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Abstract 

As population increases and global climate changes, policy makers are challenged with 

protecting human and environmental health in the face of extreme precipitation events. 

Ecosystem based adaptation strategies are increasingly recommended. If ecosystems are relied 

upon for adaptation, it will be critical to maintain ecosystem health through landscape-level 

management and planning. To support ecosystem management, Surrey recently mapped its 

‘Green Infrastructure Network’ (GIN). This study assessed the value of the GIN for climate 

change adaptation by quantifying its flood mitigation services under 11 different land 

management scenarios. ArcGIS was used to show the effect of land management policies on land 

cover. A hydrologic modelling tool, Win TR-55, was used to simulate the effect of land cover 

change on peak flows. The study found that different management strategies in the GIN can 

substantially increase or decrease peak flows. This provides government with information 

needed to support community resilience to climate change. 
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Introduction 

Recent studies have confirmed that climate change is occurring and continues to 

accelerate (Gill, Handley, Ennos, & Pauleit, 2007). It has also become clear that substantive 

reductions in greenhouse gas emissions will not be made in time to avoid many projected climate 

change impacts. Studies suggest that communities need to focus efforts on adapting to a 

changing climate (Intergovernmental Panel on Climate Change [IPCC], 2013). One of the 

primary impacts of climate change that communities are facing is a disruption in the equilibrium 

of the earth’s global water systems which is anticipated to cause an increase in the frequency of 

extreme precipitation events such as heavy rainfall, floods, and droughts (IPCC, 2013).   

The current literature states that the effects of climate change will be felt most greatly in 

cities (Gill et al., 2007). Urban areas such as Metro Vancouver are particularly vulnerable to 

climate change impacts because of their high density of development (BGC Engineering Inc. 

[BGC], 2009). Traditional urban development generally replaces vegetated surfaces, which 

provide shading, evaporative cooling, and rainwater interception, storage and infiltration 

functions, with impervious surfaces which retain heat and do not absorb water. This leads to an 

increased risk of flooding (Gill et al., 2007).  

 In 2000, scientists from Environment Canada developed several climate change 

predictions for the Metro Vancouver Area. They predicted that climate change would likely 

bring hotter, drier summers, rising sea levels, more extreme precipitation events, greater risk of 

flooding, reduced air quality and a greater likelihood of landslides (Greater Vancouver Regional 

District [GVRD], 2000).  Another recent report prepared by the Pacific Climate Impact 

Consortium (PCIC) summarized climate change predictions for the Georgia Basin in British 
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Columbia, Canada and predicted an increase in extreme winter precipitation events and a 

substantially increased risk of flooding.  It is anticipated that the amount of precipitation will 

increase by 21% to 28% (Murdock, Sobie, Eckstrand, & Jackson, 2012). As well, intense three 

hour precipitation events that would previously only happen on average once every 10 years are 

now projected to occur on average three times as often (Murdock et al., 2012). In the lower 

mainland of British Columbia, increased drought and changing climate compound the flooding 

risk by threatening the health of urban forests which play a valuable role in storm water 

management (Murdock et al., 2012). Across the lower mainland, communities are working to 

find strategies to protect human and environmental health in the face of increased flooding risk, 

urban tree mortality and drought (GVRD, 2000). 

Due to the significant impact of land cover change on climate change vulnerability, there 

is a growing recognition of the need for local governments to be involved in climate change 

adaptation efforts. Local governments have a substantial capacity to mitigate and adapt to 

climate change through their responsibility for land use decision making and infrastructure 

development and maintenance (Craft, Howlett, Crawford & McNutt., 2013). Land use change 

and infrastructure management can have long lasting impacts on climate change vulnerability by 

reducing ecosystem health, altering drainage, and increasing erosion. A recent review of climate 

change adaptation strategies by local governments in BC noted that while many local 

governments are doing a reasonable job of integrating goals and policy for climate change 

adaptation, most fail to provide adequate background information or frameworks for actual 

implementation (Baynham, 2011). Given the uncertainty associated with climate change, one of 

the key recommendations for communities in adapting to changing climate is to increase their 
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resilience to a variety of future conditions (Craft et al., 2013). For the sake of public acceptance, 

it is also important that the adaptation strategies are ‘low regrets’ or ‘no regrets’ strategies with 

multiple short and long term benefits (Whitely Binder et al., 2010). This study provides 

important information to inform decisions regarding the use of green infrastructure as a ‘low 

regrets’ or ‘no regrets’ adaptation strategy.  

Although many local governments are unsure of how to best adapt to climate change, 

several regions and municipalities have recognized the importance of protecting the environment 

and are taking actions to better manage local ecosystems (S. Godwin – City of Surrey, personal 

communication, January 28, 2013). These actions are of critical importance because in 2005, the 

Millennium Ecosystem Assessment (MEA) identified that in the last 50 years humans have 

rapidly and extensively changed ecosystems (Millennium Ecosystem Assessment [MEA], 2005). 

In fact, 15 of the 24 ecosystem services investigated had been degraded, making the ecosystems 

impacts greater than any similar time period in human history (Nemec & Raudsepp-Hearne, 

2013). Ecosystem services are the benefits provided to humans by the natural environment 

(Nemec & Raudsepp-Hearne, 2013). Current literature research suggests that one of the best 

ways to manage land for ecosystem function is to manage ecosystems on a landscape level and 

protect pattern-process relationships (Opdamn et al., 2009).  

In order to support ecosystem protection, the City of Surrey recently mapped the local 

‘Green Infrastructure Network’ (GIN) (City of Surrey, 2011). The GIN is a matrix of 

interconnected high value natural areas within the urban landscape. Mapping these areas 

involved identifying areas of high ecological value or sensitivity and showing how these areas 

can be interconnected in order to support ecosystem health (City of Surrey, 2011). The City of 
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Surrey divided the elements of the GIN into three distinct categories: hubs, sites, and corridors. 

Hubs were described as the largest intact sites of naturally functioning, complex ecological 

processes. Sites were identified as smaller areas of less complex ecological activity. Finally, 

corridors were identified as the pathways that offer species and ecological process connection 

between hubs. Outside of these areas was described as ‘the matrix’. The matrix was the 

remainder of the land base with areas of lower or varying ecological value.  

The City of Surrey also developed an Ecosystem Management Strategy (EMS) which 

identified several potential strategies to help protect its GIN. The top strategies under 

consideration included: 

�  Urban parkland reforestation 

�  Enhancing urban backyard habitats both in the GIN and urban matrix (outside GIN)  

�  Re-vegetating utility�rights of way (ROW) 

�  Protecting high value GIN areas with less than 50% protection (or greater than 50% 

potential for further residential, commercial, or industrial development) through future 

acquisition for parkland, development permit area designation, a conservation easement 

agreement, or private land Stewardship 

�  Riparian area enhancement 

The City is also investing in climate change adaptation and has worked with PCIC and the 

community to identify the top climate impacts. It is now working to identify the best ways to 

adapt to these threats (M. Baynham – City of Surrey, personal communication, February 7, 

2013).   
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Although it is known that GINs are important for protecting ecosystem health, there has 

also been an increasing interest in understanding how ecosystems can support community 

resilience to climate change (Kitha & Lyth, 2011). Urban green spaces are areas within the built 

environment where natural processes of evaporative cooling and rainwater management can take 

place (Gill et al., 2007). In the fields of engineering and planning, there is growing recognition of 

the value of green infrastructure as an alternative to hard, or engineered, storm water 

infrastructure (Kitha & Lyth, 2011). It is also recognized that green infrastructure can benefit 

water quality and aquatic habitat in local streams (Nemec & Raudsepp-Hearne, 2013). The use of 

green infrastructure is a desirable adaptation strategy because of its relative cost-effectiveness 

compared to hard infrastructure and because it is composed of natural systems which may be 

able to deal with a wider range of possibly climate effects and be more resilient to climate 

change (Kitha & Lyth, 2011). Urban green spaces also provide additional benefits to the 

community such as recreational opportunities and increased aesthetic appeal (Raymond et al., 

2009). A review of academic literature suggests that there is a growing interest in understanding 

how to use ecosystem based adaptation to meet the challenges of a changing climate. 

Research Objectives 

This study uses a Geographic Information System (GIS) and hydrologic modeling tool to 

assess the flood mitigation services currently provided by the City of Surrey’s GIN and 

determine how the provision of these services will change under different land management 

conditions in the face of climate change. As climate changes, it will be critical to manage land 

use change in a way that protects existing ecological function and is adaptive to future climate 

variability (Kitha & Lyth, 2011). This study provides land use planners, policy writers, and 
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decision makers in the City of Surrey with valuable information on the value of the GIN in 

supporting community resilience to climate change. 

Study Area 

The study area is the Quibble Creek watershed in the City of Surrey. The City of Surrey 

is located in the Metro Vancouver area within the southern portion of BC, bordering the United 

States to the south and the Fraser River to the north (Figure 1). The Quibble Creek watershed is a  

6.94 km2 watershed located in an urbanized region of Surrey. It is a sub-watershed of the larger 

Bear or Mahood Creek watershed (British Columbia Ministry of Environment [BC MOE], 1981). 

This area was chosen because a significant amount of information required for this study 

(GIN boundaries, elevation data, soils data, air photos, zoning, and land ownership information) 

was available on the City of Surrey Open Data Catalogue in a GIS format.  The City of Surrey 

also has an active stream monitoring program and there was a flow gauging station with 15 years 

of recorded data at the outlet and a rain gauge nearby. As well, the watershed is representative of 

the remainder of Surrey in terms of land cover and percentage of land in the GIN. Finally, the 

area met the requirements for the chosen hydrologic modeling tool, Win TR-55, because it had 

fewer than 10 reaches and the total area was less than 25 km2 (United States Department of 

Agriculture Natural Resources Conservation Service [USDA NRCS], 2009).  
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Figure 1: Map of Quibble Creek Watershed Study Area 

Note: Watercourse and water body data obtained from the GeoBase® National Hydrographic Network 
dataset on www.geobase.ca. Surrey boundary and parks data obtained from the City of Surrey Open Data 
Catalogue at http://www.surrey.ca/city-services/658.aspx under the Open Government License – City of 
Surrey available at http://www.surrey.ca/files/Open_Government_License_-_City_of_Surrey_v1.pdf.  
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Literature Review 

A review of existing literature demonstrated that there is significant interest in 

understanding the impacts of climate change and the ways that communities can best adapt to 

that change. There is also significant interest in better understanding and valuing the services 

provided by the environment. There has also been a recent recognition of the need to consider 

ecosystem resilience to climate change. Most recently, the literature shows that researchers have 

begun to look at the potential value of green infrastructure for climate change adaption.  

One of the initial studies linking large scale landscape change to water resources was in 

the Wu-Tu watershed in North Taiwan (Lin, Hong, Wu, Wu, & Verburg, 2007). Lin et al. (2007) 

evaluated the impact of future land use changes on hydrology as well as landscape metrics. The 

study used estimates of future land use change as parameters for a lumped hydrologic model. 

The study concluded that landscape scale land development created significant impacts on water 

resources. It suggested that future studies could be improved by utilizing realistic, high 

resolution scenarios of future land uses, and a spatially distributed, physically based hydrologic 

model.  

In 2007, Gill et al. took a quantitative approach to assessing the potential of urban green 

space in adapting cities to climate change (Gill et al., 2007). They noted that although it is 

generally accepted that green infrastructure provides water management and microclimate 

management values, there was little information on the quality and quantity of the impacts (Gill 

et al., 2007). They suggested further research was needed that combined a land cover-based 

modeling approach with the patch-corridor-matrix model to develop spatial management 

strategies for a multi-functional GIN (Gill et al., 2007).  
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In 2009, there was a growing recognition of the need to take action to adapt to climate 

change. Researchers noted that to date, climate change efforts have focused on mitigation. 

However, current models suggest that even with low emissions scenarios, we still need to 

develop adaptation scenarios (Kitha & Lyth, 2011). In 2009, researchers initiated the 

development of an integrated research strategy for climate change adaptation in urban areas 

(Blanco, Pauleit, Jorgensen, Carstensen, & Handley, 2009). Blanco et al. identified urban 

planning and land management as key areas for adaptation and suggested that the resilience of 

urban areas to climate change will greatly depend on climate-adapted built infrastructure and the 

planning of green infrastructure. They suggested that climate change adaptation is the new 

challenge for land use planners. Given the high degree of uncertainty with climate change 

scenarios, they stated that it will be very important for land use planners to be highly connected 

to the scientific community (Blanco et al., 2009).   

