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ABSTRACT 

 

This study aims to identify hydrometeorological variables near Chilliwack, BC which 

have initiated past debris flows in order to gain insight about conditions that could inform 

emergency planning and adaptation in future.  A database of storms between 1980 and 

2007 and their hydrometeorological characteristics including storm total rainfall and 

duration, intense rainfall total and duration, and 1 to 4 week cumulative antecedent rainfall 

were compiled. Stepwise logistic regression was used to determine a model which 

isolated intense rainfall total and occurrence of storms during the rain-on-snow season as 

the most significant variable distinguishing between debris flow and non-debris flow 

storms. However, the low predictive power of this analysis suggests that other 

characteristics, such as land-use, sediment supply, and snow melt may play a large role in 

debris flow initiation in this region. 

 

  



iv 
 

 

 

ACKNOWLEDGEMENTS 
 
 I have an immense appreciation for all those who have helped guide me through this 

enlightening and humbling process.  I would especially like to thank: 

 Dr. Karen Kohfeld for her patience and motivation, and for challenging me to do more than 

I thought I could do. 

 Dr. Andrew Cooper for his invaluable methodological input and incredible ability to 

demystify statistics. 

 Prof. Peter Anderson for introducing me to the realm of emergency communications and 

planning. 

 The Climate, Oceans, and Paleo-Environments Lab for listening and providing ideas and 

improvements for my project. I especially appreciate the help of Brad Griffin, Brian 

Bylhouwer, and Ben Cross for their brilliant help with teaching me the trials and tribulations 

of writing code. Also, a thanks to My Lam for her help with GIS applications.  

 Matthias Jakob, Barry Eastman, David Gerraghty, and Bruce Edwards for valuable 

background information.  

 

 Alston Bonamis who has been the sounding board for many ideas and enlightening coffee 

breaks. 

 

 



v 
 

 
 

TABLE OF CONTENTS 
 
 

APPROVAL ................................................................................................................................... II 

ABSTRACT ....................................................................................................................................III 

ACKNOWLEDGEMENTS ............................................................................................................. IV 

TABLE OF CONTENTS ................................................................................................................. V 

LIST OF FIGURES ....................................................................................................................... VI 

LIST OF TABLES ................................................................................................





vii 
 

Figure 13 Logistic curve describing the probability of the occurrence of a debris flow (DF) 
based on intense rainfall total and storm occurrence during the rain-on



viii 
 

LIST OF TABLES 
 

Table 1 Definitions of hydrometeorological variables..................................................... 24 

Table 2 Summary of hydrometeorological variables (mm), including presence or absence 
of rain-on-snow season (ROS), and presence or absence of Pineapple Express 
(PE) from sampled debris flow and associated storms. Environment Canada 
Meteorological Stations (MET) represent Hatzic Valley at Mission West Abbey 
(1), Bridal Falls at Agassiz CDA (2), and Chilliwack Valley at Chilliwack River 
Hatchery (3). ................................................................................................. 25 

Table 3 Correlation matrix of all hydrometeorological variables. The upper diagonal part of 
the table contains the correlation coefficient estimates, while the lower diagonal 
part contains corresponding p-values.  Bolded values are not correlated. P-
values > 0.05 represent no significant relationship between variables and were 
considered together in a model. Correlation coefficients with a value between -
0.3 to 0.3 are considered to have little to no association between variables and 
were considered together in a model. ........................................................... 35 

Table 4 Top ten models from step-wise logistic regression and AIC values .................. 36 

Table 5 Output of model Debris Flow ~ Intense Rainfall Total + Rain-on-Snow............. 37 

Table 6 Summary of climate change impacts on precipitation in the PNW.  + and -  at which 
expected change is projected to be reached is included in parentheses. ...... 60 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 





2 
 

 

Chilliwack, British Columbia, lies approximate 100 km east of Vancouver within the 

Fraser Valley, with a population of approximately 82,000 residents. Agriculture is an 

essential part of Chilliwack‟s history and economy, but the rural residences situated on the 

productive soils of the Fraser Valley come with a price. The combination of coastal 

weather systems, steep slopes, and orographic precipitation leaves communities in 

Southern British Columbia susceptible to human and economic losses caused by 

precipitation driven debris flows.  Since the beginning of the 20th century, almost 100 

fatalities have been associated with landslides, debris flows, and mudslides in British 

Columbia (Public Safety Canada, 2009).  

Debris flows are fast moving saturated sediment flows that are triggered as a result 

of high volumes of precipitation from extended or intense rainfall.  Damages from debris 

flows can range from small-scale inconveniences to large-scale devastation of property 

and infrastructure. Not only do debris flows present direct hazards to lives and 

infrastructure, but sediment deposits also alter the morphology of streams and valley 

floors, alter riparian habitat, and increase water turbidity which can impair drinking water 

quality (Benda & Dunne,1997).  

Throughout the next century, climate change is expected to influence precipitation 

patterns and the frequency and intensity of rainfall which in turn might affect 
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Understanding which meteorological conditions and other potential triggers are 

associated with debris flow occurrence could assist with both adaptive and mitigating 

actions that could be taken against the effects of these hazards within the Fraser Valley.  

