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Abstract

Predicted future precipitation is downscaled and used to drive a hydrologic model to assess
future erosion potential in a semi-alluvial clay-bed watercourse, Watts Creek. The 21 km?
watershed is predominantly urban, with overall impervious cover of 22%, and the remaining land
use split between agricultural and forested areas. Continuous simulations for the open water year,
excluding spring freshet (April 1% to October 31%") were performed using the SWMHYMO
(Stormwater Management Hydrologic Model) lumped hydrologic modelling platform. A shear
stress exceedance and stream power erosion routine was added to the platform to calculate
erosion potential. To account for uncertainty in the collected data, nine different observed
discharge data sets were used to calibrate the model, each leading to a distinct set of calibrated
parameter values. The difference between the observed data sets lies in the choice of rating
curves and the collection period. The 2041-2080 precipitation outputs of the fourth version of the
Canadian Regional Climate Model (CanRCM4) ran under Representative Concentration
Pathways (RCPs) 4.5 and 8.5 at the MacDonald Cartier International Airport were downscaled
using quantile matching and then used as input to the hydrologic model. For each set of
calibrated parameters, a cumulative effective work index (CWI) based on the reach-averaged
shear stress was calculated for Watts Creek during the open water year using both the historic
(1968 - 2007) and projected future (2041-2080) flows, using a bed material critical shear stress
for entrainment of 3.7 Pa. Results suggest an increase of 75% (resp. 139%) under RCP4.5

(resp. RCP8.5) in CWI compared to historic conditions for the average measured bed strength.
The work index increase is driven by an increased occurrence of above-threshold events, and
more importantly by the increased frequency of large events. The predicted flow regime under
climate change would significantly alter the erosion potential and stability of Watts Creek. A
channel adjustment sensitivity analysis, which balances future erosion potential with historic
potential, was implemented and indicated that the channel could widen in the future from the
current bankfull width of 6.1 m to 8.2 m for RCP4.5 and 10.2 m for RCP8.5. Specific
morphological behaviour should be investigated in more detail, particularly to assess if the
governing erosion mechanism is seasonally dependent, perhaps incising during spring freshet

and widening when the bed is vegetated in the summer.
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1 Introduction

The City of Ottawa is surrounded by and encompasses a vast array of fresh water resources
including hundreds of creeks and streams (City of Ottawa 2014). Waterways provide lifelines for
citizens and habitat for plants and animals but they also present potential hazards (Knighton
1998) particularly since we seem to be drawn to build too close to riverbanks. Urbanisation has
proceeded with a lack of strategic foresight where on one hand increased impervious cover leads
to increased flood risk and potential bank instability near watercourses (Hammer 1972; FISRWG
1998) and on the other, critical infrastructure is commonly located within floodplains or meander
belts. While the river engineering and planning community have acknowledged this problem for
decades, design and planning to reduce infrastructure risk and protect habitat has largely
proceeded using historic records to define risk and level-of-service (LOS). In a changing climate
and with ongoing environmental degradation, historic precipitation and discharge records may

not be suitable to define risk.

Kundzewicz et al. (2008) summarise the effects of climate change on fresh water resources from
hundreds of papers and assert that this assumption of stationarity in climate for infrastructure
design must be revised in the face of a changing climate. The synthesis report from the fifth
assessment report (AR5S) by the Intergovernmental Panel on Climate Change (IPCC) predicts that
increases in precipitation are likely in the region, i.e. Southern Ontario, Canada (IPCC 2014). To
improve resilience of societal infrastructure, we must consider and adapt to possible future
changes in precipitation patterns and their resulting impacts when designing and maintaining

infrastructure.

As a contribution towards this mandate, in this thesis the potential for future erosion of a creek in
Ottawa due to climate change is assessed. The future climate is estimated by downscaling the
predictions of a regional climate model (RCM), future discharge is estimated using a lumped
parameter hydrological model calibrated for the local watershed, and future erosion is estimated

based on predicted bed shear stress.



1.1 Organisation of the Thesis

The thesis is comprised of an original research article. The article has been submitted to a peer-
reviewed journal. The article presents a brief review on relevant literature pertaining to the study
of climate model output on riverine erosion. That review is complemented in section 1.2 of this
thesis. Combined, this presents a thorough review of the relevant extant literature. Chapter 1
presents the introduction, thesis organisation, literature review, novelty of the study and lays out

the research aims and contributors to the work.