This recommendation is important because in recent years, several municipalities have 

developed climate change adaptation plans that cite the use of urban forests, low impact 

development techniques, and the protection of natural areas as strategies to maintain the 

hydrologic regime and protect aquatic ecosystems (District of Saanich, 2011). As well, the 

United Nations Environment Programme (UNEP) also recently introduced a climate change 

adaptation strategy entitled ‘Ecosystem Based Adaptation’ (UNEP, 2012). However, a review of 

existing literature demonstrated that little work has been done to look at how ecological services 

could be provided by managing ecosystems on a larger scale at a landscape level (Gill et al., 

2007; Kitha & Lyth, 2011; Opdamn, Luque, & Jones, 2009). Also, little work has been done to 
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assess how to promote resilience of the green infrastructure network to support its value as a 

climate change adaptation strategy (Kitha & Lyth, 2011). 

Furthermore, ecologists have stated that although there have been many studies of the 

impacts of climate change on ecosystems; the work to date has failed to look at ways to support 

resilience in ecosystems (Opdamn et al., 2009). A concerted effort between land managers, 

ecologists, and climate change scientists is needed. Opdamn et al. stated that because we are 

increasingly changing the spatial patterns of land, adaptation studies need to recognize the 

importance of spatial configurations in ecological process-pattern relationships. They suggested 

that land managers need information systems that show where different investments in 

restoration could produce different ecosystem services (Opdamn et al., 2009). 

Over the following years, the literature indicated an increased interest in the use of green 

infrastructure as a climate change adaptation strategy. In 2010, a group of researchers studied 

climate change impacts and adaptation in Washington State (Whitely Binder et al., 2010). Given 

the uncertainty associated with climate change predictions, they recommended ‘no regrets’ or 

‘low regrets’ adaptation strategies that will require minimal investment and provide multiple 

benefits to the community (Whitely Binder et al., 2010). They also suggested the use of green 

infrastructure because ecosystems are inherently resilient and are able to accommodate a wide 

range of variability in quantities and intensities of precipitation. The researchers also strongly 

emphasized the role of local government in adaptation programs. Local governments play a key 

role in land use planning decision making, which can have long lasting impacts on climate 

vulnerability by changing habitat, flood and erosion control structures, and infrastructure 

(Whitely Binder et al., 2010). The researchers surveyed communities that appear to have been 
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particularly successful in their mitigation efforts. One of the key common elements in adaptive 

communities is collaboration with the research community to produce spatially-relevant 

information for what is referred to as “actionable science” (Whitely Binder et al., 2010).   

In 2011, Justus Kitha and Anna Lyth studied urban wildscapes - or highly natural places 

in urban areas - in Mombasa, Africa, and assessed their potential for use as soft engineering 

adaptation strategies (Kitha & Lyth, 2011). Soft engineering uses ecologically based approaches 

to manage storm water (Kitha & Lyth, 2011). They stated that green infrastructure is a 

particularly important “no regrets” strategy that provides immediate benefits to low income 

communities. Many of these countries did not have the resources for engineered infrastructure. 

With limited resources, it would be difficult to even have a discussion about investing funds in 

large, expensive climate change adaptation projects (Kitha & Lyth, 2011). In order for urban 

green spaces to continue providing these multiple benefits, it is important that these ecosystems 

are resilient to perturbation from their original state. To support ecosystem health, they 

recommended the formation of interconnected systems of green spaces (Kitha & Lyth, 2011). 

Finally, in 2013, several prominent social science researchers evaluated the policy 

capacity for climate change adaptation among Canadian decision makers. They concluded that it 

is critical to ensure that adaptation efforts focus on innovation, and optimize scarce resource 

investments, by choosing strategies that are cost-effective, responsive to a wide range of climate-

related events, have multiple benefits for city residents, and can be implemented by a diverse 

range of stakeholders (Craft et al., 2013). They noted that well planned systems of green 

landscapes have the potential to generate social and environmental benefits under a wide range 

of future conditions (Craft et al., 2013). 
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To conclude, a study that evaluates the climate change adaptation potential of a green 

infrastructure network that was optimized to support ecological resilience would be of value in 

informing future ecosystem based adaptation efforts. 

Methodology 

This study used a geographic information system (GIS) and a hydrologic simulation 

model (Win TR-55) to evaluate the effect of different land management practices in the GIN on 

the City of Surrey’s ability to adapt to the increased rainfall expected with climate change. The 

procedure was based on the Soil Conservation Service (SCS) Curve Number method described 

in the TR-55 manual (United States Department of Agriculture Soil Conservation Service 

[USDA SCS], 1986).  A GIS system, ArcGIS 10.0, was used to manage, process, and summarize 

spatial data. A hydrologic modeling tool created by the USDA SCS, called Win TR-55 was used 

to simulate different rainfall events and model the magnitude and timing of peak flow in streams. 

Different land management practices were simulated by modifying the land cover Curve Number 

(CN) as utilized in the SCS Curve Number methodology. 

Overview  

The first step in the process involved using ArcGIS to divide the land surface into 10 m 

by 10 m grid cells using a digital elevation map. Relevant geographic data including topography, 

soils, watercourse, and land cover datasets were added, processed, and then converted into 10 m 

x 10 m gridded raster datasets.  The ArcHydro toolset was then used to delineate the watershed 

and sub-watershed boundaries. Next, each sub-watershed was divided into reaches, or stream 

segments, according to the Win TR-55 method (USDA NRCS, 2009). Python scripts were 

created that took as input the watershed datasets and computed the hydrologic characteristics for 
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each sub-watershed, specifically Composite CN and Time of Concentration (Tc). Composite CN 

is a runoff coefficient and Time of Concentration is the time it takes for water to flow from one 

place in the watershed to another (USDA, NRCS, 2009). Information on stream segment, or 

reach, characteristics was obtained from the spatial data and previous reports. The information 

on the sub-watersheds and reaches was then entered into the Win TR-55 model.  

To ensure that the model could realistically predict peak flows in the study area, the 

model was run with historical rainfall data and the output of the modeling tool was then 

compared to concurrent storm event data. Once it was determined that the model produced 

sufficiently accurate results, the model was then run with climate change adjusted storm data to 

determine the effects of climate change on peak flows. Several different scenarios were then 

developed that simulated the effect of different land management practices. The python scripts 

were then run again using these scenarios as input, and the Win TR-55 model was then run using 

the CN and Tc values obtained from these scripts. The different scenarios produced different 

peak flows and these peak flows were then compared to determine which land management 

practices in the GIN would be most effective in helping the City of Surrey adapt to climate 

change.  

Several steps were taken in order to complete the study as described above. These steps 

are listed below and explained in further detail in the following sections: 

1. Selection of Modeling Tools  

2. Development of Land Use Management Scenarios 

3. Data Collection and Preprocessing  

4. Characterization of Study Area 
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5. Model Validation  

6. Calibration and Sensitivity Analysis 

7. Scenario Modeling 

Selection of Modeling Tools 

Modeling tools vary in complexity, ease of use, data requirements, and outputs. The Win 

TR-55 model was chosen because it is a simple, well-documented single event, semi-distributed 

rainfall runoff model developed by the US SCS to model hydrology in small urban watersheds 

(USDA NRCS, 2009).  A semi-distributed model divides the watershed into areas with common 

hydrologic properties. It can provide a finer level of detail in its analysis of hydrology than a 

lumped model, which looks at a watershed as having uniform hydrologic characteristics. 

Alternately a semi distributed model provides a lower level of detail than a distributed model, 

which models hydrology by breaking the watershed down into grid cells and assessing 

hydrologic characteristics for each grid cell. However, many distributed models require a 

substantial and often unattainable amount of data (Forrex, 2009). In this case, a semi-distributed 

model was the best choice for the level of detail available.  

The Win TR-55 model is a relatively simple model which takes as input watershed 

characteristics, rainfall distribution type, and expected 24-hour precipitation for storms with 

varying return periods and produces information on the timing and size of the peak storm flow. It 

uses the Muskingum-Cunge method of channel routing to route hydrographs through channels 

and reservoirs to create a final storm hydrograph (USDA NRCS, 2009). 

The GIS tool was used to delineate catchments and produce the parameters necessary for 

entry in the Win TR-55 watershed model. The benefit of using the GIS tool with Win TR-55 was 
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that it allowed the land to be broken down into 10 m x 10 m grid cells, so that land management 

scenarios could be developed with a higher level of detail at a property level. An additional 

benefit is that the GIS tool was helpful in data preprocessing and manipulation of terrain and 

land cover data needed for the model. The benefit of using Win TR-55 is that it is much simpler 

to use than many other hydrologic models. However, this methodology still allows for the 

analysis of more detailed property-level land use management scenarios.   

Development of Land Use Scenarios  

In order to determine which land use management scenarios would be considered in this 

study, the City of Surrey’s Ecosystem Management Strategy (EMS) was consulted. The 

following strategies, outlined in Table 1, were identified as relevant based on a review of the  

 

Table 1: Land Use Management Scenarios 
 

Scenario Description 
 

Scenarios with Current Levels of Development 

1 Current levels of development with high levels of private land stewardship in GIN 

3 Current levels of development with reforestation of land owned by the City of  
Surrey (i.e. parks) in GIN 

Scenarios with Full Development 

2 Full development: Simulated as maximum development permitted under current land use zoning  

4 Full development with reforestation of public land not owned by Surrey 

5 Full development with protection and reforestation of areas in GIN that have significant 
development (greater than 50% unprotected) 

6 Development restrictions in GIN: Full development in areas outside the GIN while maintaining 
current levels of development in GIN 

7 Full development  while acquiring all lands within the GIN as for parkland  

8 Full development with restrictions on development of privately owned land in GIN (private land 
stays as it currently is)  

9 Full development with no development in riparian areas inside and outside of GIN 

10 Full development with reforestation of private land in GIN 

11 Full development with reforestation of riparian areas inside GIN 
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EMS (City of Surrey, 2011). The extent of the scenario modeling is shown in Figure 2 which 

identifies the GIN and its current land cover prior to scenario modeling.  

Data Collection and Preprocessing 

The first step was to gather data and prepare it for use in the model. Most of this 

preprocessing was done in ArcGIS. Tables 2, 3, and 4 list the geographic, precipitation, and time 

series datasets obtained for this study. Each table lists the relevant data sources, the format in 

which the data was retrieved, a brief description of the steps taken to process the data, and the 

resulting dataset that was used for further analysis. 

Once the data was collected, the following steps were taken to prepare the data for modeling: 

1. DEM Creation 

2. Stream Data Preprocessing 

3. DEM Preprocessing and Watershed Delineation 

4. Soils Data Reclassification and Preprocessing 

5. Rainfall Data Preprocessing: Historical and Climate Adjusted  

6. Flow Data Preprocessing: Flood Frequency Analysis  

7. Land Cover Classification and Preprocessing 
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Figure 2: Green Infrastructure Network (GIN) in the Quibble Creek Watershed  

Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca.  Surrey parks, green infrastructure network, and parks data obtained from the City of 
Surrey Open Data Catalogue at http://www.surrey.ca/city-services/658.aspx under the Open Government 
License – City of Surrey available at http://www.surrey.ca/files/Open_Government_License_-
_City_of_Surrey_v1.pdf.  
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Table 2:  Geospatial Data 

Data Source Format Processing 
Elevation  City of Surrey (City of 

Surrey, 2013a)  
1m contours as polyline features Converted to raster DEM  

Stream  GeoBase National 
Hydrographic Network 
(Geobase National 
Hydrographic Network 
[NHN], 2013). 

1:20,000 polygon Watercourse, polyline Water 
Body, and polyline Flow Network 

Merged map tiles 
Clipped to Surrey boundaries 
Updated fprojection 
Removed loops 

Land Cover  Metro Vancouver (Metro 
Vancouver, 2009) 

1:25,000 Multi Spectral Satellite imagery 
classified into land use category feature class 

Reclassified into SCS land cover categories 
Converted to 10m raster  

Soils  National Soils Database 
(Agriculture and Agri-
Food Canada, 2013b). 