Hypothesized probabilities of debris flows would be of interest to planners and managers 

of the Fraser Valley Regional District, Ministry of Transportation, and Emergency 

Management BC, who could use the research results to develop emergency management 

plans for communities that are susceptible to such events.  The goal of this study is 

identify hydrometeorological variables that are correlated with past debris flows in 

Chilliwack, BC, in order to gain insight about conditions that could inform emergency 

planning and adaptation in future.  To do this, a database of 18 debris flow associated 

storms occurring between the years of 1980 to 2007 was compiled.  Debris flows were 

characterized based on their hydrometeorological conditions, and then compared with 

similar storms in the region that did not produce debris flows between 1980 and 2007.  

The goal was to isolate which (if any) variables play a key role in differentiating between 

storms that produced debris flows and storms that did not.   Finally, climate modelling 

studies were examined to identify projected, future changes in these hydrometeorological 

conditions, in order to determine whether they are predicted to increase or decrease.     
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2: Background 

2.1 Study area 

Chilliwack‟s urban centre and surrounding agricultural land are flanked by the Pacific 

Ranges of the Coast Mountains to the north and the Skagit Ranges of the Cascade 

Mountains to the south (Figure 2).  Hatzic Valley is a north-south running valley flanked by 

mountains to the east and west which is primarily used for agricultural land and rural 

residences. The majority of debris flows occur on the eastern slope of the valley, and but 
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Figure 2 Map of the study area and debris flow affected areas. Meteorological stations used in the 
study from 1980-2007 are located at Mission West Abbey (49° 09’ 09” N, 122° 16’ 15” W, 
221 m a.s.l), Agassiz CDA (49° 14’ 33” N, 121° 45’ 35” W, 15 m a.s.l), and Chilliwack River 
Hatchery (49° 05’ 00” N, 121° 42’ 00” W, 213 m a.s.l). An additional meteorological station 
was implemented in Hatzic Valley from 2010 – 2011 (49° 13’ 20” N, 122° 12’ 57” W, 292 m 
a.s.l) by the Climate, Oceans, and Paleo-Environments Lab from Simon Fraser 
University.  

 

 

 

 

 

+ 

Environment Canada Meteorological Station 
 
Climate, Oceans, and Paleo-Environments (COPE) Meteorological Station + 
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Figure 3 Causes of debris flows include precipitation causing soil saturation or leading to slumps of 
debris and sediment into creek channels 

 
                                                                                    (Turner et al, 1996) 

Figure 4 Two creeks in Hatzic Valley, BC display deposition from debris flows and bed-load. 
Dewdney Mountain is seen in the background. a) Large cobble, small boulders, and 
debris in Pattison Creek, b) Dale Creek in close proximity to buildings roads. 

              

a) b) 
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creating” levees require less than 15° (27% slope grade).  A debris fan typically begins at 

a gradient less than 10° (18% slope grade) (Van Dine, 1996).  Within the Chilliwack River 

Valley, Wolter et al (2010) found that landslides are initiated on slopes of 25° to 50°, with 

an average of 37°.  Brayshaw & Hassan (2009) found that stream channels associated 
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climate antecedent and climate triggering events. Climate antecedent events are the build-

up of soil moisture over time, resulting from poor drainage and long periods of rain. These 

can result in a saturation of soils which eventually slump into stream channels on their 

own, or as a result of a short-term rainfall-triggering event.  

Climate triggering events, such as periods of short-term intense storm rainfall, 

exacerbate potential slumps by triggering soil motion in areas that are already near a 

saturation threshold.  Rapid snowmelt and rain-on-snow are other climate-triggering 

events that have been linked with debris flow initiation.  A sudden change in temperature 

can quickly change snow into an available water source for soil saturation. Alternatively, 

rain-on-snow, or precipitation falling as rain on top of already-fallen snow, adds the 

moisture of snow already on the ground to the rain from the current storm. 

The climatological characteristics of the Lower Fraser Valley in BC make it 

particularly susceptible to debris flows because it is strongly influenced by both climate 

antecedent and climate triggering precipitation events.  The Pacific Northwest has a mild 

and wet climate. Chilliwack has an average temperature of 10.5°C, and temperature rarely 

drops below 0°C. Thus, most precipitation tends to fall as rain at lower elevations. The City 

of Chilliwack has an average total yearly rainfall of 1680 mm, which falls year-round but is 

most pronounced between October and April (Environment Canada, 2011).  An extended 

rainy season in winter contributes to large amounts of antecedent precipitation and 

preconditions the sloped areas around the Lower Fraser Valley to be susceptible to debris 

flow activity.  

The precipitation of the Pacific Northwest (PNW) is greatly influenced by 

topography, and most notably by the mountain ranges that lie therein (Mass, 2009). As 

warm air masses (relative to the cooler continent) reach the coast from the Pacific, they 
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are funnelled along the Fraser Valley and forced upwards as they hit the Cascade 

Mountains. As the warm air rises and cools, it causes rainout over the Chilliwack region. 

Wind direction during a storm can channel these weather systems into specific valleys and 

create isolated extreme precipitation events that make the slopes of these valleys highly 

susceptible to debris flows.  This heterogeneity in the topography can create very different 

daily and yearly total precipitation readings from among weather stations within the 

Chilliwack region (Figure 6), depending on the orientation the wind, the aspect of the 

slope, or topography. 