Chapter 2 presents the article titled Continuous prediction of clay-bed stream erosion in response
to climate model output for a small urban watershed which has been submitted to Hydrological
Processes and is under review at the time of this writing. Field data were collected to measure
the continuous flow time series and hydraulic properties (depth, water surface slope) in Watts
Creek for June, July and August of 2015 and 2016. Three rating curve methods and three
calibration periods were selected to generate nine sets of field (observed) flow data. Those data
were used to calibrate the hydrologic models developed using the SWMHY MO platform. The
multiple model approach is implemented to capture uncertainty in the observation data and the
stationary rating curve approach. Future and historic precipitation data from the fourth version of
the Canadian regional climate model (CanRCM4) were downscaled at the Ottawa International
Airport (OlA) Environment Canada (EC) gauge. Those daily CanRCM4 model data (future and
historic) were converted to hourly data using hourly historic gauge data from EC. The future and
historic hourly rain data for RCP4.5 and RCP8.5 were used as input to each of the nine calibrated
SWMHY MO input files to quantify future erosion potential in Watts Creek for the open water
year, excluding spring freshet (April 1% to October 31%). A new 1-dimensional shear stress
exceedance and stream power method, which calculates the Cumulative Work Index (CWI) was

added as a new sub-routine in SWMHYMO and used to quantify erosion potential.

Chapter 3 presents overall conclusions of the thesis and discusses recommendations and potential

future work that could arise from these results and processes.



1.2 Literature Review

1.2.1 River erosion and sediment transport

Rivers, creeks and streams have unidirectional water flow from points of high elevation to low.
These channels convey both water and sediment. Sediment may be supplied from tablelands or
eroded from the channel bed and banks. Material can be transported in suspension (fine material)
or as bed-load (coarse material). The erosion and deposition of sediments in time and space in a
channel determines the watercourse form. Flow convergence generates scour zones where
erosion occurs and flow divergence generates depositional zones (Williams et al. 2015). This
sediment flux causes many engineering and environmental challenges: pier scour generates a risk
of bridge collapse (Richardson & Richardson 2008), toe-of-slope erosion can lead to bank failure
putting tableland and valley infrastructure at risk (Thorne 1982), high sediment loads can lead to
aquatic biota stress or fatality (CCME 2002) and scour can lead to dislodgement of invertebrates
and exposure of salmonid embryos (CCREM 1987).

Therefore it is important from a design, environmental protection and planning perspective to
quantify and predict erosion, however the processes are complex. Hydrodynamics drive erosion
and those flow processes are dynamic and unsteady. Further complicating matters is the river
response to high applied energy, that is, to change its morphology to reduce the erosive energy
(e.g. reduced channel slope through riffle-pool structure formation and or meander belt
generation, increased roughness through bar formation, reduced depth through widening)

tending to an equilibrium state.

In an effort to simplify this complexity, Wolman and Miller (1960) proposed the concept of an
effective or bankfull discharge as a metric to describe the balance of sediment transport through
a channel and to define its stable geometry. Their work was based on the concept of effective
force, i.e. force above the threshold required to mobilize bed sediments. Richter et al. (1996)
expand on the importance of the concept of the natural flow regime with respect to aquatic
habitat. They propose that to provide suitable habitat for a wide range of species, attempting to
replicate the full natural flow regime is a stronger approach than focusing on a single
representative flow or erosive regime indicator. Yellen et al. (2016), in studying the drivers of

the devastating erosion caused by Tropical Storm Irene (in 2011) , found that the wet antecedent



conditions were a significant contributing factor to the resulting damage and also noted that some
climate models predict an increase in those antecedent conditions. These biological (aquatic
habitat) and hydrological (antecedent condition) factors point to the importance of using the full
hydrologic regime for assessing channel morphology and sediment transport. Significant work
has been carried out over decades using both single flow regime concepts and the full flow
regime. Indicators like bankfull flow are certainly still useful classification tools, though a
broader understanding of channel behaviour and subsequent habitat health is provided by

considering the full discharge spectrum.