1:50,000 Reclassified into Hydrologic Soil Groups  

 

Table 3: Time Series Stream Flow Data 

Data Source Format Processing Result 
Flow  City of Surrey 

FlowWorks website 
(City of Surrey, 2013b) 

Measured at 5 minute 
intervals in m3/s from 
1996-2013 

Flood Frequency Analysis Removed 
years with incomplete fall/winter 
records 

Instantaneous peak flows for 2, 5, 10, 
and 25 year storm events 

 

Table 4: Current and Future Precipitation Data from IDF Curves 

Data Source Processing Result 
Precipitation City of Surrey Engineering Design 

Criteria Manual (City of Surrey, 
2004) 

Selected rainfall station closest to watershed 
(Kwantlen Park) 

24 hour rainfall for 2, 5, 10, and 
25 year storm events  based on 
Kwantlen IDF curves 

Climate-Adjusted 
Precipitation 

Metro Vancouver – Report on 
Climate Adjusted (2050) IDF 
Curves ( BGC, 2009)  

Averaged climate adjustment factor for three 
closest rainfall stations  
Multiplied Kwantlen amounts by this factor 

Climate adjusted 24 hour rainfall 
for 2, 5, 10, and 25 year storm 
events 
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The following subsections provide further details on each of the preprocessing steps.  

1. DEM creation. The first step was to obtain a digital elevation model (DEM). This data 

was not publicly available, so it was created from one meter contour maps available on the City 

of Surrey’s website (City of Surrey, 2013a). The ArcGIS Topo to Raster tool was used to convert 

the contours to a raster data set composed of 10 m x 10 m grid cells. A 10 m grid cell size was 

chosen because previous research determined that this size provided the optimal compromise 

between accuracy and a manageable data volume when modeling hydrology at a landscape scale 

(Zhang & Montgomery, 1994).  

The 10 m x10 m raster was then converted from a decimal format to an integer format to 

reduce file size and improve performance time for the remainder of the Terrain Preprocessing 

steps (Esri, 2008). In order to convert the DEM to an integer, it was scaled first to the level of 

accuracy of the rest of the data. This was done by determining the vertical accuracy of the DEM 

(one tenth of a meter) and identifying the number of significant digits (n) it contained (one). 

Each DEM value was multiplied by 10n, or 10. The result was then converted to an integer. 

Because the INT() function truncates values, 0.05 was added in order to achieve the rounding to 

the first significant digit. Following this, the Z-Unit was changed to ten or decimeters to reflect 

the difference in horizontal and vertical units in the DEM. 

2. Stream data preprocessing.  Stream datasets were available in varying formats and at 

different resolutions from the City of Surrey, Province of BC, GeoBase, and Environment 

Canada. Data from the National Hydro Network (Geobase National Hydrographic Network 

[NHN], 2013) on the GeoBase website was chosen due to its high level of completeness and 
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accuracy, the well-documented data model, and the fact that it was developed particularly for use 

with GIS and hydrologic modeling (NHN, 2013). The data came as three different datasets: 

�  Watercourse feature class: Polyline file representing streams, creeks, canals, ditches, and the 

narrow portions of larger watercourses (NHN, 2013). 

�  Water Bodies feature class: Polygon file representing wide portions of waterways, canals, 

lakes and reservoirs (NHN, 2013). 

�  Flow Network: Polyline file showing connectivity and flow direction between Watercourses 

and Water Bodies (NHN, 2013). 

For each of these datasets, the map tiles were merged over the study area. The new files were 

then clipped using a mask set to the City of Surrey, converted to the NAD 1983 UTM Zone 10N 

coordinate system, and then ‘loops’ removed. The Arc Hydro toolbox requires that streams do 

not form circular paths, or loops, by splitting and then looping back on each other. The Flow 

Network layer, which was used in this study to show stream connectivity, contained many loops 

in the flow path. It was determined that these were primarily the result of constructed drainages 

features such as ditches and canals. These were removed by deleting all elements in the Flow 

Network that spatially intersected with elements of type “CANAL” or “DITCH” in Watercourses 

or Water Bodies.  

3. DEM preprocessing and catchment delineation. In order to delineate watersheds and 

sub-watersheds, the DEM needed to be prepared using the Terrain Preprocessing steps in Arc 

Hydro. The Terrain Preprocessing work was completed according to the guidelines in the 

Comprehensive Terrain Preprocessing Guidebook and the Arc Hydro Geoprocessing Tools 
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tutorial (Esri, 2008). These steps are summarized in Appendix A. Many intermediary outputs 

were created. The following three outputs were used in further steps in the study: 

�  Catchment feature class representing drainage areas for all sub-watersheds in the study area 

�  Slope raster file with a 10 m x 10 m grid cell size 

�  A raster file showing the Longest Flow Path in each sub watershed (to be used in determining 

Time of Concentration) 

4. Soils data reclassification and preprocessing. Soils data was also required for the 

Win TR-55 model. There were several sources available and after a review of the available 

options, the National Soils Database (NSDB) dataset was chosen due to its high level of accuracy 

and completeness in the study area and its well documented data structure (Agriculture and Agri-

Food Canada, 2013b). The NSDB data was at a 1:50,000 scale and represented by a spatial 

polygon feature class and several attribute tables (Agriculture and Agri-Food Canada, 2013b).   

To use the SCS methodology, the soils needed to be categorized according to Hydrologic 

Soil Groups (HSGs) (USDA SCS, 1986). However, the HSG categories in the TR 55 manual 

contained US soil categories and none of the Canadian soils datasets contained soil types that 

could be matched with these classifications. In order to use the model, it was determined that the 

Canadian soils would need to be reclassified into HSGs using one of the attributes of the soils 

data. The attribute that was most closely associated with HSG was the Drainage attribute 

(Agriculture and Agri-Food Canada, 2013b). The definition of each HSG was compared with the 

definition of each Drainage category, and the following correlations, shown in Table 5, were 

created. 
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Table 5: Reclassification of NSDB Soils Types into SCS Classifications 
 

SCS – HSG NSDB 

Class Description Drainage Type Description  

A Low runoff potential, high infiltration rates VR, R Very Rapidly, Rapidly Drained 
B Moderate infiltration and transmission rates MW, W Moderately Well, Well drained  

C Low infiltration and transmission rates  I  Imperfectly Drained 

D High runoff potential, very low infiltration 
and transmission rates 

VP, P Very Poorly or Poorly Drained 

Note: SCS – HSG refers to Hydrologic Soil Group Categories described in the TR 55 manual (USDA 
NRCS, 1986). NSDB refers to National Soils Database soil categories described in the documentation 
(Agriculture and Agri-Food Canada, 2013b). 
 

To reclassify the spatial soils information by the Drainage attribute, the spatial soils data 

was joined to the soils attribute tables using the relationships shown in the Data Model portion of 

the NSDB documentation (Agriculture and Agri-Food Canada, 2013a). The spatial data was 

joined to the Soil Component (CMP) attribute table by “PolyNum” and the CMP table was 

joined to the Soil Name (SNF) table containing the Drainage attribute by “SoilType”. A few 

features did not have a Soil Type and Drainage attribute assigned to them. In these cases a 

Drainage attribute was assigned based on the neighboring soil types. This was done by 

inspecting the surrounding polygons and determining their drainage types. Generally the feature 

with an unknown soil type was surrounded by features with the same drainage and soil types and 

so this soil type and drainage was assigned. In three cases the feature was surrounded by 

different soil types. However in these cases, the soil feature overlay a gravel pit and so it was 

assumed that the area was well drained and a ‘W’ drainage attribute was assigned.  

5. Rainfall data preprocessing: historical and climate adjusted. This study required 

both current rainfall data for model calibration, and climate-adjusted rainfall data for simulation 

modeling. The Win TR-55 model requires that the input rainfall data come from an Intensity-

Duration-Frequency (IDF) analysis (USDA NRCS, 2009). An IDF curve is created by analyzing 
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historical rainfall data and estimating the total accumulated rainfall and the intensity of rainfall 

for storm events of different durations and return periods.  The IDF data required by the Win TR-

55 program is total accumulated rainfall for storms of a 24-hour duration (USDA NRCS, 2009). 

Current storm data. The City of Surrey provides information on IDF curves for local 

rainfall gauging stations in its Engineering Design Criteria Manual (City of Surrey, 2004). The 

closest rain gauging station to the watershed is located at Kwantlen Park, approximately 450 m 

from the northwest edge of the watershed.  See Figure 3 for this location. Historical rainfall data 

was available at this station and the City of Surrey prepared an IDF curve and estimates of total 

accumulated rainfall for several different storm events. For storms of a 24 hour duration, it 

identified a total rainfall accumulation of 64.6 mm for a storm with a 2 year return period, 82.9 

mm for a storm with a 5 year return period, and 95.0 mm for a storm with a 10 year return 

period, and 110.3 mm for a storm with a 25 year return period (City of Surrey, 2004).  

Climate adjusted rainfall data.  In order to use the model to simulate stream flows under 

storm events with climate change, climate-adjusted IDF curves were also required. Climate 

change predictions are provided by Global Circulation Models (GCMs) which model different 

facets of climate change (BGC Engineering, Inc. [BGC], 2009). GCMs combine fluid 

atmosphere interaction in three dimensional cells at various scales. However, GCMs only 

provide monthly climate outputs and their spatial resolution is typically 100 x 100 km (10,000 

km2) (BGC, 2009). Recently, the Canadian Regional Climate Model (CRCM) was developed 

which allows a more detailed grid forecast (45 km grid length) for British Columbia with 

different time horizons and for individual months or seasons (BGC, 2009). In 2009, the Regional 

Municipality of Metro Vancouver retained BGC Engineering Inc. to take climate change into 
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Figure 3: Locations of Precipitation and Flow Data Monitoring Site 

Note: Watercourse data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Surrey boundary data obtained from the City of Surrey Open Data Catalogue at 
http://www.surrey.ca/city-services/658.aspx under the Open Government License – City of Surrey 
available at http://www.surrey.ca/files/Open_Government_License_-_City_of_Surrey_v1.pdf. 
 

account and adjust IDF curves for approximately the year 2050 (corresponding to the period 

2040’s - 2070’s, A2 emission scenario and the CRCM 4.2 ADJ and 4.2 ADL model scenarios). 

At the time of its development, the A2 scenario was one of the most extreme scenarios. It 

represented a world where leaders could not agree on concerted efforts to reduce emissions and 

economic development is given priority over environmental health. This created the greatest 

predicted increase in temperature. At the time this scenario was viewed as overly pessimistic, 

however in the 10 years since its development, emissions levels and global climate change policy 

suggest that this is likely the most realistic scenario (BGC, 2009). 
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 To create climate adjusted IDF curves, BGC Engineering obtained precipitation data 

from the Canadian Regional Climate Model for the fall and winter months of the 2050 time 

frame (runs CRCM 4.2 ADJ and 4.2 ADL). It then took existing precipitation data at select 

climate stations in the Metro Vancouver area and used this to regress monthly precipitation 

against precipitation intensities for variable durations. Finally, it took the resulting regression 

equations and used them to determine changes in precipitation intensity and durations. As a 

result, each climate station was given a climate adjustment factor and the precipitation 

accumulation at each station was multiplied by this factor to determine the climate-adjusted 

rainfall accumulation amounts (BGC, 2009). 

Although the BCG Engineering report did not use the Kwantlen rainfall gauge in its 

analysis, it did complete the analysis for three nearby climate stations within a 10 km radius. The 

stations all had relatively similar historical rainfall data. The historical rainfall amounts and 

climate adjustment factors for each of these stations is shown in Table 6.  

 

In order to obtain climate adjusted IDF values for the Kwantlen station, the climate 

adjustment factor was averaged for the three closest stations (QT04, BU07, VA28). The result  

Table 6: Climate Adjusted Rainfall Values for Climate Stations Within 10 km of Kwantlen Park 
 Rainfall Predictions at Climate Stations Based on Historical Data (mm/hr) 
Return Period (year) Kwantlen Park* QT04**  BU07**  VA28**  
2 year 2.7 2.8 2.8 2.1 
5 year  3.5 3.8 3.9 3.1 
10 year 4.0 4.5 4.3 3.7 
25 year 4.6 5.3 5.3 4.5 
50 year 5.1 5.9 6 5.1 
Climate Adjustment Factor  1.123 1.126 1.142 
 

Note: * Kwantlen Park rainfall amount from Engineering Design Manual (City of Surrey, 2004) 
** Other climate station data from Metro Vancouver report (BCG, 2009, page 24) 
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was an average climate adjustment factor of 1.13. Thus, using a climate adjustment factor of 

1.13, the rainfall values for the Kwantlen station were updated as shown in Table 7. Note that the 

values contained in Table 7 are in inches/24 hours, as these are the units required for input into 

the Win TR-55 model. 