Figure 6 Variability in the topography of the Fraser Valley also creates variability in the mean 
monthly rainfall among stations at Mission West Abbey (MWA), Agassiz CDA (ACDA), 
and Chilliwack River Hatchery (CRH). 

 

 

Finally, the mild winter climate makes the region susceptible to frequent rain-on-

snow and rapid snow events.  Precipitation increases at higher elevations due to 

orographic uplift, with most precipitation falling as snow during the winter months.  There 



13 
 

are no meteorological stations near peak elevations in the Chilliwack area, but records 

from Grouse Mountain on the north shore of Vancouver show that precipitation falls 

predominantly as snow at 1200 m from November through to April. Since the peak 

elevations of mountains in each of the three study areas in Chilliwack range between 1360 

m to 1700 m, snow is also quite likely present on those slopes for a similar length of time. 

During rain events on warm winter days, the combination of above freezing temperatures 

and rain cause the snow to melt. Guthrie et al (2010) state that during these events, 

ambient air temperature facilitates snow-melt when rain falls on ripening snow which has a 

coarse crystalline structure, and has a temperature which is approaching 0 C. The melted 

snow adds extra moisture to the already moist underlying soils and can cause a debris 

flow with less rainfall than would be needed to initiate a debris flow on drier soils. 

These conditions all suggest that climate antecedent and climate triggering events 

are probably contributors to debris flows in the Lower Fraser Valley, an assumption 

supported by previous work. Jakob & Weatherly (2003) examined hydroclimatic thresholds 

for debris flows in the North Shore Mountains near Vancouver and found that the three 

dominant variables are total rainfall, amount of antecedent soil moisture, and creek 

discharge during the initiating storm.  At this time, no similar studies have been conducted 

for the Chilliwack region.  The presence of localized weather systems within the Fraser 

Valley means that the same data and results cannot necessarily be extrapolated from 

North Vancouver to Chilliwack.  Additional differences in topography, soil, geology, and 

vegetation cover suggest that an individual evaluation of debris flow triggering variables is 

needed to obtain an accurate understanding of local debris flow triggers near Chilliwack 

(Benda & Dunne, 1997; Jakob et al, 2006).   
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2.3.3 Land-use and Climate Change 

Chilliwack is a growing, and the city is expected to reach over 100 000 residents by 

2021 (Chilliwack Economic Partners, 2010).  A steady increase of population also means 

an increase of housing developments, with possible expansion towards the slopes 

surrounding the city centre. As developments move towards the mountains, they move 

closer to the dangers that come with living at the base of a mountain including debris flows 

and other slope failures. Not only does the mere proximity of development to slopes create 

cause for concern, but also the associated changes to the landscape.   

Historically, the landscape of Chilliwack has been continuously altered.  Rivers have 

been diverted and dammed, dykes and canals have been constructed, and forest cover 

has been drastically altered. The first sawmill in the Chilliwack area went into operation in 

the 1870s and logging has since been an active part of Chilliwack‟s economy (Chilliwack 

Museum, 2011).  Today, the Chilliwack Forest District covers approximately 1.4 million 

hectares of land in the Lower Mainland of British Columbia (BC Ministry of Forests, Lands 

and Natural Resources Operations, 2011) with modern day forestry activities abundant 

throughout Hatzic Valley, Chilliwack Valley, and to the southeast of Bridal Falls.    

Logging for forestry or clearing for agriculture and development contribute to 

conditions favourable to debris flows and landslides. Vegetation and root systems provide 

support to slopes by anchoring soil and sediment. Removing trees and root systems 

destabilizes soil which run-off or slump into creeks, thus providing more sediment and 

debris for creek channels to expel.  Human activities which remove vegetation, alter slope 

stability, surface permeability and natural drainage which can all lead to debris flow and 

landslide conditions (Crozier, 2010).   
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were acquired from Environment Canada for three weather stations in the Fraser Valley of 

British Columbia.  These stations were chosen based on completeness of their records 

between 1980 and 2007, and for their ability to approximate the meteorological conditions 

in the regions where debris flows have occurred.  The effects of wind direction and 

topography in the Chilliwack area can create high spatial variability in rainfall patterns; so 

more than one station was needed to represent the study area.  As a result, stations at 

Mission West Abbey (221 m a.s.l), Agassiz CDA (15 m a.s.l), and Chilliwack River 

Hatchery (213 m a.s.l) were chosen to represent conditions in Hatzic Valley, the Bridal 

Falls Highway 1 corridor, and Chilliwack River Road, respectively (Figure 2).   

Meteorological stations were chosen for each debris flow region based on the assumption 

that their close proximity allows them to adequately reflect the magnitude and duration of 

storms that occurred near debris flow events. Each meteorological station is located within 

5 to 10 kilometres of the debris flow areas.  