A common feature of theories for erosion and sediment transport involve the threshold concept;
below a certain critical shear stress no bed material is mobile (Shields 1936, Bagnold 1960,
Parker 1993, Wilcock and Crowe 2003). The erosion threshold concept derives from the
principle of initiation of motion for a single particle on a channel bed, that is, the applied force
must exceed the frictional resistance of the particle before it will move. Shields (1936) derived a
famous, and still common, method relating a non-dimensional shear stress for motion to particle
Reynolds number (i.e., grain size). This method, and many subsequent sediment transport
equations (Einstein 1950, Bagnold 1966, Parker 1993, Wilcock and Crowe 2003) use some form
of exceedance threshold to quantify transport and erosion. While varying in complexity, those
four methods, and others, include sediment characteristics such as particle hiding, angle of
repose, bed armouring, and other features via empirical parameterisations. To solve the sediment
transport problem through physical formulations alone, one would need to know the size, shape,
density, and position of all particles relative to one another and track them all. The fluid
dynamics would also need to be known and captured accurately, including turbulence and
boundary effects. Researchers are working towards improving these estimates via large-eddy
simulations (LES) and direct numerical simulation and particle tracking (Schmeekle and Nelson
2003, Escauriaza and Sotiropoulos 2011, Schmeekle 2012) though this is still in progress. While
these complex methods provide highly detailed and informative results, in their current state they
are limited at the prototype scale due to computing cost. Also empirical assumptions are still
included for both sediment and fluid behavior. Considering the promise of high-order modelling
to precisely describe sediment transport and morphology and also the current computational cost
limitations of implementing these methods for morphodynamic studies at the reach and river



scale, simplified low-cost erosion assessment methods are still useful for watershed scale studies

and as yet not obsolete.

In Bagnold’s physical derivation, sediment transport is posed as proportional to the stream power
i.e. effective work done by the river on the bed. The erosion method used in this thesis is both an
exceedance and stream power method, though transport is not explicitly included. This relatively
simple approach has many complexities parameterised into a few variables, though it does
capture the impulse on the bed to quantify erosion potential, which was found by Diplas et al.
(2008) to be important for entrainment. The basic assumption in the erosion method used is that
above a certain critical shear stress threshold, bed material will be eroded and transported
downstream, the amount of erosion potential is a function of the work above threshold. Since
neither erosion nor transport rate are determined explicitly, this method is mainly useful as a
comparative tool, though a channel adjustment sensitivity analysis approach, which balances

future erosion potential with historic erosion potential, is proposed and implemented.

1.2.2 Climate model output and statistical downscaling

Global circulation models (GCMs) are widely used to simulate future climate (King et al. 2012)
and are useful at the global or continental scale (Huth 2002). The use of these models is limited
at the regional and local scales by their grid coarseness (IPCC 2012, Jeong et al. 2012). Regional
climate models (RCMs) have denser grids than GCMs and are appropriate for some regional
analyses, but remain too coarse (approximately 25 km square girds) to capture important near
surface phenomena (Widmann et al. 2003). This limitation applies to cloud dynamics, which are
important for convective storms that tend to generate peak summer rainfall intensities (Trapp et
al. 2007, Lenderink and van Meijgaard 2008).

Benestad et al. (2007) and Maraun et al. (2010), among others, have shown that statistical
downscaling (termed empirical downscaling in Benestad et al.) can be useful to transfer
precipitation output from higher order models (GCM or RCM) to the station scale. There is a
significant body of work regarding various forms of downscaling so it is useful to define how
terminology will be used. First, dynamical downscaling herein refers to nesting one model with
boundary conditions from a parent model, for example nesting an RCM within a GCM.
Statistical downscaling connects large (GCM) model output to local scale observations via
statistical matching. Maraun et al. (2010) in a detailed review of downscaling techniques merge

5



classification of downscaling methods from (Wilby and Wigley 1997) and (Rummukainen 1997)
into: model output statistics (MOS), perfect prognosis, sometimes called “perfect prog”, (PP)
and weather generators (WGS).

In this study, we use the quantile matching, or QQ downscaling, statistical downscaling
technique, which is part of the MOS family. Quantile matching in this work could be called a
hybrid technique in that the statistical downscaling is applied to the already dynamically
downscaled RCM output. For this work however, quantile matching will simply be referred to as

a statistical method as only RCM (no GCM) outputs are assessed.

Statistical downscaling is generally less skilled than dynamical methods because all sources of
uncertainty from the parent model are passed down through the statistical downscaling technique
(IPCC 2012). Statistical techniques also require an assumption of stationarity in the relationship
between the model output and local conditions for the historic and future periods (Wilby and
Wigly 2000) which seems doubtful for future conditions under climate change (Sachindra et al.
2013).