Table 7: Current and Climate Adjusted Rainfall Amounts for 24 hour Storm Events at the Kwantlen Park 
Rainfall Gauge 
 

            Predicted Rainfall Accumulation (inches/24 hours) 
Return Period (year) Current  Climate-Adjusted  
2  2.5 2.9 
5  3.3 3.7 
10  3.7 4.2 
25  4.3 4.9 
50  4.8 5.4 
 

Note: The climate adjustment factor used to obtain these rainfall amounts was provided in the BCG 
Engineering report provided to Metro Vancouver (BCG, 2009). 
 
6. Flow data preprocessing: flood frequency analysis.  Historical stream flow data was 

required in order to validate the model. The City of Surrey manages several flow monitoring 

stations including one at the outlet of the study area as shown in Figure 3 (City of Surrey, 

2013b). The station had been in operation since 1997, and the City provided access to all 16 

years of monitoring data.  The data was first evaluated for completeness and then a flood 

frequency analysis was completed to determine the instantaneous peak flows under storms with 

different return periods (see Appendix B). In Metro Vancouver area, it is most likely that 

maximum flows will occur in the months of October or November (BGC, 2009). To increase 

accuracy, any years that contained incomplete data for the months of October and November 

were excluded from the analysis. This left 13 years of flow data to be used for the flood 

frequency analysis. Details on this analysis can be found in Appendix B. Figure 4 displays the 

results of this work. 
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Quibble Creek Watershed - Flood Frequency Analysis

Figure 4: Quibble Creek Flood Frequency Analysis 

Note: Created using flow data from the City of Surrey (City of Surrey, 2013b) 

 

 

The flood frequency analysis revealed that the relationship between recurrence interval 

and instantaneous discharge can be described as y = 4.778ln(x) + 5.2418. It estimated an 

instantaneous discharge of 8.56 m3/s occurs at a recurrence interval of 2 years, 12.9 m3/s at a 

recurrence interval of 5 years, 16.2 m3/s at a recurrence interval of 10 years, and 20.6 m3/s at a 

recurrence interval of 25 years. Although the analysis doesn’t assume a particular duration of 

storm, most of the historical instantaneous peak discharges occurred during a storm event of 

approximately 24 hours. Therefore, when comparing peak discharges to climate-adjusted values, 

the peak discharges were compared to estimates for a 24 hour storm event of the same recurrence 

interval.  
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7. Land cover data classification and preprocessing. A critical piece of information 

needed to determine hydrologic characteristics of a watershed is land cover data. In the summer 

of 2009, the Regional Municipality of Metro Vancouver undertook a Multi-Spectral Satellite 

(MSS) land use / land cover analysis to develop a regionally contextual and contiguous land use / 

cover dataset for regional-scale planning (Metro Vancouver, 2009). Metro Vancouver provided 

the dataset for use in this thesis project. The data was provided at a 10 m resolution which 

conveniently matched the 10 m grid cell size of the remainder of the watershed data (Metro 

Vancouver, 2009). The land cover data was provided as three different maps using three different 

symbologies. In Symbology One, land cover was classified into 14 different categories. In 

Symbology Two and Three some land cover categories from Symbology One were amalgamated 

to provide less detailed representations of land cover (Metro Vancouver, 2009).  

In order to use the SCS Curve Number method, each land cover type in the Metro 

Vancouver dataset had to be reclassified into categories that correlated with the SCS land use 

categories. This was because each SCS land use category was related to a runoff Curve Number 

(CN) (for each land use category, there was a unique CN based on the underlying soil type). This 

CN was a critical parameter in the modeling procedure and it was essential that the Metro 

Vancouver land cover data could be correlated with an appropriate runoff CN. In the Metro 

Vancouver dataset, the categories used in the Symbology One attribute most closely matched the 

SCS land use categories. This map also provided a higher level of detail, so Symbology One was 

chosen for the reclassification.  Table 8 outlines how the Metro Vancouver land cover map was 

reclassified using SCS land use classifications. The current land cover data is shown in Figure 5. 
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Table 8: Metro Vancouver Land Cover and Corresponding SCS Land Use Categories 

SCS Land Use Category (USDA NRCS, 1986) MV Land Cover Category (Metro Vancouver, 2009). 

1  Open Space (lawns, parks, golf courses; 
>75% turf) 

3 Grass, herb 

2  Impervious areas (streets, roads, paved 
parking lots, roofs, driveways) 

15 
10 
11, 12 

Roads 
Barren: All (bedrock, talus) 
Shadow (generally from densely built areas) 

3  Urban Districts: Commercial, Business, 
Industrial 

8 Built Environment (roofs, non-roof pavement, 
urban dense/complex constructed land cover) 

4  Residential Districts by lot size (assume 
1/8 acre – 65% impervious) 

9 Urban Mix (housing, landscaping vegetation, 
streets, sidewalks, driveways) 

5  Developing Urban areas: Newly graded 
areas (pervious, no vegetation) 

2 
 
 
14 
 

Bare Soil (gravel pit, cement works, quarry, 
construction, resource road cut and fill swath) 
 
Barren Modified (Very sparsely vegetated areas 
especially, during dry conditions )  

6  Developing/Idle Lands  (Brush) 4 Shrub 

7  Developing/Idle Lands: Woods/grass 
combination 

5 
6 
7 

Mixed Tree 
Coniferous 
Deciduous (Broad Leaf)  

8  Unknown 9 Null 

9  Woods  Does not exist in MV map 
 

Note: It was decided to classify Metro Vancouver land cover categories 4, 5, 6, and 7 as SCS land cover 
categories 6 and 7. Although it may appear that 4, 5, 6, and 7 would more closely match SCS 9 (woods), 
in fact the descriptions used in SCS land categories 6 and 7 are far more representative. SCS land 
categories 6 and 7 assume a shrub/grass or woods/grass combination that is more characteristic of the 
urban shrub or forest cover described by Metro Vancouver in its characterization of groups 4, 5, 6, and 7. 
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Figure 5: Land Cover in the Quibble Creek Watershed (2009) 

Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 
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Characterization of Study Area 

In order to model the peak flow hydrology of the study area with Win TR-55, a realistic 

representation of the area needed to be created in the model. This was done by entering 

parameters into the program that described the hydrologic characteristics of the study area.   

In order to properly use the Win TR-55, it is essential to understand how the model 

conceptualizes the watershed.  In Win TR-55, a watershed consists of up to 10 sub-watersheds. 

The stream is broken into uniform stream segments called reaches. Each reach contributes flow 

to the upstream end of a downstream reach or the watershed outlet. When the model is run, a 

hydrograph is generated for each sub-watershed and reach based on its land and climate 

characteristics. Sub-watershed and reach hydrographs are then combined to show the 

accumulation of flow through the watershed to an outlet point (USDA NRCS, 2009).  

The parameters needed to characterize the study area and the methods used to obtain 

them are explained in Table 9. Some parameters, such as the sub-watershed boundaries, were 

determined using geo-processing tools in ArcGIS. Other hydraulic characteristics such as 

channel depth were obtained from previous reports on the study area. Parameters such as Tc and 

Composite CN involved more detailed calculations and were obtained using a Python 

programming script that performed complex computations on the spatial data. Finally, some of 

the hydrologic characteristics, such as channel width, were held constant through the simulation 

modeling. Other characteristics, such as land cover, Tc and CN, were varied with changing land 

management scenarios. The following table summarizes the parameters, how they were obtained, 

and whether they were modified with each scenario. Following the table is a brief description of 
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(a) how the sub-watersheds were defined, (b) how the reach parameters were obtained, and (c) 

how sub-watershed parameters were determined.  

Table 9: Study Area Parameters Needed for Win TR-55 (USDA NRCS, 2009) 

Parameter Units Method Obtained Constant/Scenario-Specific 

Sub-Watershed Parameters 
Area of sub-
watershed  

Miles2 ‘Preprocessing’ Script Constant 

Impervious Areas Boolean ‘Preprocessing’ Script Scenario-Specific 
Composite CN  - ‘Preprocessing’ Script Scenario-Specific 
Manning’s n - ‘Preprocessing’ Script Scenario-Specific 

Tc  Seconds ‘Time_of_Travel’, 
‘Time_of_Concentration’ Script 

Scenario-Specific 

Reach Parameters 
Hydraulic Radius  Feet Reports/photos Constant 
Channel Slope Feet/Feet Calculated from elevation and 

watercourse stream length data 
Constant 

Reach Length Feet GIS Geoprocessing Constant 
Side Slopes  Reports/photos Constant 
Bottom Width  Feet Reports/photos Constant 
Manning’s n   Calculated using reports/photos Constant 

Storm Data 
Rainfall 
Distribution Type 

 TR 55 Manual (USDA SCS, 
1986) 

Constant 

Note: Rainfall distribution type is a parameter identified and defined in the TR-55 manual which 
describes the intensity of rainfall that can be expected with storm event of different durations. This 
variable is geographically determined. For this model, a rainfall distribution type for the Pacific 
Northwest was used, as identified in the TR-55 manual (USDA SCS, 1986) 

Delineation of sub-watershed boundaries. Win TR-55 requires that the study area is 

divided into sub-watersheds, and each sub-watershed is further divided according to hydrologic 

soil groups (HSG) into soil sub-areas (USDA NRCS, 2009). This was accomplished by running 

the Identity tool in ArcGIS, to compute the geometric intersection of the ‘Catchment’ feature 

class and the ‘Soils’ feature class (Agriculture and Agri-Food Canada, 2013a). The resulting sub-

watersheds are shown in Figure 6.  
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Figure 6: Quibble Creek Sub-Watersheds and Longest Flow Paths 

Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Surrey boundary and green infrastructure network data obtained from the City of Surrey 
Open Data Catalogue at http://www.surrey.ca/city-services/658.aspx under the Open Government License 
– City of Surrey available at http://www.surrey.ca/files/Open_Government_License_-
_City_of_Surrey_v1.pdf. 
 

Reach parameters. The Win TR-55 model also required information about the stream 

reaches in the study area. Each reach is the stream segment in its respective sub-watershed. The 

model requires information on the reach length, channel slope, bottom width, side slopes, 

hydraulic radius, and Manning’s n. Reach length was obtained from the ‘NHN Watercourse’ 

data, which had an attribute field for the length of each stream segment. Channel slope was 

determined by dividing the total change in elevation from the start node to the end node by the 
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length of the channel segment. Bottom width, side slope, and hydraulic radius were estimated 

from a report on the area, completed the BC Ministry of the Environment (BC MOE, 1981). The 

report contained photographs and cross-section diagrams for the lower reaches of the study area.  

Channel width and channel depth were estimated based on these cross-sections. Using 

these estimates, wetted perimeter and hydraulic radius values were calculated. Side slope was 

estimated from the channel cross-sections as well.  Sensitivity testing was done to evaluate the 

sensitivity of the peak flow results to the estimated values of the hydraulic radius. It confirmed 

that the estimations had little impact on the results. Table 10 shows the values used in the model.  

The results of the sensitivity testing of these parameters are given in the Model Calibration and 

Sensitivity Analysis section. 

Sub-watershed parameters. The most significant portion of the work in parameterizing 

the model involved the characterization of the sub-watersheds. The SCS Methodology requires 

that the following variables are used to describe each sub-watershed: sub-watershed size, Curve 

Number (CN), and Time of Concentration (Tc). A Curve Number is a coefficient that reduces the 

 

Table 10: Sub-Watershed and Reach Parameters 
 

  Channel/Reach Data Calculated Parameters 

ID 

Sub-
Watershed 

Area 
(acres) 

Length 
(feet) 

Slope 
(feet/ 
feet) 

Bottom 
Width 
(feet) 

Depth 
(feet) 

Side 
Slope 

Wetted 
Perimeter 

(feet) 

Area of Flow 
(Cross-Sectional 
Area of Channel) 

(feet2) 

Hydraulic 
Radius 

8826 437 3684 0.09 6 1.5 2:1 9.4 13.5 1.4 

8832 296 0.0 0.0 

8833 58 2327 0.18 10 2 2:1 14.5 28.0 1.9 

8834 405 2277 0.17 7 1.5 2:1 10.4 15.0 1.4 
8835 408 4917 0.16 12 2.5 2:1 17.6 42.5 2.4 
 

Note: Area, length, and slope determined from GIS data. Bottom width, depth, side slope estimated from 
report photos (BC MOE, 1981). Wetted perimeter and area of flow calculated using estimates of bottom 
width, depth, and side slope, assuming   trapezoidal channel. Hydraulic radius (R) is calculated as /Area 
of flow/ Wetted perimeter, or R=A/P. 
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total precipitation that becomes runoff (USDA SCS, 1986). Tc is the time it takes for water to 

flow from the most hydraulically distant point in the sub-watershed to its outlet (USDA SCS, 

1986).  This includes both travel time overland, shallow concentrated flows, and in the channel, 

until the end of the reach. 