In order to represent the most reliable and accurate conditions at each debris flow 

site, the ideal location of all three meteorological stations would be as close as possible to 

the known debris channels. Since this was not possible, an additional in situ 

meteorological station was erected in Hatzic Valley (292 m a.s.l) at a similar elevation to 
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Canada data for temperature, although the COPE station shows slightly (~5-20 mm)  

higher precipitation values during most precipitation events (Figure 7). Although only 

conducted for a short time period, the graph suggests that Mission West Abbey may be 

capturing the same daily pattern of rainfall but is underestimating the amount of 

precipitation in Hatzic Valley particularly in the wetter months. In fact, the COPE station 

recorded approximately 390 mm more rain than at Mission West Abbey for the year-long 

study period of February, 2010, to February, 2011. Placing a meteorological station in situ 

would be an improvement to the accuracy of rainfall data collected in Hatzic Valley.  In the 

meantime, Mission West Abbey is the closest station to Hatzic Valley and captures the 

precipitation pattern but underestimates rainfall in Hatzic Valley, which should be kept in 

mind when considering rainfall measurements.   

Figure 7 Comparison of total precipitation and temperature between Hatzic Valley as recorded by the 
Climate, Oceans, and Paleo-
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The Environment Canada meteorological stations are also likely at much lower 

elevations than the approximate initiation zones of debris flows, which are about 1100 m 

(Mission West Abbey), 1400 m (Chilliwack Valley), and 1500 m (Bridal Falls) above the 

meteorological station locations. Rainfall values are generally greater at higher elevations 

due to orographic effects. Therefore, the three meteorological stations located in the 

valleys are likely to underestimate precipitation values higher on the slopes where debris 

flows are triggered. In addition, precipitation falling at higher elevations may be falling as 

rain or snow depending on the ambient temperature. 

Hydrometeorological characteristics deemed potentially important for debris flow 

initiation were quantified for every storm from all three stations for 1980-2007 (Table 1).  

Daily precipitation values were used to include information about total precipitation (mm) 

and duration (days) of storms, and intense rainfall with these storms, and the cumulative 

precipitation that occurred one to four weeks prior to each storm (Figure 8).  Other 

landslide and debris flow studies have included hourly precipitation data to produce hourly 

precipitation rates.  A complete and consistent record of hourly precipitation data for the 

three study stations was not available, so daily rainfall data was used to measure short-

term intense daily precipitation. 

I identify a storm event using Environment Canada‟s definition of heavy rainfall in 
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Figure 8 Timeline of antecedent rainfall and storm totals for all storms between 1980-2007.  

 

 

 

The occurrence of storms during the rain-on-snow ROS season can contribute 

additional critical water content that can contribute to debris flow initiation.  The presence 

or absence of a storm during the ROS season was noted in the data record as a 1 or 0, 

respectively. Previous landslide investigators have delineated ROS events as occurring 

primarily between January and March in the North Coast Mountains (Jakob & Weatherly, 

2003).  Although January to March is considered the predominant ROS season, snowpack 

can develop earlier or remain later than this window of time, which would extend the 

possibility of ROS events further throughout the year. However, in the absence of a more 

detailed documentation of rain-on-snow events from the meteorologic station data and 

debris flow records, I have used the January-to-March designation as a first 

approximation.  

Once all storms between 1980 (e)-3( u)M u9BDC BT
1 86 Tm
 0.c 1 1(rds,)- all sto. 
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typically occurred within 24 to 96 hours of a storm start date.  No storm lasted longer than 

96 hours. Storms that were associated with debris flows were assigned a DF designation 

which could then be compared with the non-debris flow NDF classified storm, which was 

basis for a binomial distribution of data.   

Up to this point, statistics on storms and intense rainfall have been calculated 

consistently for both DF and NDF storms.  However, in reality, the precipitation most 

important for triggering a debris flow falls prior to the event.  This precipitation amount 

represents the threshold over which a debris flow will occur.  The comparison between the 

DF threshold of rainfall variables and the NDF rainfall variables allow us to distinguish 

between storm characteristics that trigger debris flows. Thus, I have also calculated the 

debris flow storm threshold total SDFtot and the debris flow intense rainfall total IRDFtot  for 

DF storms.  These values account for the storm total rainfall and intense rainfall total that 

falls before debris flow initiation and can be compared to the NDF storm Stot and intense 

rainfall IRtot totals.  

An SDFtot for each debris flow-initiating storm was defined as the amount of rain 

that falls from storm start date, up to and including the day of the debris flow.  This 

definition may overestimate the total precipitation for each DF storm, but the rainfall total 

for the day of the debris flow was included for two reasons. First, the exact time of day for 

each debris flow is not known. If the debris flow was to occur in the evening, then the 

rainfall on the day of the debris flow would have contributed to the initiation. Second, the 

rain may not have fallen consistently throughout the day, or the rain may have fallen 

intensely during a shorter period of time. If a debris flow occurred in the morning and the 

majority of the rain fell prior to initiation, then excluding the day of the storm would not 

account for potentially critical amounts of rain. Debris flow intense rainfall total IRDFtot  was 
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also included in order to calculate the total amount of rainfall on consecutive days 

exceeding 25 mm/24 hours during a storm and before debris flow initiation. Debris flow 

intense rainfall duration Dirdf was subsequently defined as the number of days of intense 

rainfall before debris flow initiation. This gives a representative amount of intense rainfall 

that may be associated with debris flow initiation. 