A primary benefit to statistical versus dynamical downscaling is that the former are relatively
simple and have low computational cost. With respect to skill, quantile matching was found to be
fairly representative for the Northern Hemisphere midlatitudes, though it is limited with respect
to predicted peak intensities and tends to perform better for frontal winter systems than
convective summer systems (Maraun et al. 2010).

In the local context, Alodah (2015) used quantile downscaling of two RCMs: the Canadian
Regional Climate Model version 3.7.1 and the ARPEGE model. Alodah (2015) assessed the
impacts of climate change on the South Nation watershed, which includes the eastern portion of
Ottawa, Canada, assessing predicted changes in temperature and precipitation. He found that
quantile matching was important to improve the model skill. Future trends (for 2041-2080) were
towards increasing maximum and minimum temperatures and total annual precipitation.
Temperature was more successfully fit than precipitation and so the precipitation findings were
qualified. The quantile mapping tool used in (Alodah 2015) was developed by Seidou et al.
(2011) and Shirkani et al. (2015). The same code has been modified slightly for use in this study,
as described in section 2.3.4.



Several researchers have investigated methods to modify quantile matching. Li et al. (2010)
proposed the equidistant quantile matching (EQM) method, which adjusts the model cumulative
distribution function (CDF) for the future period as well as for the baseline period.

Simonovic et al. (2016) used an equidistant quantile matching technique to downscale GCM
results at 567 Environment Canada hydro-meteorological stations for three Representative
Concentration Pathways (RCPs) (2.6, 4.5 and 8.5) and prepared future intensity duration

frequency (IDF) curves for all locations.

An improved quantile matching technique, called multivariate recursive quantile nesting bias
correction (MRQNBC) was developed in (Mehrotra and Sharma 2015). This method corrects the
lag-0 and lag-1 auto and cross correlation between the model output and observed data for pre-
defined time scales in addition to quantile matching; it is identical to EQM at daily scales but
may show superior skill for seasonal or annual periods. A version of the modified quantile
matching method MRQNBC-/, which includes lag-0 auto correlation only, was tested for 30 rain
gauges around Sydney, Australia and displayed similar skill to EQM for predicting seasonal and
annual total rainfall volumes and improved skill at predicting standard deviation, i.e. extreme wet

or dry periods (Mehrotra and Sharma 2016).

Rajczak et al. (2016) compared the skill of raw RCM output, bias corrected output (quantile
matching) and a conventional WG to match the sequence of dry, wet and very wet days at
weather stations in Switzerland. They found systematic biases in the raw RCM output but
significant improvement after QQ correction, for most cases, such that the bias corrected data

had similar skill as the first-order WG and outperformed in predicting long dry spells.

The recent work on modified statistical techniques reflects the recognition that statistical
techniques in general, and quantile matching in particular, have limitations and require
assumptions that may not be borne out under future climate predictions. This ongoing
development of modified statistical techniques to improve downscaling skill contributes to the
mandate from Kundzewicz et al. (2008) for researchers to work at reducing uncertainty in the

assessment of water resources.

On the other hand, a comparative analysis using raw RCM output and four downscaling methods
(Teng et al. 2015) to assess the importance of downscaling on predicting precipitation and runoff



found that quantile mapping was one of the two most skilled methods. However, and perhaps
more interestingly, Teng et al. (2015) noted that the differences between the various models were

small.

This raises the question of how much uncertainty is introduced at each level of a study and
therefore, how much focus should be directed to modifications of the downscaling method. The
analysis in this thesis starts with climate model predictions, but ultimately quantifies erosion
potential through a hydrologic model. As noted by Praskievicz (2015) the uncertainty in
morphologic and erosion predictions are generally much higher than all other contributors. Given
those considerations, quantile matching remains a useful technique for local downscaling,

particularly for small catchment hydrology and erosion studies.

1.2.3 River erosion under climate change

While a body of work exists considering effects of climate model output on hillslope erosion
processes and sediment supply (e.g. Molnar 2001; Coulthard et al. 2012; Shrestha et al. 2013;
Bussi et al. 2016; Li et al. 2016) and other studies have assessed geomorphic response at a
geologic scale both qualitatively and quantitatively (e.g. Croke et al. 2016; Lane et al. 2016;
Naylor et al. 2017), little work has been done using numerical models to assess reach level

stream erosion.

