood-plains) were able to handle the magnitude of runoff; however, significant damage was caused to urban infrastructure contained within river and stream valleys due to flooding and severe erosion.  This included catastrophic failures of a culvert at an arterial road crossing and a trunk sanitary sewer within a stream valley.  Damage was sustained across the City to sanitary sewers, water mains, stormwater management ponds, pathways, pedestrian foot bridges, parks buildings and storm sewer outfalls.  Further, unprecedented basement flooding occurred in private residences sited on table-lands along the path of the storm.  Management of the consequences of this storm provides an example of how public institutions are changing from a reactive to an adaptive management approach to help mitigate future urban flooding impacts.  The adaptive management approach used for stream restoration in the Province of Ontario provides a potential framework.  
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1. The Role of Municipalities and Conservation Authorities in FLOOD MANAGEMENT within the Province of ontario

In the more densely populated regions of Ontario, many aspects of natural resource management are undertaken through watershed based agencies know as Conservation Authorities (CA’s).  The Toronto and Region Conservation Authority (TRCA) is such an agency, and has jurisdiction over managing these resources including aspects of water management for a number of watercourses with watersheds encompassing some 2,500 square kilometers along the north shore of Lake Ontario.  The importance of the CA’s role in watershed management, particularly where watersheds extend beyond multiple municipal boundaries, is recognized.  In the City of Toronto, for example, all but one of the six watersheds within the City (Highland Creek) extend well beyond the City’s boundaries.

The City of Toronto is the largest municipality within the TRCA’s jurisdiction and is home to about half of the 5 million residents in the Greater Toronto area.  While the TRCA operates flood control infrastructure to reduce flood impacts and provides information and advice to municipalities through its Flood Forecasting and Warning Program, the primary responsibility for emergency planning, response and recovery rests with the City.

2. The Storm of August 19, 2005

2.1 Antecedent Conditions

Prior to the August 19, 2005 storm, the summer of 2005 would have been remembered for its bouts of torrid heat, smog and insufferable humidity in what was one of the warmest and driest summers on record.  In a summer with less than 70% of normal precipitation up to the 19th of August, the storm delivered nearly twice the historical monthly average total for August in just less than 2 hours. 

2.2 The Weather System

On the morning of August 19, 2005 a warm front running almost north to south entered into the southwest portion of the Province moving rapidly eastward at a speed of approximately 80 km/h.  As the day progressed, severe thunderstorms (including the threat of tornadoes) were anticipated along this warm front due to a very unstable air mass.  In advance of the main warm front, a smaller and weaker system entered the Greater Toronto area depositing moderate rainfall amounts of 5 to 15 mm.  All indications from weather forecast models and analysis indicated that the weather system had the potential to create severe weather over a large portion of Southern Ontario.  However, the speed of the warm fronts passage was anticipated to result in only 15 to 50 mm of precipitation.

At about 14:00h, the narrow band of thunderstorms associated with the warm front approached the Toronto area, and passed over the Niagara escarpment, encountering cooler air over the west end of Lake Ontario.  While the overall movement of the front was not appreciably slowed, the system began to back-build resulting in a relatively narrow east to west band of severe storms trailing the leading edge of the warm front creating an extended area of storms.  This narrow band of severe storms crossed over the TRCA’s jurisdiction in just over one hour, during which time the majority of the heaviest precipitation occurred.  The entire system associated with the warm front continued easterly, with all precipitation completely exiting the Toronto area by 18:00h.  Although a severe weather system was expected, the intensity of the thunder storms and the corresponding large precipitation amounts along the front were unpredicted weather features of this storm. 
2.3 Precipitation Analysis

The collection of rainfall information began immediately following the storm.  Data sources included: Environment Canada, municipalities, surrounding Conservation Authorities and TRCA’s extensive gauging network.  These efforts yielded data from 92 tipping bucket rain gauges collected throughout the impacted region.  The co-operation of all agencies resulted in an unprecedented amount of data allowing for the storm to be accurately mapped and detailed rainfall analysis to be undertaken.  An analysis of radar information from both the Environment Canada King City site in Ontario and from the National Weather Service site in New York State allowed Environment Canada to undertake a quality assessment of the data provided (Environment Canada, 2005).  The data confirmed that the storm exceeded all previously recorded rainfall intensities within the Toronto area.