In summary, a total of 203 storms comprising 186 non-debris flow and 18 debris 

flow initiating storms were identified and examined for differences in storm characteristics 

(APPENDIX A). Details of the 18 debris storms are summarized in Table 2. The 

meteorological stations record 79 storms at Mission West Abbey (MWA), 80 at Agassiz 

CDA (ACDA), and 44 at Chilliwack River Hatchery (CRH).  The highest frequency of 

storms occurred from October through to April which coincides with the highest monthly 

rainfall totals for meteorological station. 
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Table 1 Definitions of hydrometeorological variables 

Variable Term Definition Unit 

Storm Event 
A rainfall event which includes >= 50 mm/24 hours, or  

>= 75 mm/48 hours 

Storm Date 
The first day of the storm that meet the criteria of a storm event >50 mm/24 hours or >75 

mm/48 hours 

Storm Start 
Date 

The first day of the storm that meet the criteria of a storm event >15 mm/24 hours 

Storm Total Stot 

The total precipitation that falls during a storm, calculated by 
summing the daily storm precipitation which exceeds 15mm/24 

hours threshold 
mm 

Storm 
Duration 

Ds 
The number of days in a storm which exceed the 15mm/24 hour 

threshold 
days 

Intense 
Rainfall Total 

IRtot 
The total amount of rain on consecutive days exceeding 25 

mm/24 hours during a storm 
mm 

Intense 
Rainfall 
Duration 

Dir 
Total number of consecutive days where rainfall exceeds 25 

mm/day. 
days 

Storm
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Table 2 Summary of hydrometeorological variables (mm), including presence or absence of rain-on-snow season (ROS), and presence or 
absence of Pineapple Express (PE) from sampled debris flow and associated storms. Environment Canada Meteorological 
Stations (MET) represent Hatzic Valley at Mission West Abbey (1), Bridal Falls at Agassiz CDA (2), and Chilliwack Valley at 
Chilliwack River Hatchery (3). 
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3.3 Data Analysis 

In order to produce a model which best classifies each individual storm (DF or 

NDF), I first tested all hydrometeorological variables for correlation with other variables. 

Then, non-correlated variables were compared using stepwise logistic regression to find 

the model which best fit the data. The predicted curves from the best fitting logistic 

model were then plotted to illustrate the probability of debris flow occurrence based on 

the most significant rainfall variable values. 

All explanatory variables were tested for pair-wise correlation in order to measure 

the degree of association between variables, and to determine whether the relationship 

was statistically significant.  P-values > 0.05 represent no significant relationship 

between variables.  The variables without significant P-values can thus be included 

together in a model. Likewise, correlation coefficients with values between -0.3 to 0.3 

are considered to represent little to no association between variables. These 

uncorrelated variables can also be included together in a model. 

After all variables were assessed for correlation, I conducted a stepwise logistic 

regression searching over all possible uncorrelated hydrometeorological variables which 

might describe the response of a debris flow.  Logistic regression is a form of a 

generalized linear model (GLM) which is a statistical technique used to model the 
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Logistic regression and discriminant function analysis are two methods which 

have been used in other landslide 
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step-by-step and includes an additional variable with each iteration in order to evaluate 

which variable best discriminates between DF and NDF groups.  Each subsequent 

variable is then added step-wise, including only the best discrimator at each step, until 

no further significant variables can be added. The step-wise logistic regression ranked 

models based on their Akaike‟s Information Criterion (AIC) value which is a measure of 

a model‟s relative goodness of fit, and can be written as: 

AIC = -2(log-likelihood) + 2K 

where K is the number of parameters included in the model (number of variables 

and the intercept).  AIC is widely used in statistical model selection because of its ability 

to measure the balance between goodness of fit and model complexity (Anderson et al, 

2001). AIC rewards competing models for higher log-likelihood values which finds the 

parameter values that give the highest probability of observing the data. However, AIC 

penalizes models that require more parameters.  This method recognizes that additional 

model parameters may increase the goodness of fit, but it discourages over-fitting the 

model.  Therefore, AIC chooses the model with the minimum number of parameters 

which best describes the data (Allison, 2001). AIC values are arbitrary on their own, but 

serve as a means to rank models against one another. Lower AIC values are 

considered to be more desirable models, and thus the logistic model with the lowest AIC 

value was chosen. 
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4: RESULTS 

4.1  Comparison of non-debris flow and debris flow initiating storms
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Figure 9 Monthly frequency of large storms, combined across meteorological stations (n = 204) 
and the number of debris flow storms from the study period which occurred during 
each month.  Debris flows predominantly occur during the months of most frequent 
storm activity. 
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Figure 11 Range of cumulative weekly antecedent Ai rainfall for debris flow (n = 18) and non-
debris flow (n = 186) initiating storms combined across the three meteorological 
stations. Note the difference in rainfall scales. 
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Figure 12 Intensity-Duration of Stot and IRtot . Red circles indicate a debris flow initiating storm.  
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Table 3 Correlation matrix of all hydrometeorological variables. The upper diagonal part of the table contains the correlation coefficient 
estimates, while the lower diagonal part contains corresponding p-values.  Bolded values are not correlated. P-values > 0.05 
represent no significant relationship between variables and were considered together in a model. Correlation coefficients 
with a value between -0.3 to 0.3 are considered to have little to no association between variables and were considered 
together in a model. 