The Win TR-55 model has a basic interface which allows the user to input data on land 

use for the sub-watershed and then performs a calculation to determine CN and Tc for each sub-

watershed. However, it would be difficult to model higher resolution, property level land cover 

change using this approach. In order to simulate the effect of different land use management 

policies in the GIN, a more distributed modeling approach that could model discrete changes at 

the property level was required. It was decided to simulate land use management scenarios 

through land cover change in ArcGIS, and then summarize the results of the changes by sub-

watershed, for entry into the Win TR-55. This was done by modifying a 10 m x 10 m land cover 

raster in ArcGIS, calculating the total change in CN and Tc for each sub-watershed using Python 

scripts, and then entering the results in Win TR-55 for hydrologic modeling. Three python scripts 

were written to process data and develop the CN and Tc. They were: 

1. ‘Preprocessing’ Script (Sub_Watershed_Processing.py): to determine the sub-watershed 

size, Manning’s n grid based on land cover, and the Composite CN for each sub-

watershed  

2. ‘Time of Travel’ Script (Time_of_Travel.py): to determine the time it takes for water to 

travel across each grid cell  
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3. ‘Time of Concentration’ Script: to determine the total time it takes for water to flow from 

the hydraulically most distant point in a sub-watershed to its outlet 

(Time_of_Concentration.py) 

These are described in further detail below. 

Sub-watershed preprocessing script. The assignment of Manning’s n and an SCS Curve 

Number (CN) are critical components of the SCS Methodology process. The TR 55 procedure 

manual has a table which identifies Manning’s n values for different SCS land cover types. This 

was used in the script to assign Manning’s n based on land over. CN was determined by 

considering a variety of factors including land cover, soil type, and hydrologic condition. (Note: 

The use of the term ‘hydrologic condition’ is further explained in the note below Table 11). 

The TR 55 procedure manual uses a flow chart to help in determining the appropriate 

method for calculating CN (USDA SCS, 1986). The first step in the flow chart, as shown in 

Figure 7, asks if the watershed is comprised primarily of unconnected impervious areas. 

Unconnected impervious areas are areas where runoff follows natural drainage paths into 

streams. Connected impervious areas are impervious areas that are drained by storm water 

systems into streams. As the City of Surrey is a relatively highly developed urban area where 

many of the impervious areas are drained with storm water infrastructure, the answer to this 

question is “No”. The next step is to determine whether the assumptions outlined in Table 2-2 of 

the TR 55 manual apply (USDA SCS, 1986). This answer is also “No” because the assumption 

that ‘all pervious areas in the study area can be characterized as open space in good drainage 

condition’ does not apply. As a result of these two steps, the flow chart indicates that a  
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Figure 7: Flow Chart for Selecting the Appropriate Method for Determining Runoff Curve Numbers 

Note: This flow chart is based on the flow chart developed by the U. S. Department of Agriculture in the 
TR-55 manual (USDA SCS, 1986). 

* Assumptions: Impervious areas directly connected to the drainage system, impervious areas have a CN 
of 98, and pervious areas have a CN the same as ‘open space’ in good hydrologic condition.  
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Composite CN must be calculated. A Composite CN combines the CN’s of the pervious areas in 

the sub-watershed and the impervious areas. It is calculated as: 

 CNc = CNp + (Pimp / 100)(98 - CNp)        (1) 

where, 

CNc = composite runoff curve number 

CNp =  pervious runoff curve number 

Pimp = percent imperviousness of the sub-area (USDA SCS, 1986). 

Pervious CN (CNp) is calculated as the weighted pervious CN of the pervious areas: 

CNp = �   [CiPi]         (2) 

where,  

Pi = the percentage of the land in the sub-area that is covered by land cover i  

Ci = CN of land cover i (USDA SCS, 1986). 

The ‘Sub-Watershed Preprocessing’ script took as input the land cover raster and a Manning’s n 

look up table, and output a Composite CN for each sub-watershed as well as a grid of Manning’s 

n and imperviousness for the study area. It accomplished the following tasks: 

1. Determined the amount and percentage of each land cover type in each sub-watershed  

2. Calculated the percent impervious (SCS land cover numbers 2,3 as shown in Table 11) of 

a sub-watershed  

3. Created a ‘CN’ raster where each 10 m x 10 m cell was assigned a CN value based on its 

land cover type and soil type (as shown in Table 11) to be later used in calculating 

Composite CN for the sub-watershed 

4. Create a raster where each 10 m x 10 m cell had a Manning’s n value based on its land 

cover type (as shown in Table 11) 
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5. Calculated the weighted Pervious CN for each sub-watershed using Equation 2. 

6. Determined Composite CN for each sub-watershed using Equation 1. 

Once a Composite CN was determined for each sub-watershed it was entered into the Win TR-

55 model to simulate the runoff potential in each different land use management scenario. 

Travel Time Script.  Travel Time (Tt) is the time it takes for runoff to travel from one 

location to another in a watershed. It is the key component needed to the calculate Tc - a critical  

 

Table 11: CN and Manning’s n values and Imperviousness by SCS Land Cover Type 

SCS Land 
Cover # 

CN for Soil Type Manning’s n Impervious Assumptions  

 A B C D    

1  39  61  74  80 0.24 N Fair hydrologic condition 

2 98  98 98  98 0.011 Y  

3 89 92 94 96 0.011 Y  

4 77 85 90 92 0.011 N 1/8 acre lots (65% impervious)  

5 77 86 91  94 0.011 N Moderate hydrologic condition 

6 35 56 70  77 0.24 N Fair hydrologic condition 

7 43 65 76 82 0.40 N Fair hydrologic condition 

8 77 85 90  92 0.011 N Residential districts 

9 30 55 70 77 0.8 N Good hydrologic condition due to 
ground cover 

 

Note: The term ‘Hydrologic condition’ is used in the TR 55 manual to describe the density of ground 
cover (USDA SCS, 1986). Options for hydrologic condition are ‘fair’, ‘moderate’, and ‘good’. Given that 
plant density is variable across the study area, it was generally assumed that this variable was ‘moderate’. 
However, for some land cover types, the TR 55 manual provided specific details on how this variable 
could be determined. In such cases, the most appropriate assignment for hydrologic condition was used. 
For example, in the case of the ‘Forest’ land cover type, hydrologic condition is defined as being ‘poor’ 
when the forest that has no understory, and ‘good’ when the forest has an understory(USDA SCS, 1986). 
Given that naturalized coastal BC forests tend to have understories, for the ‘Forest’ land cover type the 
CN, for a ‘good’ hydrologic condition was used. 
 

Manning’s n land cover values were chosen based on the most representative land cover. In the case of 
land covers 4 and 5 it was not clear which Manning’s n value would be best, so values were chosen that 
most closely matched the described land cover. In the case of land covers 4 and 5 these values may be a 
low estimate. 
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parameter in the Win TR-55 model (USDA NRCS, 2009). Tc is determined by summing the Tt 

across each grid cell on the longest flow path through the sub-watershed. Prior to running the ‘Tc
’ 

script, the ‘Travel_Time.py’ script was run to calculate the Tt for each cell in the land cover 

raster. The ‘Travel_Time.py’ script took as input a raster of Manning’s n, a raster of impervious 

areas, and a raster showing the type of flow in each grid cell, as defined below. The output of the 

‘Travel Time’ script was a raster where each cell had a decimal value representing the Tt over 

that cell.  

The method for calculating Tt was based on the type of flow in that area and whether or 

not the land cover was impervious. The TR 55 manual identified three major different types of 

flow: overland flow, shallow concentrated flow, and channel flow (USDA SCS, 1986). Before 

running the ‘Travel Time’ script, it was necessary to create a grid identifying the type of flow in 

each area. A ‘TR 55’ grid was created that identified each cell as either being a 1, 2, or 3 for 

overland, shallow concentrated, or channel flow. As recommended in the latest technical release 

on the methodology, any areas within 100 feet (30.48 m) of the watershed boundary were 

identified as overland flow (USDA NRCS, 2001). Any cell in the TR 55 grid that intersected the 

stream grid was given a value of 3 for channel flow. For each grid cell, the script calculated Tt 

using the following equations. Note that for all solutions of Tt, the value of L was the length of 

one side of a raster cell, or 10 m (30.28 ft). 

Tt for sheet flow: 

Tt = [ ( 0.007 (nL)0.8) ] / ( P2
0.5s0.4)       (3) 

where:  

Tt = Travel Time (hours) 
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n = Manning’s roughness coefficient 

L = flow length (feet)  

P2 = 2-year, 24 hour rainfall (inches) 

s = slope of hydraulic grade line (land slope, feet/feet) 

Tt for shallow concentrated flow: 

Tt = L / ( 3600V )         (4) 

where, 

L = flow length (feet) 

3600 = conversion factor from seconds to hours 

V = average velocity (feet/second) 

In pervious areas, V = 16.1345s0.5  

In impervious areas, V = 20.3282s0.5 

where,  s = slope of hydraulic grade line (feet/feet) 

(Note that the different equations for velocity in pervious and impervious areas are based on the 

solution of Manning’s equation with different assumptions for n.) 

Travel Time (Tt) for channel flow is calculated as in Equation 4, with a different method used to 

calculate velocity: 

 Tt = L / ( 3600V )         (5) 

where, 

V = (1.49r2/3s1/2)/n          

and where,  

n = Manning’s roughness coefficient for open channel flow, as described below 
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r = hydraulic radius (ft) and is equal to a/pw 

 a = cross sectional flow area (feet2) 

pw = wetted perimeter (feet) 

  s = slope of hydraulic grade line (feet/feet) 

For land areas, Manning’s n was determined based on land cover. For channel areas, Manning’s 

n was calculated using Cowan’s procedure for estimating Manning’s roughness coefficient for 

open channel flow (Cowan, 1956). The most important factors that affect the selection of channel 

n values are the type and size of the materials that compose the bed and banks of the channel and 

the shape of the channel. Cowan developed a procedure for estimating the effects of these factors 

to determine n. The value of n for the channel was computed as (Cowan, 1956): 

n = ( n0 + n1 +n2 +n3 +n4) * m        (5) 

where, 

n0 = a base value of n for a straight, uniform, smooth channel in natural materials 

n1 = a correction factor for the effect of surface irregularities 

n2 = a value for variations in shape and size of the channel cross-section, 

n3 = a value for effect of obstructions 

n4  = a value for vegetation and flow conditions 

m = a correction factor for meandering of the channel 

The values shown in Table 12 below were determined from photos and diagrams in a previous 

report on the study area (BC MOE, 1981).  
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The resulting Manning’s n for channel flow was 0.053. This value was used to estimate 

Manning’s n for channel flow in all stream reaches. Once the ‘Travel_Time.py’ script was run, 

the Tt was used as input to the Time of Concentration script. 