Mapping of the total precipitation presented in Figure 1 shows the storm’s track of heavy rainfall, extending from west to east, across the Greater Toronto Area.  The maximum precipitation was first experienced in regions northwest of the City of Toronto, however as the storm moved in an eastward direction its centre tracked south, extending across the north end of the City, and then over the Highland Creek watershed.  Recorded 5 to 10 minute intensities along the storm path were in the 3 to 4 mm/min range.  Rainfall totals as shown on Figure 1 show a wide range of values.  Rainfall totals in the range of 70 to 120 mm were common along the storm path.  
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Figure 1: Total Precipitation Mapping for August 19, 2005 Storm: (a) Mapping of Total Rainfall Distribution within the Greater Toronto Area (Clarifica, June 2006);   (b)  Rain Gauge Total Rainfall Depths within the City of Toronto




A comparison of the August 19, 2005 storm intensities in mm/hr at various sites along the path of the storm with the intensity duration frequency curves available for the Toronto City gauge, presented in Figure 2, shows this storm exceeding virtually all intensities at all return periods. 
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Figure 2: Comparison of IDF curves with the August 19, 2005 Storm data 

(Toronto & Region Conservation Authority, June 2006)

3. Riverine Flooding Impacts

Storm rainfall intensities and urban runoff exceeded all design standards along the path of the highest rainfalls.  Data was collected at a total of 36 stream flow monitoring sites and high water marks were surveyed immediately after the storm at an additional 90 locations throughout the TRCA’s jurisdiction to aid in the analysis of the flood.  

The amount of flooding varied widely across the City.  The larger watercourses in the west end of the City (with combined urban and rural landuse within their watersheds) experienced flows ranging from the 1 in 5 year return period, to 1 in 10 year return period levels in the reaches downstream of the path of the storms.  In contrast, flood levels within smaller urban streams at the east end of the City had measured flood levels close to the 1 in 100 year return period levels.  In many locations, the accumulation of debris aggravated local flooding and erosion.

Traditional flood control infrastructure within the watersheds such as dams, dykes and channels performed well and resulted in an overall reduction in flood risk and damages.  It is important to note however, that these systems were stretched to their performance limits during the August 19, 2005 storm event and had little or no capacity to control additional stormwater.  In spite of the performance of the flood control infrastructure, flood flows within the river valleys resulted in considerable impacts to municipal infrastructure (including road crossings, sanitary sewers, water mains, stormwater management ponds, pathways, pedestrian foot bridges, parks buildings, and storm outfalls).  Responsibility for response was spread over numerous departments within the City of Toronto including: Parks Forestry and Recreation, Transportation, and Toronto Water.  

The most noteworthy damages that occurred within the river valleys as a direct result of the August 19, 2005 storm were the 1) catastrophic failure of a culvert beneath Finch Avenue at Black Creek; and 2) extensive stream erosion in the smaller urban watersheds.  The most severe cases (Black Creek culvert collapse and the collapse of a major trunk sanitary sewer and exposure of several other sections in Highland Creek due to erosion) required immediate attention. 