Verhaar et al. (2011) studied future erosion with a 1-dimensional morphodynamic model
(SEDROUT4-M) on three tributaries of the Saint-Lawrence River using a hydrologic model
(HSAMI) and output from three GCMs in Québec, Canada. The studied basins were the
Batiscan, Richelieu and Saint-Francois Rivers. These are relatively large channels with average
bankfull widths ranging from 167 m to 233 m, the GCM daily output were used directly as input
to the hydrologic model (HSAMI). The hydrologic model was calibrated using the available
30-year discharge dataset (1961-1990). The SEDROUT4-M model was used to calculate bedload
transport through the lower reaches of the rivers where the bed material is predominantly fine
sand. That model is capable of capturing changes to the long-profile and bed composition over
time, but channel widths were held constant in time (reducing simulation cost for the multi-year
runs). Verhaar et al. (2011) used the morphodynamic model and the hydrologic model to predict

future discharges (return period flows) and sediment transport.



Goode et al. (2013) assessed streambed scour and risk to salmonids in the Middle Fork of the
Salmon River, USA. The Salmon River is located in the Northern Rocky Mountains and the
study area is downstream from a 7,330 km? drainage area. This large unregulated basin provides
critical spawning habitat for salmonids in an environment with limited anthropogenic
interference. Goode et al. (2013) used output from three GCMSs under the A1B emission scenario
to force their future hydrologic model for the 2040 and 2080 decades. Flow depth was calculated
using Manning’s equation and downstream hydraulic geometry relationships. Reach-average
scour depth was calculated as a function of excess Shields stress. This process predicted suitable
spawning reaches and the probability of critical scour in the Middle Fork of the Salmon River in

response to climate change.

In Finland, Lotsari et al. (2014) investigated the combined effects of sea level rise and future
precipitation and discharge on erosion for a 43-km long coastal reach in the lower Kokemaenjoki
River. The upstream catchment area is 27,000 km? and the study reach has a predominantly clay
bed with some very fine sand and silt. The reach is regulated by a hydroelectric power plant.
Lotsari et al. (2014) used a conceptual hydrologic model with lumped sub-basins, a snow melt
routine based on temperature and a rainfall-runoff routine. Observation data from 1981 to 2008
for discharge and snow water equivalent were used to calibrate the model. Four climate model
combinations were downscaled using quantile matching or delta change and used as future input
to the hydrologic model for the 2070 — 2099 period. Quantile matching was used to downscale
both the REMO RCM (nested within ECHAMS5) and the HIRHAM RCM (nested within
ARPEGE), both under the A1B emission scenario. The delta change method was used to
downscale the RCA3 RCM (nested within UKMO-HadCM3-Q3) for A1B, and directly on the
CNRM-CM3 GCM for the B1 emission scenario. Hydrodynamics and erosion potential in
response to future flows were calculated using a 1D HEC-RAS model of the reach. Suspended
sediment and riverbed sampling data were used to define the suspended sediment profile and the
critical bed shear stress values in the HEC-RAS model. The HEC-RAS model was calibrated by
adjusting Manning’s n values to achieve a match with historic discharge and level observations
(2009). Continuous unsteady morphodynamic simulations were performed for the historic
validation 1971-2000 and future prediction 2070-2099 periods. Future return period discharges
and locations of increased erosion and (less commonly) deposition were identified.



Most recently (Praskievicz 2015) assessed the impacts of climate change on both bedload
transport and specific bed morphology change for three gravel-bed rivers in the interior Pacific
Northwest, USA, that have snowmelt dominated hydrology: the Tucannon, South Fork Coeur
d’Alene and Red rivers. Reach averaged bankfull widths for the study reaches in the three rivers
range from 15.2 m to 21.5 m. Downscaled output from three RCM models (ECP2-GFDL,
CRCM and HRM-GFDL) and an ensemble average from ten combinations of RCMs, all under
emissions scenario A2 (Praskievicz and Bartlein 2014), were used to force watershed hydrologic
models for each river basin. The hydrologic modelling was conducted using the Soil and Water
Assessment Tool (SWAT), the initial models were developed in (Praskievicz 2014). For the
geomorphic modelling, 5-year historic and future time series were used to assess transport and
morphologic response using two geomorphic models (CAESAR and BAGs). Output from those
two models were compared to one another. Predictions of changes to the sediment transport
regime and local bed morphology (scour and deposition at the reach scale) in response to climate

change were identified for the three mountainous gravel-bed rivers.