Table 12: Assignment of Parameters Used to Determine Manning’s n for Channel Flow 

Parameter Assigned Value Rationale 
n0 0.028 Coarse gravel 
n1 0.01 Moderate irregularity 
n2 0.000 Consistent channel cross-sections 
n3 0.010 Minor obstructions 
n4   0.005 Low levels of vegetation 
m 1 Minor meandering 

Total 
N = (0.028 + 0.01 + 0 + 0.01 + 0.005) / 1  
   = 0.053 

 

Time of Concentration (TC) Script. The Tc for each sub-watershed was determined using 

a Python script, entitled, ‘Time-of_Concentration.py’. The script took as input a ‘Travel Time’ 

raster from the ‘Travel Time’ script and a raster showing the longest flow paths that water could 

take through each sub-watershed obtained from earlier Terrain Preprocessing. During the Terrain 

Preprocessing, a vector file entitled ‘Longest Flow Path’ was created, which showed the longest 

flow path that water could take through each sub watershed. For the ‘Time of Concentration’ 

script, this vector file was converted into a raster where any grid cell that intersected the longest 

flow path in each sub-watershed was represented by the sub-watershed number (Figure 6). The 

‘Time of Concentration’ script ran through both the ‘Travel Time’ and ‘Longest Flow Path’ 

rasters and summed the travel times for each grid cell that intersected the longest flow path for 

its respective sub-watershed.  

Model Validation  

Before using the model to predict future conditions, it was important to determine if it 

could simulate reality. Validation involved entering known or expected rainfall amounts for a 
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particular rainfall event into the system and then using the model to predict the peak flow 

generated. The resulting peak flow was compared to actual flow data for that same rainfall event. 

If the model produced sufficiently similar results, then one can assume that the model bears some 

semblance to reality and can be used to simulate future conditions. To validate the model, the 

following steps were taken: 

1. Ran the three Python scripts using current land cover data to obtain a sub-watershed size, 

Composite CN, and Tc for current conditions. These sub-watershed parameters were then 

entered into Win TR-55. 

2. Entered reach characteristics and sub-watershed parameters as described above into the 

Win TR-55 model.  

3. Entered the storm events parameters into the model (Type IA Rainfall distribution, 

precipitation amounts from the Kwantlen Park rain gauge for the 2, 5, 10, and 25 year 

storm events of a 24-hour duration) 

The model was then run. The simulation produced the storm hydrograph shown in Figure 8, with 

a peak flow of 8.3 m3/s for a 2-year storm event, 12.5 m3/s for a 5 year storm event, 15.0 m3/s for 

a 10 year storm event, and 18.8 m3/s for a 25 year storm event. Note that the model was created 

in the United States and therefore produces output in Imperial units (i.e., cubic feet per second).  
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Figure 8: Storm Hydrographs for Current Land Cover Conditions 

 

In order to quantify the level of confidence in the predictive capacity of the model, the 

output was compared to measured data.  To do this, the modeled peak flow was compared to the 

observed peak flow for events with the same recurrence interval as identified in the flood 

frequency analysis (City of Surrey, 2013b).  The results were compared using the equation: 

Percent Error = ([Modeled-Expected]/Expected) * 100. The model produced favorable results 

with percent errors ranging from 3.1 to 8.7 percent as shown in Table 13. It was assumed that the 

model can simulate the flood behavior of Quibble Creek using 24 hour precipitation data. 
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Table 13: Percent Error in Flow from Model Validation 

 Flow (m3/s) 
Storm Event Expected  Modeled  % Error 
2 year  8.6 8.3 -3.5% 
5 year 12.9 12.5 -3.1% 
10 year 16.2 15.0 -7.4% 
25 year 20.6  18.8 -8.7% 
 

Calibration and Sensitivity Analysis 

One of the important steps in modeling is a sensitivity analysis, which helps the modeler 

understand the sources of uncertainty in the model. In a sensitivity analysis, the modeler varies 

certain inputs into the model, and observes how much change occurs in the results. In this study, 

many of the parameters in the model, such as land cover, and rainfall amounts came from 

measured values, which helped limit uncertainty. However, some of the channel geometry values 

were estimated or obtained from photos of the study area and previous studies. These estimates 

introduced uncertainty into the model. One of the parameters with the highest degree of 

uncertainty was the hydraulic radius. The sensitivity of the model was tested by choosing three 

reasonable hydraulic radius values (1.3 feet, 2 feet, and 2.5 feet) and then running the model 

using these three scenarios. Note that the model requires Imperial units as input. Table 14 shows 

the impact that varying this parameter had on peak flow values. 

These results show that modifying the hydraulic radius using three potentially realistic 

values had no impact on the accuracy of the modeled output. With this information, it was 

assumed that the estimated values were reasonable and a value of R=2.5 was used.  
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Table 14: Sensitivity Testing of Hydraulic Radius (R) 

  Peak Flow (m3/s) with Varied R (feet) 
Return 
Period 
(year) 

Expected R = 1.3  % Error R = 2  Percent 
Error R = 2.5  Percent 

Error 

2  8.6 8.3 -3.5 8.3 -3.5% 8.3 -3.5% 
5  12.9 12.5 -3.1% 12.5 -3.1% 12.5 -3.1% 
10  16.2 15.0 -7.4% 15.0 -7.4% 15.0 -7.4% 
25  20.6 18.8 -8.7% 18.8 -8.7% 18.8 -8.7% 
Average Error    -5.7%   -5.7%   -5.7% 

 
Scenario Modeling  

Once it was determined that the model was able to reasonably predict the flood response 

of the watershed to precipitation, it was used to simulate the effect of changing climate on flood 

flows. The model was used to determine a climate-adjusted flood flow for the 2, 5, 10, and 25 

year storm events, and then used to evaluate the effectiveness of different land use management 

scenarios in reducing these flood flows.  

Climate change scenario. First, the model was run with updated climate-adjusted 

precipitation data to predict flood flows under future climate conditions. This was done by 

updating the storm event data in Win TR 55 using the climate adjusted IDF rainfall values for the 

2, 5, 10, and 25 year storm events. Information on Tc and CN for each sub-watershed was also 

entered into the model. In order to isolate the effect of climate change on peak flows, this 

scenario used current land cover conditions. The model was then run using the climate adjusted 

rainfall data.  

Land use management scenario modeling. Once climate-adjusted peak flows were 

obtained, the next step was to evaluate the effectiveness of different land use management 

scenarios in decreasing the increased peak flows caused by climate change. The effects of the 
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land use management scenarios were simulated by modifying a land cover map and modeling the 

effects of the land cover change in Win TR-55. This was done using the following steps: 

1. Create an updated land cover raster in ArcGIS using a land use management scenario. 

This is described in further detail below.  

2. Run the Python scripts: 

�  Sub_watershed_Preprocessing.py: to obtain an updated ‘Composite CN’ and 

‘Manning’s n’ grid each sub-watershed 

�  Travel_Time.py: to obtain an updated ‘Travel Time’ grid for use in Calculating Tc 

�  Time_of_Concentration.py: to obtain an updated Tc for each sub-watershed 

3. Enter updated Composite CN, Tc into Win TR-55 model  

4. Run the model with new CN, Tc and climate-adjusted rainfall data  

The following outlines how the different land use management scenarios were simulated using 

land cover rasters. Maps showing each of these scenarios are included in Appendix D.  

Scenario 1: forestation of all undeveloped areas of private land GIN.�Scenario 1 

simulated the effect of a high level of private land stewardship in the Green Infrastructure 

Network. To run this scenario, the land cover raster was modified so that any private land in the 

GIN that was currently identified as pervious and not developed (not impervious), was converted 

to forested with healthy underbrush (Manning’s n of 0.8). Maps showing the ownership of lands 

in the GIN are included in Appendix E.  

Scenario 2: full development.  Scenario 2, as shown in Figure 9, simulated the effects of 

maximum land development on peak flows with climate change. Maximum development was 

simulated by using the zoning bylaw (City of Surrey, 1993; City of Surrey, 2013d) to identify 
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maximum land development potential and then creating a land cover raster which reflected this 

development. Appendix C provides further details on how this land cover raster was created 

using the municipal zoning data. 

Scenario 3: reforestation of pervious public land owned by Surrey. Scenario 3 was 

based on the EMS recommendation to reforest urban parks and other municipal lands. To create 

a land cover grid for scenario three, all pervious public land that was owned by the City of 

Surrey in the GIN was converted to forested land.  

Scenario 4:  full development with reforestation of public land not owned by Surrey. 

Scenario 4 was based on the EMS recommendation to promote the reforestation of public land 

that was not owned by the City of Surrey. The land cover grid for this scenario was created by 

converting all non-paved public land that was owned by a public agency other than the City of 

Surrey to forested cover.  The areas of land affected by this scenario were generally not 

continuous. Figure 14 in Appendix D shows the land cover changes as a result of this scenario.  

Scenario 5: full development with protection and reforestation of unprotected areas in 

GIN.  Scenario 5 simulated the effect of the public acquisition of lands in the GIN that were 

unprotected and undeveloped and had the potential to become highly developed. The land cover 

grid was created by identifying areas within the Maximum Development land cover raster that 

would become highly developed, or impervious (an SCS land cover number of 2 or 3), but that 

were undeveloped in the current land cover raster. For scenario five these areas were converted 

to forested areas, as it was assumed that if they were acquired due to their land value, they would 

likely be naturalized city parks.   
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Scenario 6:  full development with restricted development in GIN.  Scenario 6 involved 

simulating maximum development in areas outside of the GIN, but no further development in the 

GIN. This was accomplished by creating a raster that was composed of cell  

values from the current land cover raster in the GIN and cells from the Maximum Development 

land cover raster in the remaining areas.�

Scenario 7:  full development while acquiring all lands within the GIN as parkland.  �

Scenario 7 involved simulating maximum development in areas outside of the GIN, and parkland 

acquisition for areas inside the GIN. This was accomplished by creating a raster that was 

composed of cell values from Maximum Development land cover raster in areas outside the GIN 

and cells with a SCS number representing forested areas in the GIN.  

Scenario 8: full development with restrictions on development of privately owned land 

in GIN. Scenario 8 involved fully developing areas outside of the GIN, while allowing no further 

development on private land in the GIN. This was accomplished by creating a land cover raster 

that was composed of cells equaling the Maximum Development land cover raster, except in 

areas that were both in the GIN and privately owned. The cells in these areas were the same as 

the cells in the current land cover raster.  This may be an unrealistic scenario as it is unlikely that 

public lands would be developed, but not private lands. However it shows the result of restricting 

development on private lands as an isolated management action. 

Scenario 9: full development with reforestation of riparian areas across Surrey.  

Scenario 9 involved preventing development in riparian areas. This was accomplished by 

creating a land cover raster where areas both inside and outside the GIN, located within 30m of 
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streams, were represented as forested, and the remainder of the land cover matched the 

Maximum Development scenario.   

Scenario 10: full development with reforestation of private land.  Scenario 10 simulated 

the effect of a high level of private land stewardship in the GIN with full development in the 

surrounding areas. To run this scenario, the land cover raster was modified so that any private 

land in the GIN that was currently identified as pervious and not developed (not impervious 

because it might be difficult to reforest currently paved areas), was converted to forested with 

healthy underbrush. In this scenario, public lands within the GIN were not developed.  

Scenario 11: full development with reforestation of riparian areas in GIN.��To run this 

scenario, the land cover raster was modified so that any land that was in the GIN and within 30 

m of a stream that was converted to forested with healthy underbrush.  
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Figure 9: Current Land Cover Compared to Land Cover with Full Development 

Note: Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. Quibble 
Creek data obtained from the GeoBase® National Hydrographic Network dataset on www.geobase.ca. 
Air photo data obtained from the City of Surrey Open Data Catalogue at http://www.surrey.ca/city-
services/658.aspx under the Open Government License – City of Surrey available at 
http://www.surrey.ca/files/Open_Government_License_-_City_of_Surrey_v1.pdf. 
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Results 

The results of this study indicated that different land use management scenarios have the 

potential to significantly impact the peak flows expected with climate change. Output from the 

hydrologic model suggests that climate change will increase the peak flows in the Quibble Creek 

watershed by an average of 22%. Table 15 shows peak flows with current and climate adjusted 

rainfall amounts.   

Table 15: Peak Flows with Climate Adjusted Precipitation Amounts 

 Modelled Peak Flow (m3/s)  
Storm Event (year) Current Rainfall Climate Adjusted Rainfall  % Change 
2  8.3 10.2 +23% 
5  12.5 15.2 +22% 
10 15.0 18.4 +23% 
25 18.8 23.0 +22% 
 

The results of the scenario modelling indicate that actions taken to protect the GIN could 

help the City of Surrey in adapting to the increased levels of precipitation and extreme 

precipitation events predicted with climate change. Alternately, high levels of development have 

the potential to significantly increase the peak flows expected with climate change.  