3.1 Finch Avenue Collapse at Black Creek

The Black Creek passed under Finch Avenue (a major four lane arterial road in the north end of the City) through a 4.4 m x 2.9 m corrugated metal arch culvert.  During the August 19, 2005 storm the roadway collapsed at the upstream end (potentially due to the breach of the road embankment by way of piping) and partially crushed the culvert opening.  This resulted in the flood waters building up, overtopping the roadway and eroding the roadway embankment from the downstream side until complete washout occurred.  Figure 3 illustrates the progression of the roadway washout and the resultant exposure of municipal infrastructure and utilities. 
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Figure 3: Photos of the Finch Avenue Culvert Collapse at Black Creek: (a) View of the culvert during the collapse of the upstream end; (b) View from the north after the flows subsided; (c) View of the numerous utilities crossing the creek after complete washout of the culvert.
The collapse of Finch Avenue resulted in the closure of the  roadway for 14 months, causing major traffic issues (including re-routing of public transit), and impacts to utilities such as hydro, gas and telecommunications.  Multiple agencies were involved in the recovery and remediation process including the Conservation Authority and the Federal Department of Fisheries and Oceans.  Within the City itself, multiple departments (including Engineering, Transportation, Water and Parks and Recreation) were involved in the redesign of the crossing and channel restoration efforts.  Direct costs for the reconstruction of Finch Avenue totaled $4.5 million.  Indirect costs (intangibles) have not been determined.

3.2 Stream Erosion Resulting from the August 19, 2005 Storm 

The most significant water infrastructure damage sustained was the collapse of a 50 metre section of trunk sanitary sewer and maintenance hole, in a remote area of the Highland Creek valley; which resulted in the spillage of raw sewage for over three days into one of the more sensitive warmwater streams within the City of Toronto.  The first indication of a failure within the system was the observation of tree roots in sanitary sewage flows entering the Highland Creek Wastewater Treatment Plant by City staff on the evening of August 19th.  Emergency repairs included the containment and redirection of sewage flows in a by-pass channel along side the stream; permanent repairs have involved the design and reconstruction of a 1.5 km section of Highland Creek. 

A total of 80 sites across the City were identified as having stream erosion related effects (with 40 sites classified as major sites, approximately 25 sites classified as minor works, and 15 needing additional investigation).  Stabilization works were completed for four sites by the end of January 2006 and another four sites by the end of May 2006.  Remediation of the most severe sites was estimated at $ 1.7 million to the end of 2005, another $8 million spent over 2006 and 2007.  Development of repair plans for the remaining 32 major erosion sites are in progress, involving a multi-disciplinary team of geomorphologists, aquatic biologists, and water resources and design engineers.  
There are several insights from this experience.  Firstly, repairs will continue for several years.  Past experience derived from remediating stream erosion caused by a previous storm (e.g., May 12-13, 2000) indicated that about 60 to 70% of the erosion problems were addressed within five years of the event.  A similar time-frame is anticipated for remediating the sites of the August 19, 2005 event. 

Secondly, the existing regulatory approval process was very amenable to the rapid response and decision making needed in emergency conditions because a special emergency works protocol was in place, which was established after the May 12-13, 2000 storm. 

Thirdly, the damage sustained highlights the need to assess the vulnerability of infrastructure within the valley system to stream erosion, particularly during major storm events.  Fourthly, rather than reacting to individual erosion sites, an adaptive management approach which strives to protect critical infrastructure and includes a geomorphic systems analysis along with an ecological analysis (e.g., fish habitat) of the valley system should be pursued.  With this in mind, long term management efforts will focus on two stream ‘restoration’ projects at a ‘valley segment’ scale (addressing issues at six of the original sites) that will provide long term protection for infrastructure while enhancing channel function and aquatic habitat.
4. ADAPTIVE MANAGEMENT 

Past management in urban streams has generally been reactive, and often on an emergency basis. Public institutions are starting a journey of ‘learning’ how to practice adaptive management; in the Province of Ontario this type of approach is commonly applied to stream restoration projects.  Using natural channel design principles, the goal of identifying opportunities to create fish habitat and enhance ecosystem health of the system, while maintaining the stream’s overall function under the varied and changing flow regimes is pursued.  These designs are premised on an adaptive management approach, in recognition that the system as designed and constructed is not permanent, but rather is expected to change and adjust over time, both in terms of stream meander and channel cross-sections, as the stream continues to adjust to land use impacts and the impacts of climate change.  This adaptive management approach, is detailed in the recently published stream restoration guide (MNR, 2003) and is defined as “lacking knowledge of cause/effect methodologies, we make changes based on our best guess, observe the changes, and then change the action (e.g., the management activity)".  
The stream restoration guide formalizes the thinking process inherit in developing a Natural Channel system, as a feedback process (see Figure 4).  For a specific project, the process includes (i) Plan, (ii) Design (iii) Implement, (iv) Monitor/Evaluate (v) Adjust, and (vi) Restart the planning cycle.  Two additional outer loops are defined in Figure 4, incorporating a ‘long–term program’ of stream corridor management with perhaps a focus of 50 years, and a loop which draws on the evolving state of science and state of practice, and is linked to changes in community vision and governance/institutional perspectives. 