1.3 Novelty of the Study

The scope and scale of the previous studies have focused predominantly on large, and often on
mountainous, basins or have focused on water quality indicators (e.g. Crossman et al. 2013) as
the critical predictands, rather than sediment transport or erosion. Climate change is expected to
have high regional variability (Kundzewicz et al. 2008), indicating a need to conduct local
studies. An assessment of the impact on climate model predicted precipitation on stream erosion
using statistical downscaling and hydrologic modelling has not previously been conducted within

the City of Ottawa, nor within any small urban catchment.

A gap exists in using climate model output to predict future stream erosion in small urban
catchments, which have different hydrologic drivers than large basins, namely urbanisation.
Assessing erosion due to future climate at these small scales is particular challenging, due to
uncertainties associated with: downscaling climate models, data availability, model limitations
and anthropogenic interference. This study assesses a highly urbanised semi-alluvial clay-bed

creek located in Ottawa, Ontario, Canada.
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1.4 Research Objectives

This study aims to assess how the erosive regime of a small clay-bed urbanizing river may
change in the future due to climate change. Downscaled climate model output and a hydrologic
model with a bed shear stress exceedance routine are used to predict future erosion. The goal is
to quantify the potential for increased erosion in Watts Creek in response to the fourth version of
the Canadian regional climate model (CanRCM4) under Representative Concentration Pathways
(RCPs) 4.5 and 8.5. RCPs denote future climate model scenarios based on radiative forcing on
the earth’s surface, RCP4.5 reaches 4.5 W/m? by 2100 and then stabilises, RCP8.5 reaches or
exceeds 8.5 W/m? by 2100 and continues to rise. The erosion potential is captured relative to the
existing conditions, as a percent increase, and the potential increase in channel width is estimated
using a channel adjustment sensitivity analysis approach, which balances future erosion potential

with historic erosion potential.

1.5 Project Contributors

For the article included as Chapter 2, five of the eight depth-flow points were collected by Parna
Parsapour-Moghaddam (Parsapour-Moghaddam et al. 2015). All other field data were collected
by the author with assistance from: Dr. Colin Rennie, Sean Fergusson, Zhina Mohammed,
Philippe April LeQuéré, Brian Perry, Arwen Moore and Mark Lapointe. Data analysis and
numerical modelling were conducted by the author under the supervision of Drs. Colin Rennie
and Ousmane Seidou. The automatic calibration process and multiple simulations (4 climate
conditions, 9 models, 40 years) was conducted by the author; the use of a Python script prepared
by Jennifer Wu from J.F. Sabourin and Associates Inc. (JFSA) greatly simplified that process.
Implementation of the new Erosion Index subroutine (coding) was conducted by the author
under the supervision and guidance of Dr. Colin Rennie and Mr. J.F. Sabourin (JFSA).
Modifications to the quantile-quantile downscaling MATLAB code (previously developed by
Seidou et al. (2011) and Shirkani et al. (2015)) was conducted by the author under the
supervision of Dr. Ousmane Seidou. The article was written by the author and edited by Parna

Parsapour-Moghaddam and Drs. Rennie and Seidou.

Chapters 1 and 3 of this thesis were written by the author and edited by Drs. Rennie and Seidou.
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2.1 Abstract

The response of the semi-alluvial clay-bed Watts Creek is assessed subject to climate change.
The 21 km? watershed located in Ottawa, Ontario, Canada is highly urbanised (68%) and
agricultural (20%) with limited forest cover (12%). Continuous simulations were performed
using the SWMHY MO lumped hydrologic modelling platform for the open water year,
excluding spring freshet (April 1% to October 31%). A shear stress exceedance and stream power
erosion routine was added to the platform to calculate erosion potential. To account for
uncertainty in the collected data, nine different field data sets were used to calibrate the model,
each leading to a distinct set of calibrated parameter values. The difference between the data sets
lies in the choice of the rating curves and calibration period. The 2041-2080 precipitation outputs
of the fourth version of the Canadian Regional Climate Model (CanRCM4) ran under
Representative Concentration Pathways (RCPs) 4.5 and 8.5 at the MacDonald Cartier
International Airport were downscaled using quantile matching and then used as input to the
continuous hydrologic model. For each set of calibrated parameters, a cumulative effective work
index (CWI) based on the reach-averaged shear stress was calculated for Watts Creek using both
the historic (1968-2007) and projected future (2041-2080) flows, using a bed material critical
shear stress for entrainment of 3.7 Pa. Results suggest an increase of 75% (resp. 139%) under
RCP4.5 (resp. RCP8.5) in CWI compared to historic conditions for the average measured bed
strength. The work index increase is driven by an increased occurrence of above-threshold
events, and more importantly by the increased frequency of large events. The predicted flow
regime under climate change would significantly alter the erosion potential and stability of Watts
Creek.
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2.2 Introduction