The results of the scenario modelling are shown in Tables 16 and 17. Table 16 shows the percentage of 

land cover types that result from the different land use management scenarios. Maps showing the land 

cover for each scenario are included in Appendix D. Table 17 shows the results of the scenario 

modelling by identifying the peak flows anticipated for each land use management scenario. 

The simulations predicted that climate change combined with land use development 

could significantly impact peak flows in Quibble Creek. When the impacts of climate change are 

combined with full land use development (Scenario 2) or minimal protective actions (Scenarios 4 

& 5) it is expected that peak flows (for all four storm events) will significantly increase above  
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Table 16: Percentage of Land Cover Types Resulting from Different Land Management Scenarios 

Scenario 
1: Open 

Space 
2: Impervious 

Area 
3: Business 

Districts 4: Residential 
5: Developing 

Urban Areas 
6: Developing/ 

Idle - Brush 
7: Developing/ 

Idle – Wood/Grass 8: Unknown 9: Woods 
1 32 4 14 16 3 7 11 0 12 
2 2 5 22 39 32 0 0 0 0 
3 35 4 14 16 4 8 12 0 6 
4 2 5 21 38 0 0 31 0 4 
5 2 5 21 39 32 1 0 0 0 
6 8 5 19 29 0 2 35 0 0 
7 2 5 19 28 0 0 24 0 23 
8 6 5 21 34 0 1 32 0 0 
9 1 5 21 37 0 0 28 0 8 

10 4 5 19 29 0 1 30 0 12 
11 1 5 22 38 0 0 31 0 3 

 

Note: The values in this table have been rounded up to the nearest percent. In some cases this rounding makes it appear in this table as 
if the values do not sum to 100%. However the percentage of land cover types in the model equal 100% for all scenarios without 
rounding
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Table 17: Peak Flows with Climate Change under Different Land Management Scenarios 

Scenario Peak Flow (m3/s) Rank* 
 Storm Event  

 2-Year 5-Year 10-Year 25-Year  

Current Land Cover  10.2 15.2 18.4 23.0 - 

Current Development Conditions  

1: Private land reforestation 9.2 13.7 16.6 20.8 1 

3: Park reforestation 9.5 14.1 17.1 21.4 2 
Full Development  
2: Full development  20.1 27.4 32.0 38.4 9**  

4: Forestation of utility right of ways 20.1 27.4 32.0 38.3 9**  
5: Protection of highly developable 
areas 20.1 27.4  32.0 38.3 9**  

6: No more development in GIN 14.2 19.7 23.3 28.2 5 

7: All GIN is forested parkland 13.4 18.2 21.2 25.5 3 
8: No more development on private 
GIN land 17.0 23.2 27.1 32.5 6 

9: No development in riparian areas 
across Surrey 17.9 24.2 28.2 33.8 7 

10: Reforestation of pervious private 
land in GIN 13.8 19.0 22.3 26.9 4 

11: Reforestation of riparian areas in 
GIN 17.8 24.3 28.4 34.1 8 
 

Note:*Rank of effectiveness in reducing peak flows 
**Results of Scenario 2, 4, 5 were similar enough to share the same rank  
 
current levels.  When comparing the effects of climate change with current land cover conditions 

(Scenario 0), with the effects of climate change with significant land use development (Scenario 

2), the study showed that the impacts of land cover change alone would approximately double 

the peak flows expected with climate change (i.e., a peak flow of 20.1 m3/s compared to 10.2 

m3/s for a 2-year storm event).  Actions such as restricting development on private lands in the 

GIN (Scenario 8) and protecting riparian areas (Scenarios 9 and 11) will be slightly more 

effective, yet will have limited effectiveness in reducing the peak flows expected with climate 

change.  The simulations also show that aggressive protection of the GIN (Scenarios 6, 7, 10) has 
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the potential to decrease the impact of full development and climate change by greater than 50%. 

Specifically, Scenarios 6 and 10 predict that aggressive protection of the GIN with full 

development outside of the GIN will result in an increase in peak flows of approximately 40% 

rather than an increase of approximately 100% with no protection (Scenario 2, 4, 5). Alternately, 

Scenarios 1 and 3 suggest that restorative or protective land management scenarios can actually 

decrease the impacts of climate change.  Specifically, Scenarios 1 and 3 show that maintaining 

current levels of development across the City, and reforesting land in the GIN, could lead to a 

10% decrease in the peak flows expected with climate change. To conclude, land management 

actions both inside and outside the GIN have the potential to greatly increase or potentially 

decrease the peak flows expected with climate change. 

Discussion 

The results of the scenario modeling show that different land use management scenarios 

can significantly affect the peak flows anticipated with climate change. A review of these results 

suggests that the most effective actions to reduce peak flows are those that affect the greatest 

amount of land. Because most of the land in the GIN is private land, stewardship actions on 

private lands are more effective than actions taken to enhance parks or to acquire more parkland 

(unless the whole GIN is acquired as parkland). The study also suggests that protecting riparian 

areas alone is not very effective from a peak flow management perspective. In particular, 

protecting riparian areas in the GIN would have little effect on storm water management in the 

study area. This is because very little of the GIN in the study area is a riparian area. This result is 

important because many local government’s primary actions to protect environmental quality are 

related to riparian area protection. It is important to recognize that riparian areas, although 



GREEN INFRASTRUCTURE AND CLIMATE CHANGE ADAPTATION                   66 
 
effective at managing storm related sediment loads in rivers (Daniels & Gilliam, 1996), and 

highly valuable from an ecological perspective (Pennington, Hansel, & Gorchov, 2010), are 

limited in terms of their ability to reduce peak flows.  

The study also suggests that protecting highly developable areas in the GIN that are 

currently undeveloped would have little effect on peak flows. This is significant because many 

local government actions to protect the environment focus on negotiating the protection of 

natural areas in the development approval process. This strategy is often used because the 

development application process is one of the few actions that trigger local government 

interaction with private land owners. However, this study shows that, for this watershed, the 

effect of negotiating protection of particular areas with redevelopment is relatively ineffective in 

terms of storm water protection. This suggests that some other local government strategy, such as 

an incentive program that supported reforestation across the GIN, would be more effective at 

both reducing peak flows and protecting environmental integrity.  

It is also important to note that peak flows are only reduced in absolute terms for the 

scenarios where development is limited, or stays at current levels, outside the GIN. In the full 

development scenarios, although the amount of peak flow increase could be moderated by 

various strategies, the modeled peak flow always increased. Therefore, if the management of 

absolute peak flows is essential, then communities should consider the level of development they 

allow across the municipality.  

Limitations of Research 

There are several limitations to this study. The study was limited by the functionality of 

the modeling tool and the accuracy of predictions of future development and climate. The results 
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are also limited because there was no testing to see if the results can be generalized to other 

areas, and they only show the effect of land use scenarios on one variable (peak flow).   

Limitations of modeling tool. Win TR-55 has several limitations and restrictions. The 

tool can only model watersheds with up to 10 reaches that are less than 65 km2 in size (USDA 

NRCS, 2009). This limited the potential study areas and reduced the opportunity to run the 

model in other watersheds in Surrey in order to test the external validity of the results. In the 

future the limitations of the modeling tool may also reduce the reproducibility of this study in 

other areas that do not meet these criteria.  

Win TR-55 is also restricted to predicting peak flow for storms with a duration of 24 

hours (USDA NRCS, 2009). This limited the results by restricting the type of storm events that 

could be simulated. However, previous research has shown that, when modeling climate change 

and future storm intensity it is best to model storm events with a longer duration, such as the 24 

hour storm events that were used in this study (Jakob & Lambert, 2009). This is because current 

climate models only predict monthly rainfall amounts. Temporal downscaling of intensity, 

duration, and frequency, to storm events smaller than 6 hours greatly reduces accuracy (Jakob & 

Lambert, 2009).  

Predictions of future conditions.  It is difficult to predict the future and this study is 

limited by the predictions of future climate and future growth. Although there are sources of 

information, such as local government planning documents, that can help predict future 

development, there is still uncertainty. The assumption that full development according to land 

use zoning will happen in 50 years is an estimate. This assumption was made based on the idea 

that it is far more likely that land will be developed in 50 years than that land will stay the same. 
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The zoning bylaw provided a rational way to estimate this growth because it provides guidance 

for future development. Although some land may not be developed to its full zoning potential, 

other parcels of land may be rezoned to allow for greater development than planned (in practice 

land is rarely down-zoned to reduce development potential). On average, the zoning bylaw 

provides a guideline as to approximately how much development can be expected and where. 

However, assuming that the City is either fully developed or stays as it is, is not entirely realistic. 

Actual land cover in 50 years is likely to be different than these two scenarios. 

Future climate predictions are also a limitation of this study. There is significant 

uncertainty in climate change models, and so there is uncertainty in the results predicted using 

these models. As well, this study only evaluated the effects of climate change using one scenario 

and one duration of storm event (24 hour event).  

External Validity.  It remains to be determined if the results of this study are applicable 

to other areas. The study area was chosen for the availability of data and the representativeness 

of the study area compared to the rest of the City. However, it would be difficult to say with 

certainty whether the results for this study area can be generalized to the remainder of the City of 

Surrey, or to other jurisdictions.  

Future Research 

This study introduced several questions about the intersection of natural areas 

management, climate change adaptation, and storm water management. The following topics 

would benefit from further research: 

�  Compare the value of natural areas protection (or GIN protection) for managing peak flows 

expected with climate change in both rural and urban areas 
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�  Evaluate the external validity of the results by completing the same or similar study at a 

larger scale such as city-wide or in a different watershed 

�  Evaluate the same land use management scenarios using a different hydrologic modeling tool 

�  Evaluate the same land management scenarios under different climate change scenarios 

�  Evaluate the impact of select land management scenarios on another parameter – such as 

sediment reduction. Certain land management strategies may be more desirable when 

considering more than one variable. 

�  Assess the effect of increasing the size of the GIN, or perform the same study in another 

watershed where the GIN is larger to determine the effect of a larger scale of ecosystem 

protection on peak flows. 

Conclusion 

To conclude, the study demonstrated that actions taken to protect ecosystem health can 

improve an area’s ability to adapt to climate change by reducing the peak flows associated with 

larger extreme precipitation events. The results of the study suggest that the greatest benefit 

could be achieved by focusing on larger scale land stewardship actions that support 

naturalization or reforestation of the greatest area of land. Further research is required to better 

understand the external validity of this work. 
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Appendix A: Digital Elevation Model (DEM) Preprocessing 

The following describes the steps taken to process the DEM. They are primarily taken from the 

Comprehensive Terrain Preprocessing guidebook (ESRI, 2008).  

The first step was to remove the ocean from the DEM, as otherwise the catchment 

delineation would have included the ocean. This was accomplished by clipping the DEM using a 

land use planning layer (OCP layer) from the City of Surrey’s website. The OCP data was 

chosen for clipping because it most accurately represented the boundary between land and ocean. 

The second step to was to remove the data gaps in the DEM. These were smoothed using the 

ArcGIS Focal Statistics tool. In this tool, the nearest neighbor method was used to average the 

neighboring cells within a 10 cell radius. 

The next step was to condition the DEM to remove artificial highs and lows – called 

sinks and then burn in stream slopes.  Burning in a stream involves modifying the DEM values to 

a value – generally lower than before – in areas where the stream overlaps in the DEM. This 

forces water to flow along the stream path. To begin, the Level DEM tool was used to fill the 

lake polygons up to a fill elevation. This was accomplished by selecting all the features in the 

Water Bodies layer where "TYPE_TEXT" = 'Lake' OR "TYPE_TEXT" = 'Reservoir' and then 

running Level DEM. The next step was to condition the DEM by burning in the stream layer. 

The stream layer was burned using the Flow Network layer, because the watercourses and water 

bodies layer were not fully connected. Using this polyline layer meant that the full width of some 

of the wider watercourses was not burnt into the DEM. The next step was to assign a stream 

slope to the stream segments. This was done by going to the Attribute Tools and assigning 

to/from nodes to each of the stream segments. The ArcHydro function, Assign Stream Slope was 
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then used to assign a start and end elevation to each stream segment. This would ensure that the 

starting elevation of one stream segment would match the end elevation of the upstream 

segment. This max elevation was specified as being the maximum elevation in the DEM and the 

elevation drop was set as 10 m for each stream segment. Following this, the Burn Stream 

function was run.  Burning the streams imposes a known drainage pattern into the DEM using 

the intervals identified in the Assign Stream Slope step. It can enhance drainage area delineation 

in terrains with low relief where the ArcHydro stream delineation can create unnatural results 

(ESRI, 2008). In order for a layer to be used in burning streams, it must be dendritic, non-

circular (ESRI, 2008).  The Flow Network with loops removed layer was used for this step and 

for the remainder of the processing.  