The key advantage of this type of approach is that it helps direct and prioritize resources to mitigate future urban flooding impacts, from more frequent extreme storms. 

Fortuitously, an adaptive management approach, incorporating a geomorphic systems analysis and physical habitat focused study was underway within the Highland Creek watershed prior to the August 19, 2005 storm.  In assessing future flow conditions within the completely urbanized watershed, the study drew on the City’s recently completed Wet Weather Flow Master Plan (City of Toronto, 2003) wherein stormwater management controls implemented through the City-wide Plan are ultimately expected to reduce peak flows to the creek, increase stream base flow, and improve water quality conditions.  As a result of the ongoing study, a more rapid assessment and design of stream restoration requirements within the affected stream reach was possible.  The City of Toronto plans to expand this approach to other watercourses.

5. Urban Flooding 

5.1 History of Stormwater Management in Toronto

In the Province of Ontario, urban drainage systems have evolved over time.  In older municipalities combined sewer systems were still being constructed up to the 1950’s.  Up to the mid 1970’s, separated storm and sanitary sewers were constructed, where the storm sewer (or minor system) was designed to intercept storm drainage for more frequent rainfall events.  The minor system was typically sized for a 1 in 2 year to 1 in 5 year return frequency and would convey flows to the nearest receiving water body.  Subsequently, storm drainage design standards were enhanced and a major system design component was incorporated where the roadway was designed to provide overland flow drainage for less frequent and larger events (typically up to a 1 in 100 year return frequency).  Stormwater management has continued to evolve where stormwater quality control is now generally provided using a treatment train approach; beginning with at source controls (i.e., at individual land parcels), followed by the conveyance system, and finally through end-of-pipe facilities.  Currently, end-of-pipe facilities are designed to provide flood and erosion protection in addition to water quality improvements for receiving streams.

5.2 Surface and Basement Flooding
Across the northern portions of the City, where storm rainfalls exceeded municipal drainage designs for major systems, almost every road interchange was flooded to some degree and many experienced flood depths of 1 to 2 metres.  As a consequence, transportation across the northern part of the City was virtually paralyzed for several hours until flood waters receded.  Numerous cars and trucks tried to navigate these interchanges resulting in stranded vehicles and individuals requiring rescue.  In many instances, multiple fire and police vehicles were required at each site creating a situation that severely taxed City emergency services.  Many of these flooded sites had damages to the road surfaces which required maintenance.  In one location outside of the City, a large sink hole resulted in the collapse of an arterial roadway a month after the storm, leading to concerns of similar issues elsewhere.
The area of the City of Toronto most impacted by the storm was developed during the 1950’s and 1960’s where storm drainage was only provided by the minor system (separated storm sewer).  Over 4,200 basement flooding complaints were received from the hardest hit areas, typically across the north end of the City, where the storm exceeded a 1 in 100 year return frequency.  Unfortunately, this area of the City has had a long history of basement flooding complaints, dating back to 1986.  System improvement works in the past have focused almost exclusively on the sanitary sewer system through the elimination of hydraulic bottlenecks with oversized pipes, and by constructing in-system storage facilities to provide protection against a storm equivalent to the 1986 storm (which represented a 1 in 25 year return frequency).  These improvements have been insufficient to guard against larger more intense rainfall events, as shown by the August 19, 2005 event.