Urbanisation and its many related industries are known to produce negative effects on
watercourses due to increased runoff volume and flow (Hammer 1972; FISRWG 1998). River
engineers and geoscientists have engaged in analysis and design projects in an effort to mitigate
these impacts in order to plan for and protect infrastructure, as well as limiting habitat
destruction. Climate modelling studies have been warning of the potential for climate change to
result in increased precipitation frequency and intensity (IPCC 2012). These potential increased
stresses, particularly on already heavily taxed urban watercourses, point to a need to consider
how potential climatic change can be incorporated into river analysis and restoration design by

current practitioners.

Various studies conducted over the past few years have estimated the potential impacts of a
changing climate on river erosion. Several studies have implemented statistical and spatial
downscaling of climate data to provide input for hydrologic assessments (Walker et al. 2011,
Laforce et al. 2011; Nam et al. 2015; Caruso et al. 2017). Direct numerical assessments of
erosion risk in response to climate model output have been conducted, particularly on either very
large and or mountainous basins (Verhaar et al. 2011; Goode et al. 2013; Lotsari et al. 2014;
Praskievicz 2015).

The overall approach to post-process either global or regional climate model output via
downscaling, convert them into streamflow using a hydrologic model and simulate erosion is
fairly common, and proved to be a useful process to go from the global climate scale to a local
erosion scale. The current body of work in this domain has focused on large basins in general, in
support of large infrastructure projects. A gap exists in assessing smaller urban catchments,
which have different hydrologic drivers, namely urbanisation. Assessing erosion due to future
climate at these small scales is particularly challenging, due to uncertainties associated with:
downscaling regional climate models, data availability, model limitations and anthropogenic

interference, among others.

This study aims to assess how the erosive regime of a small semi-alluvial clay-bed urbanizing
river may change in the future as a result of climate change. It builds on previous work assessing
the existing state of Watts Creek (Figure 1) resulting from ongoing effects of past land-use
changes (agricultural and urban) on channel stability and fish habitat utilisation (Rennie 2014;
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Salem et al. 2014; Maarschalk-Bliss 2014; Parsapour-Moghaddam et al. 2015). The outputs from
the fourth version of the Canadian Regional Climate Model (CanRCM4) are downscaled and
used to quantify the potential effects of climate change on future precipitation. The impact of
future rainfall patterns on erosion potential is estimated using continuous simulations from a
relatively simple lumped hydrologic model and bed shear stress exceedance routine. The
continuous simulations allow for incorporation of the full natural flow regime (rather than a
single effective discharge approach) into the analysis of the erosion potential of the semi-alluvial

clay-bed channel.

2.3 Materials and Methods
2.3.1 Study Site

Watts Creek is located in Ottawa, Ontario, Canada, and has a drainage area of approximately

21 km? with land use split between urban development (68%), forest (12%) and agricultural
lands (20%). The system has been found to support important fish habitat, but is undergoing
active erosion that can potentially lead to degraded water quality (Rennie 2014). The Creek also
has meander bends adjacent to a rail bed, raising the question of risk to infrastructure due to
erosion. Figure 1 shows the Watts Creek watershed general location. The creek drains in a north-
easterly direction to the Ottawa River. The studied reaches are on lands owned by the National

Capital Commission (NCC) that form part of the Capital Greenbelt.

14



Ontario

Figure 1: Watts Creek and Reach M3 general location, a) Watts Creek general location within
the province of Ontario, b) the Watts Creek watershed boundary and topography, c¢) the
centreline of the study reach M3 is shown as a thick red line and d) picture looking upstream at

the northern meander in reach M3.