The next step was to remove sinks and depressions in order to remove artificial changes 

in the DEM (ESRI, 2008). The Sink Prescreening function was used to identify pits that had a 

small drainage area. The Sink and Depression Evaluation tools were then used to characterize 

sinks and depression by determining information such as drainage area and depth in order to 

decide whether they should be used in the analysis. The Sink Selection Tool was then run to 

choose sinks to be included in the analysis. The Fill Sinks tool was then run twice – once to fill 

all sinks in the DEM, and a second time to only fill the sinks not identified in the Sink Selection 

step. 

The remaining steps of the Terrain Preprocessing menu were then completed as listed in 

Table A1 below (ESRI, 2008). 
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Table A1: Steps to DEM Preprocessing 

Function Purpose Notes 

Flow Direction Generates a flow grid where each cell indicates the 
direction of the steepest descent from the cell. 

Was completed using the 
modified DEM as input.  

Flow Direction 
with Sinks 

Generates a flow direction grid where the water from a 
cell flows towards the sink point to ensure that all sink 
flow goes to the same point 

 

Flow 
Accumulation 

Creates a flow accumulation grid where each cell stores 
the number of cells upstream of the cell 

 

Stream 
Definition 

Generates a stream grid from the flow accumulation grid 
using a threshold in number of cells. All of the cells in a 
particular stream segment have the same value 

Used a threshold of 1% of 
the maximum flow 
accumulation value, as 
recommended (1.4445 km2) 
(Esri, 2008) 

Flow Direction 
with Streams 

Modifies the flow direction grid, using an input stream 
network, to create a stream grid that and drainage line 
feature class 

 

Combine Stream 
Link and Sink 
Link 

Creates a Link grid by combining the stream link grid 
and the sink link grid to identify both the deranged and 
dendritic aspects of the watershed 

 

Catchment Grid 
Delineation 

Creates a grid where each cell has a value for the 
catchment to which it belongs. This value corresponds 
with the stream segment value in the link grid 

 

Catchment 
Polygon 
Processing 

Uses the catchment grid to create a catchment polygon 
feature class 

 

Drainage Line 
Processing 

Creates a drainage line feature class from the Stream 
Link grid. Each drainage line has attributes for its 
associated catchment and downstream line 

 

Adjoint 
Catchment 
Processing 

For each catchment in the Catchment feature class, this 
function aggregates the upstream catchments. The output 
is entitled ‘Adjoint Catchment’.  

 

Drainage Point 
Processing 

Creates a point feature class showing the location of the 
cell with the maximum flow accumulation within each 
catchment 

 

Slope Creates a slope grid  

Note: Adapted from Comprehensive Terrain Preprocessing Using Arc Hydro Tools (Esri, 2008).  



GREEN INFRASTRUCTURE AND CLIMATE CHANGE ADAPTATION                   80 
 

Appendix B: Flood Frequency Analysis 

The following describes the steps taken to complete the flood frequency analysis and estimate 

flood flows at different storm recurrence intervals. The methodology used was from the Second 

Edition of Fundamentals of Hydrology (Davie, 2008).  To begin, the maximum instantaneous 

discharge was found in each year where there was complete flow data in the months of 

November and October. The flow data from the gauging station was collected at five minute 

intervals and measured in cubic meters per second (City of Surrey, 2013b). The maximum was 

found by determining the maximum of the “Final Flow” field for each year. The values were 

then ranked from 1-13, with the lowest flows receiving a lower numeric value and the higher 

flows receiving a higher value (Davie, 2008).  After the floods were ranked, the Weibull formula 

was used to calculate the probability of the flood being less than a frequency X: F(X) (Davie, 

2008).  The following equations was used: F(X) = r/(N+1), where, r = flood rank & N = total 

number of data points, or years of record with data.  Next, the average recurrence interval, or 

return period, T(X), was calculated. T(X) is the statistical chance of exceedence once every T 

years over a long record. Table B1 shows the results for the Quibble Creek data. 

Table B1: Peak Flows by Year with Frequency and Return Periods for Quibble Creek 

Year MAX  Rank F(X) T(X) 
2001 17.271 13 0.928571 14 
2003 13.749 12 0.857143 7 
1997 13.467 11 0.785714 4.666667 
1999 11.118 10 0.714286 3.5 
2007 11.115 9 0.642857 2.8 
2005 10.213 8 0.571429 2.333333 
1996 9.88 7 0.5 2 
2004 7.025 6 0.428571 1.75 
2000 7.007 5 0.357143 1.555556 
2002 6.97 4 0.285714 1.4 
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Year MAX  Rank F(X) T(X) 
2010 6.083 3 0.214286 1.272727 
2009 5.517 2 0.142857 1.166667 
2008 4.897 1 0.071429 1.076923 

 

The information was then graphed with maximum daily discharge on the y-axis and recurrence 

interval on the x-axis and a logarithmic trend line fitted to the data points (Davie, 2008).  The 

result of this is shown in Figure 4. 
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Appendix C: Use of Land Use Potential in Zoning Bylaw to Create Full Development 

Scenarios with SCS Land Cover Categories 

To create the “Full Development” scenario, spatial zoning data was downloaded from the City of 

Surrey website. A GIS file, entitled “IndZoningBoundaries”, contained the location and the land 

use zoning information for each land use parcel (City of Surrey, 2013d).  In a municipality, 

zoning bylaws identify the maximum possible development on a parcel of land.  

 In order to create a land cover map, the file was converted to a 10 m x10 m resolution 

raster where each cell contained the zoning number at that location. A look up table was then 

created which matched land use zoning numbers with associated SCS land cover numbers (see 

Table C1 below). A MaximumDevelopment land cover raster was then created using this look up 

table by remapping the zoning raster to SCS land cover numbers.  

A visual inspection of the resulting land cover map showed that it did not include any of 

the impervious areas (i.e. roads) from the original land cover raster. As future development 

would likely also include paved areas, the MaximumDevelopment raster was then updated to 

include current impervious areas, particularly roads. Although in future development the 

impervious areas may be located in different places, this provided some representation of 

impervious areas. This assumption is further analyzed in the Discussion section.  

Table C1: Look Up Table Used to Convert Future Zoning to SCS Land Cover Categories 

ZONING_TXT ZONING SCS Land Cover Category 
A-1 General Agricultural Zone 7 
A-2 Intensive Agricultural Zone 7 
A-3 Agricultural Zone Three 7 
C-15 Town Centre Commercial Zone 2 
C-35 Downtown Commercial Zone 2 
C-4 Local Commercial Zone 3 
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ZONING_TXT ZONING SCS Land Cover Category 
C-5 Neighbourhood Commercial Zone 3 
C-8 Community Commercial Zone 3 
C-8A Community Commercial A Zone 3 
C-8B Community Commercial B Zone 3 
CCR Child Care Zone 4 
CD Comprehensive Development Zone 3 
CG-1 Self Service Gasoline Station Zone 2 
CG-2 Combined Service Gasoline Station Zone 2 
CHI Highway Commercial Industrial Zone 2 
CPG Golf Course Zone 1 
CPM Marina Zone 3 
CPR Commercial Recreation Zone 3 
C-R(1) Retail Commercial Zone One 3 
CTA Tourist Accommodation Zone 3 
I-4 Special Industry Zone 3 
IA  Agro Industrial Zone 3 
IB Business Park Zone 3 
IB-1 Business Park 1 Zone 3 
IB-2 Business Park 2 Zone 3 
I-G General Industrial Zone 3 
IH High Impact Industrial Zone 2 
IL  Light Impact Industrial Zone 3 
IL-1 Light Impact Industrial 1 Zone 3 
I-P(2) Industrial Park Zone Two 3 
PA-1 Assembly Hall 1 Zone 3 
PA-2 Assembly Hall 2 Zone 3 
PC Cemetery Zone 1 
R-1 Residential Zone No. One (1) 4 
RA One Acre Residential Zone 4 
RA-G Acreage Residential Gross Density Zone 4 
RC Cluster Residential Zone 4 
RF Single Family Residential Zone 4 
R-F Family Residential Zone 4 
RF-12 Single Family Residential (12) Zone 4 
RF-12C Single Family Residential Coach House Zone 4 
RF-9 Single Family Residential (9) Zone 4 
RF-9C Single Family Residential (9) Coach House Zone 4 
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ZONING_TXT ZONING SCS Land Cover Category 
RF-9S Special Single Family Residential (9) Zone 4 
RF-G Single Family Residential Gross Density Zone 4 
RF-O Single Family Residential Oceanfront Zone 4 
RF-SD Semi Detached Residential Zone 4 
RF-SS Single Family Residential Secondary Suite Zone 4 
RH Half Acre Residential Zone 4 
RH-G Half Acre Residential Gross Density Zone 4 
RM-10 Multiple Residential 10 Zone 4 
RM-135 Multiple Residential 135 Zone 4 
RM-15 Multiple Residential 15 Zone 4 
RM-23 Multiple Residential 23 Zone 4 
RM-30 Multiple Residential 30 Zone 4 
RM-45 Multiple Residential 45 Zone 4 
RM-70 Multiple Residential 70 Zone 4 
RMC-135 Multiple Residential Commercial 135 Zone 3 
RMC-150 Multiple Residential Commercial 150 Zone 3 
RM-D Duplex Residential Zone 4 
RM-M Manufactured Home Residential Zone 4 
RMS-1 Special Care Housing 1 Zone 4 
RMS-1A Special Care Housing 1A Zone 4 
RMS-2 Special Care Housing 2 Zone 4 
RS Suburban Residential Zone 4 

 

It is important to note that in this study area, parks are typically zoned residential. This 

means that for the full development scenario, it is assumed that parks will be fully developed. 

Realistically, it is unlikely that all parks will be fully developed. However, this assumption was 

used because land use zoning is ultimately the tool used to determine future land use, so current 

zoning is still the most appropriate tool to use for predicting future land development. Also, 

keeping this assumption maintained consistency with the rest of the full development scenario. 
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Appendix D: Maps of Land Use Scenarios 

 
Figure 10: Land Use Scenario One 
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 
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Figure 11: Land Use Scenario Two 
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 
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Figure 12: Land Use Scenario Three 
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 
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Figure 13: Land Use Scenario Four 
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 
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Figure 14: Land Use Scenario Five 
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 
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Figure 15: Land Use Scenario Six  
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 
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Figure 16: Land Use Scenario Seven  
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 
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Figure 17: Land Use Scenario Eight 
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 



GREEN INFRASTRUCTURE AND CLIMATE CHANGE ADAPTATION                   93 
 

 
Figure 18: Land Use Scenario Nine 
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 
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Figure 19: Land Use Scenario Ten 
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 
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Figure 20: Land Use Scenario Eleven 
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Land cover data owned by Metro Vancouver. Adapted and reprinted with permission. 
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Appendix E: Land Ownership in the Green Infrastructure Network 

Land ownership in the Green Infrastructure Network was divided into three categories. These 

included:  

1. Private lands: In cases where the ownership was identified as’Private’ 

2. Surrey-owned lands: In cases where ownership was identified as ‘'City Land', 'Park - City 

Dedicated' 'Park - City Purchased', or 'Road - City'. 

3. Other publicly owned lands: In cases where the ownership was identified as ' ', 'BC Gas', 

'BC Hydro', 'BC Rail', 'BN Rail', 'CN Rail', 'Federal', 'GVRD', 'Harbour Board', 'Park - 

Provincial' 'Park - Regional', 'Provincial', 'Road - Provincial', 'School', or 'Transit'. 

Figure 21 identifies the locations of land ownership in the GIN.  
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Figure 21: Land Ownership in the Green Infrastructure Network 
Note: Quibble Creek data obtained from the GeoBase® National Hydrographic Network dataset on 
www.geobase.ca. Surrey parks, and green infrastructure network data obtained from the City of Surrey 
Open Data Catalogue at http://www.surrey.ca/city-services/658.aspx under the Open Government License 
– City of Surrey available at http://www.surrey.ca/files/Open_Government_License_-
_City_of_Surrey_v1.pdf. 