 

 Stot Ds SDFtot Dsdf IRtot 



36 
 

 

The best fit model indicated that difference in IRtot  for NDF storms and IRDFtot for 

DF storms, as well as the occurrence of a storm during the ROS season were the 
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Figure 13 Logistic curve describing the probability of the occurrence of a debris flow (DF) based on intense rainfall total and storm occurrence 
during the rain-on-snow (ROS) season between January and March.  The solid line represents probability = 0.5.  
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5: DISCUSSION 

My analysis of all possible combinations of explanatory variables suggested that 

intense rainfall IRtot and ROS are the most significant predictors of debris flow occurrence.  

However, even as the best predictors, IRtot  and ROS serve as a relatively poor means of 

distinguishing between DF and NDF storms.  Sixteen of the 18 storms that produced 

debris flows were estimated to have had less than 0.5 probability of debris flow occurrence 

based on the hydrometeorological variables used.   

Including ROS season as a hydrometeorological variable has its caveats since 

classifying ROS events that occurred in the past is somewhat speculative because it is 

dependent on existing debris flow documentation, or some other estimation of whether the 

documented debris flow occurred in the elevation zone most susceptible to ROS events.  

The winter rain-on-snow zone in Coastal British Columbia occurs roughly between 300 m 

(a.s.l) and 800 m (a.s.l) (Guthrie, 2010).  Precipitation occurring below 300 m falls 

predominantly as rain throughout the year, and above 800 m precipitation is considered to 
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ROS typically occur (300 m to 800 m). Snow fall, snow depth, and melt rate during each 

storm was therefore not considered within the model.  

Figure 13 shows that half the DF storms with low probability occur during the typical 

ROS season, suggesting that perhaps less rain in needed to trigger a debris flow if 

additional soil moisture is available from melting snow.  However, establishing whether a 

debris flow is actually the result of a ROS event is difficult without knowing the actual 

presence or absence of snow around each debris flow initiation site, snow depth, and the 

potential snow water equivalent
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5.1 Other hydrometeorological factors 

The outcome of this study suggests that debris flow ini
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Figure 14 Probability of debris flow based on IRtot and ROS. . Occurrence of single and multi-day 
intense rainfall (a), with presence of Pineapple Express (b) are plotted along the logistic 
curve.  NDF storms are removed.  Triangles represent ROS debris flow storms, and 
circles represent non-ROS storms. Horizontal line indicates 0.5 probability. 
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Figure 15 Temperature anomalies for each debris flow storm day plotted over average monthly temperatures between 1980-2006 for Mission 
West Abbey, Agassiz CDA, and Chilliwack River Hatchery. Storm ID is indicated beside each debris flow associated storm (refer to 
Table 2) 
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5.2 Other geomorphological and land-use factors 

The most apparent anthropogenic causation of debris flows in the Chilliwack area is 

deforestation for logging, agriculture, and expansion of developing areas.  The Chilliwack 

area has been logged historically and continues logging through present day. Regardless 

of the reason for forest alteration, the result is the same: logging for forestry and 

agriculture destabilize slopes by eliminating soil binding roots systems and freeing 

sediment for mobilization. In addition, logging roads undercut and weaken slopes at their 

base, overload slopes at their top, and alter surface drainage (Guthrie, 2002). A study by 

Guthrie (2002) showed that logging activity greatly increased the number of landslides on 

Vancouver Island, British Columbia. As the number of landslides increased with logging 

activities, so did the frequency of those landslides reaching creek channels which can 

ultimately transform into channelized debris flows.  Wolter et al (2010) also found that 

landslide rates on logged slopes, especially clear-cuts, increased 9 to 31 times greater 

than those on natural slopes in the Chilliwack Valley.  Thus, the extensive logging in the 

Chilliwack region may have acted to „decouple‟ the control of hydrometeorological 

variables on debris flows by allowing more debris flows to be triggered at lower levels of 

intense precipitation.  

One of the limitations of the hydrometeorological model presented here is that it 

does not account for sediment available for transport in the creek channels. After a debris 
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5.4 Recommendations 

Although the model provided in this research did not adequately predict differences 

in storm characteristics between NDF and DF storms, the analysis is only one step in 

trying to identify and understand hydrometeorological contributions to debris flow initiation. 

Additional steps can be taken to improve future collection and assimilation of data, and 

also to help mitigate and adapt to debris flows that are unpredictable. The first proactive 

step is to continue monitoring and collecting data in debris flow prone areas to increase 

the amount of data that can be used to analyse large storms.  Second, the use of adaptive 

infrastructure may help communities cope with the debris flow hazards which are 

unavoidable. Finally, improving community awareness and education about debris flow 

can help the public recognize the hazards specific to their area. 

5.4.1 Improved monitoring and data collection 

The outcome of the model described here provides information regarding rainfall 

effects on debris flow initiation, but substantial room for improvement is possible if other 

variables are explored. The District of North Vancouver has recently implemented a 

regional debris flow warning system to advise residents of the potential risk of a debris 

flow based on current weather conditions and stream-flow data. H
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explore the effects of ROS events. Third, the accuracy of hydrometeorological conditions 

could be improved by positioning meteorological stations closer to known debris flow 

areas and at elevations which capture the ROS zone. Finally, improvement of the 

placement of stream-flow gauges in close proximity to watersheds that are debris flow 

prone may more accurately reflect the stream-flows within each area.  