Studies show that the incidence of basement flooding complaints is usually commensurate with the severity of the rainfall event, when the sewer systems are overloaded and there is significant ponding of stormwater on public and private property.  In basement flooding prone areas, the roads typically do not provide a continuous flow route, are very flat or have low lying areas with no place for the stormwater to outlet.  In these areas, stormwater enters the sanitary sewer system through sanitary sewer maintenance hole covers, overloaded foundation drains where they are connected to the sanitary sewer system, and from cracks in foundation walls and window wells where stormwater enters the basement and is intercepted by floor drains.  The problem is further exacerbated by surcharged storm sewers leading to the surcharging of storm laterals servicing individual properties and thereby creating a high water table around the foundation walls with water entering through cracks in the walls and into floor drains and sanitary sewer service laterals.  Factors contributing to the surcharging of storm sewers include runoff from roof downspouts and poor lot grading leading to overloaded foundation drains and reverse slope driveway drains.  Combined, these factors lead to the surcharging of the sanitary sewer system and consequently basement flooding.

An adaptive management strategy to help guard against future incidences of basement flooding during extreme storm events is therefore proposed, using an integrated (storm and sanitary sewer) systems approach, which in order of priority includes: 

Source (Lot Level) Controls: installing sanitary sewer backwater valves; disconnecting roof downspouts; capping off storm sewer laterals and installing sump pumps for foundation drains; promoting proper lot grading; and banning the construction of any new reverse slope driveways.

Minor System (Storm Sewer) Improvements: inserting inlet controls on the storm sewer system to prevent sewer surcharging.

Sanitary Sewer System Improvements: identifying and eliminating illicit connections contributing stormwater; sealing maintenance hole covers in low lying areas; and system rehabilitation to reduce extraneous sources of infiltration to the system.

Major System (Overland Flow) Design: creating overland flow diversion channels where opportunities exist, particularly in areas containing watercourses; undertaking road re-grading coupled with overland flow diversion channels in conjunction with planned road reconstruction projects; and constructing stormwater storage facilities (above ground dry ponds where open space is available and underground inline/offline storage facilities as necessary).

While the implementation of the above-noted elements presents many challenges, retrofitting a major system design in an existing fully developed area presents the most significant challenge in terms of cost, scheduling and disruption to the local communities.  Further, it is proposed that the implementation of the major infrastructure elements should be prioritized based on cost-effectiveness, where a base metric to be considered is cost per “benefiting” property.  In Toronto, early estimates of system infrastructure improvements to provide (where possible) storm drainage control to a 1 in 100 year return frequency storm have been estimated at several $100 million.

6. Conclusions and Lessons Learned

An assessment of the impacts and the actions taken during and after the storm of August 19, 2005 have refocused efforts of the TRCA and the City of Toronto, to better understand the response of local rivers and streams, as well as our urban drainage infrastructure to this type of extreme storm event.

The understanding of what worked and what did not, have allowed for improvements in the TRCA’s Flood Forecasting and Warning Program, including increased staffing and staff training to deliver the Program, updates to dam operational procedures, and enhanced methodologies for the collection and assessment of weather data.  The actions taken will be used to provide more specific severe weather information to assist municipalities, including the City of Toronto, in responding to future events.  Development of a comprehensive monitoring network was clearly defined as a critical component in understanding such events.  Improving and maintaining this system will be a priority.

The August 19, 2005 storm highlighted the need to undertake a risk/vulnerability assessment of all stream crossings (bridges and culverts) with respect to flooding and stream erosion impacts.  Further, the extent of stream erosion and damage to critical infrastructure highlighted the need to use an adaptive management approach which incorporates a geomorphic systems analysis and physical habitat focused study to develop a long term stream restoration strategy across all watersheds.  The key advantage of this type of approach is that it formalizes the process of evaluating, adjusting, implementing and monitoring of restoration projects in a continuous cycle, which helps direct and prioritize resources to help mitigate future urban flooding impacts from more frequent extreme storms. 

The unprecedented number of residential flooding complaints received as a result of the storm led to a comprehensive and integrated assessment of the existing storm drainage and sanitary sewer systems.  The implementation of an adaptive management strategy to help guard against future incidences of basement flooding during extreme storm events is therefore proposed.
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Figure 4: The feedback–learning approach of Adaptive Management for Stream projects (MNR, 2003).
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