First, a systematically collected recorded database of debris flows would be 

imperative for creating a large sample of events which would allow for a more robust 

analysis.  The Fraser Valley Regional District or Ministry of Transportation and 

Infrastructure typically are involved in response efforts and might be choices of 

organizations to support such a database.  A larger sample size would allow for the 

isolation of effects of logged and un-logged areas, or for the removal of storms during the 

rain-on-snow season.  One of the limitations of the current record that was compiled for 

this study is that additional debris flows were likely to have occurred during the study 

period but went unreported. Thus some storms may be incorrectly classified as NDF 

storms. Capturing all debris flows that happen in an area would be impossible unless 

routine inspection were carried out. Such routine inspections are likely not feasible due to 

time and financial restrictions. However, much information can still be gained from 

systematic reporting of debris flows which are recorded.  Useful information would include 

accurate details of location coordinates, dates, time of day, and any other 

hydrometeorological or non-hydrometeorological details such as recent land-use change, 

snow melt, or rain-on-snow conditions. Ideally, all of this information would be kept in a 

central database in the Fraser Valley Regional District of with the BC Ministry of 
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investigating snow-water-equivalent from rapid melting in conjunction with any present 

logging activities would help to isolate the contributing conditions of this atypical debris 

flow event.   

A third improvement to current monitoring would be to improve the network of 

meteorological stations to track conditions directly in the areas suspected to initiate debris 

flows, and to verify that stations accurately reflect the regions we have analysed.  The two 

British Columbia Provincial River Forecast Centre meteorological stations in proximity to 

Highway 1 and Chilliwack River Valley are representative of elevations over 1000 m, and 

could be used to compare and complement data with the Environment Canada stations at 

Agassiz CDA and Chilliwack River Hatchery at lower elevations.  Not 
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ability of the logistic model to assess the probability of debris flow occurrence.  Ideally, 

data would be collected on representative creeks which experienced known debris flows.  

5.4.2 Adaptive infrastructure  

Risk management is a human-centred concept and can only be applied in those 

instances where humans and the things that they value could be adversely impacted (Lee 

& Jones, 2004). Rapid onset with unpredictable speeds and volume make debris flows 

extremely difficult to stop once they have started.  However, debris flows do not pose a 

risk to humans when humans and their valuables are not in the debris flow‟s path. There 

are two basic choices to avoid debris flow damages: (a) conduct known debris flow 

causing activities with the upmost precaution; or (b) conduct activities away from potential 

debris flow areas. The easier choice is the latter. Knowledge of past debris flow and 

landslide incidents should be used to employ the precautionary principle and mitigate 

future risks wherever possible. In the case of working with already existing infrastructures, 

or necessary forestry activities, adaptive measures must be utilized. 

Areas such as Lion‟s Bay, BC have installed debris flow flumes to channelize 

sediment and debris and move it to a safe location where water could be strained from 

other materials.  Although pricey at $4.4 million in 1986, the structure has successfully 

reduced the risk to human infrastructure and lives by protecting the surrounding 

community and transportation corridor along the Sea-to-Sky Highway (Van Dine, 1996).  

Of the three sites in the Chilliwack study area, the greatest safety concern is the Bridal 
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landslides in the area. The public is usually referred to information from the Geological 

Survey of Canada, and Natural Resource Canada which is broadly applicable to BC and 

Canada. Although good general information and recommendations are available, site 

specific information on debris flow hazards, warning signs, and preparedness in the Fraser 

Valley is lacking.  EMBC states that one of their fundamental operating principles abides 

that it is “up to the individual to know what to do in an emergency to protect themselves 

and their family” unless they are unable to cope, in which case governments will become 

involved (EMBC, 2011).  Under this mandate, detailed and appropriate information should 

be provided to the public so that they can be better prepared to embrace that 

responsibility.  A simple step would be to create a publicly accessible fact sheet or 

briefing, and inventory of debris flows and landslides in the Fraser Valley.  A 

comprehensive and accessible inventory of all reported debris flow and landslide 

occurrences should be made available to the public to provide more detailed account of 

landslides in the region, and to be available as a database for future research.  A fact 

sheet can also easily be made available via the websites of municipal and regional 

governments such as the City of Chilliwack and the Fraser Valley Regional District which 

includes most of the rural areas susceptible to debris flows and landslides. The fact sheet 

or report should contain the following information: 

 Location - Areas that debris flows have occurred in the past and their 

frequency of occurrence in the area can inform the public of their proximity to 

hazardous areas.  

 Seasonality – Since landslides and debris flows usually coincide with the 





58 
 
 
 

mechanisms can change over time due to land-use change, climate change, glacier cover, 

snowfall, and thawing alpine soils which can alter melt-water events that result in debris 

flows (Santi et al, 2011).  The uncertainties in estimating debris flow triggers – and how 

they might change in future - make it difficult for planners to prepare infrastructure for 

adaptation to changes in national, regional, and local climate.   

Studies examining projected changes in precipitation for southwestern BC using 

climate model simulations suggest that short-term and intense precipitation events are 

predicted to experience small positive and negative changes throughout the 21st Century 

(Table 6; APPENDIX C).  One study providing a quantitative estimation of short-term 

changes in precipitation as relevant to debris flow initiation examined averaged over 9 

models and greenhouse gas concentration scenarios and found that there was an 

approximate 6 % predicted increase in short-term precipitation intensity by 2100 (Jakob & 

Lambert, 2009).  Although one must exercise some caution when relation coarse-

resolution model results to the region like Chilliwack with strong topographic gradients, 

these model results do suggest that the meteorological conditions may shift towards 

conditions that are more favourable for debris flow initiation. 

Climate model results also seem to suggest that annual precipitation could increase 

by 0-21% by 2080 (Murdock et al., 2007; Elsner et al., 2010; Jakob and Lambert, 2010; 

Mote et al., 2010; PCIC, 2010), although not all climate model results agree that total 

annual precipitation will increase by 2100 (Table 6; Elsner et al., 2010). However, all 

studies agree that winter precipitation is likely to increase over this time period, and this 

trend is already being observed in the lower Mainland (Elsner et al, 2010; Murdock et al,  

2007; Mote et al, 2010, PCIC, 2010). Increased winter precipitation is of concern because 

it could increase frequency of saturated soil conditions that contribute to debris flow 

initiation.  
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Although antecedent rainfall did not play a dominant role in the first model selected 

in this study, it did appear as a potential contributing variable in one of the top seven 

models (Table 4) that were less than 2 AIC points from the minimum AIC value.  Thus,  

some form of antecedent rainfall might still be a relevant hydrometeorological variable in 

the Chilliwack area.  Furthermore, antecedent moisture plays a role in the long-term 

saturation and moisture retention in forest soils (Pierson, 1980; Johnson and Sitar, 1990). 

In other areas of British Columbia and Washington, events are often triggered by heavy 

rainfall on wet hill-slope materials resulting from antecedent moisture (Jakob & Weatherly, 

2003).  Increase in annual or winter precipitation could increase the occurrence of debris 

flows by affecting antecedent rainfall conditions.    

Climate oscillations such as the Pacific Decadal Oscillation (PDO) and the El Nino-

Southern Oscillatio (ENSO) also influence precipitation patterns that could affect the 

occurrence of debris flows.  Jakob, McKendry, & Lee (2003) found a significant increase in 

short-term rainfall exceedence before 1977 (PDO warm phase) compared to after 1977 

(PDO cool phase). This correlation suggests that the PDO warm phase may be associated 

with high intensity precipitation events (Murdock et al., 2007; Zhang et al., 2010).  

Increases in winter daily maximum precipitation have also been attributed to ENSO and 

PDO warm phases which occurred between the 1970s to late 1990s (Zhang et al 2010; 

Jakob, McKendry & Lee 2003).  At present we are in a PDO and ENSO cool phase, and 

as such we may encounter fewer intense precipitation events until the next shift in PDO 

and ENSO.  

In summary, small increases in short-term precipitation throughout the 21st century 

could increase the number debris flows in the Chilliwack area (Table 6). Shifts in seasonal 

precipitation from summer to winter months and an increase in total annual precipitation 
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could also increase the number of debris flows experienced in this region.  Long-term 

climate variability cycles such as PDO and ENSO have been suggested to be correlated 

with heavy rainfall events, and thus debris flow occurrence associated with those events 

may fluctuate with PDO and ENSO cycles (Jakob, McKendry, & Lee, 2003).  
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6: Conclusion  

This study identifies 203 storms, including 18 storms that initiated debris flows 

between 1980 and 2007 near Chilliwack, BC.  The goal of the study is to determine the 

probability of a debris flow based on hydrometeorological storm and antecedent moisture 

characteristics alone. Stepwise logistic regression suggests that intense rainfall total IRtot 

(total intense rainfall > 25 mm/24 hours) and the occurrence of storms during the rain-on-

snow season ROS (January to March) are the most significant hydrometeorological 

variable contributing to debris flow initiating near Chilliwack, BC.  The logistic model had 

limited success in that it predicted that 2 out of 18 debris flows had a greater than 0.5 

probability of occurrence  based on IRtot and ROS alone. The findings of this analysis 

differ from other studies conducted in regions such as North Vancouver, BC because 

weekly antecedent rainfall was not a significant variable in debris flow initiation in 

Chilliwack.  The limited success of this model is probably due to other contributing factors 

not considered in the model, such as amount of snow-melt, stream-flow, land-use change, 

and consideration of creek channel sediment recharge rates.  A survey of recent literature 

of climate model simulations for the region suggest that climate change is expected to 

produce minor ( ≤6%) increases in future rainfall intensity by the end of the 21st century 

(Jakob & Lambert, 2009).  However, these studies provide more support for an 0 to 20% 

increase in total precipitation by 2100 (Elsner et al, 2010; Jakob & Lambert, 2009; Mote et 

al, 2010) and a shift from summer to winter precipitation. 
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of adaptive infrastructure, and increased public awareness of emergency preparedness 

and debris flow education.  The results presented here are a stepping-stone towards 

better understanding debris flow initiation and prediction in Chilliwack. The indefinite 

results of the model may illustrate that all possible hydrometeorological variables and 

anthropogenic factors have not been explored.  While much research focus has been on 

hydrometeorological variables, it may be that anthropogenic changes in land-use 

complicate the predictability of debris flows by shifting the causation away from natural 

processes.  
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APPENDIX B 
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