2.3.2
2.3.2.1
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Data collection

Field measurements

Watts Creek is an ungauged watershed so historic streamflow data and rating curves are

unavailable. To provide data for hydrologic model calibration, a field campaign was conducted

in the summer months of 2015 (May 30 to August 21) and 2016 (May 30 to August 22)
collecting continuous water depths at the upstream (-75°5237.75°W, 45°20°25.62”N) and

downstream (-75°52°34.29”W, 45°20°25.72”N) ends of the study reach, sites named WC3 and

WC4 respectively. The study reach is named M3, which follows the convention from previous

studies by Maarschalk-Bliss (2014) and Rennie (2014).
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Depth measurements were recorded at 5 minute intervals with pressure tranducers (loggers)
fastened to rebar posts near the creek bed at both WC3 and WC4. The resulting absolute pressure
data were compensated for atmospheric pressure using data from a third transducer installed
nearby above the water line. Concurrent rainfall data were collected with a tipping bucket rain
gauge (5 minute interval) located nearby. The depth data at WC3 and WC4 and rainfall data are
shown in Figure Al and A2 in Appendix A for the 2015 and 2016 data respectively. Figures A3
and A4 present the results from the conversion of those depth data into flow data using rating
curve DQ1.

Depth readings were converted to level (elevation) values based on periodic manual
measurements between the top of rebar (temporary benchmark) and the water surface. The
temporary benchmark elevations were recorded on Sept 18, 2015 using a Hemisphere® Real
Time Kinematic (RTK) GPS. The cross-sections at WC3 and WC4 were also surveyed using the
RTK GPS on Sept 18, 2015.

The two in-water sites (WC3 and WC4) provide both water level and surface slope data.
Preliminary calculations showed negative slope values for 2016, which would not describe the
actual water surface in the Creek. This was likely due to a shift in the relative positions of the
two rebar posts, measured as 3.9 cm on Aug 13, 2017 compared to the 2015 measurement. An
adjustment was applied to the WC3 data in 2016 to eliminate all negative slope values, this
required a 6.3 cm adjustment. The uncertainty introduced by this shift is discussed in

section 2.3.3.

Flow data were collected at WC4 in 2014 and 2015 as part of a sediment erodibility study
(Rennie 2014; Parsapour-Moghaddam et al. 2015). Those five flows were augmented with three
more measurements in 2016 and 2017. Flows were measured with a SonTek RiverSurveyor® M9
acoustic Doppler current profiler (aDcp), except for the lowest flow, recorded on Aug 11, 2016,
which was measured with a propeller meter and the velocity-area method. Note some flow
measurements were taken upstream of the WC4 section, but there are no discreet inflows

between those locations and an assumption of constant discharge is reasonable.
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2.3.2.2 Catchment characteristics

Drainage divides for agricultural and natural catchments are from a digital elevation model
(DEM) generated from LIiDAR data provided by the NCC: 9 catchments, total area 678.9 ha.
Hydrograph characteristics (length, slope, infiltration parameter (CN)) were derived from the
DEM and land use and soil base mapping (OMAFRA 2015 and 1999). The weighted average CN
value, Soil Conservation Service (SCS) method (NRCS 2004), for those areas was calculated as
73 using the land use and soil mapping and CN reference tables in the SWMHY MO user’s
manual (JFSA 2000), the same reference data are presented in (NRCS, 1986). Urban sewershed
boundaries, catchment imperviousness, slopes and existing stormwater management (SWM)
facility information are from a SWM report and model previously prepared for the City of
Ottawa (AECOM 2015). Urban catchments are split between those with high degrees of
imperviousness: 32 catchments, total area 1197.5 ha, average total imperviousness

(Timp) = 39%, and generally pervious areas (golf courses, parks, etc.): 18 catchments, total area
234.9 ha, CN = 62.

2.3.3 Rating Curve Derivation

Given the uncertainty introduced by the shift in the relative position of the rebar posts at WC3
and WC4 (inferred from the calculated negative water surface slopes in the 2016 data and
corroborated via field measurements on August 13, 2017), and the limitations in using a single
static rating curve to describe the depth-flow relationship at a natural cross section (Rantz 1982;
Mcmillan et al. 2010), three rating curves were prepared. The continuous water level records at
the downstream station (WC4) were converted to flow series for the 2015 and 2016 seasons

using each of the three rating curve relationships.

Two of the eight flow measurements were excluded from the rating curves. These two
measurements were the low and mid flow (40 L/s and 392 L/s respectively) measurements
collected in the fall (Sept 21, 2015 and October 21, 2016). The depth-flow relationships and
observed field conditions indicated relatively low channel roughness for those two readings. The
continuous level and rain data represent summer conditions, when substantial vegetation growth
is observed in the channel, and so relatively high roughness conditions. The two highest flow

values (1,368 L/s and 3,439 L/s) were collected in the spring (low roughness conditions), but are
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included since relative roughness is less variable at higher flows and to maximise the extent of
the rating curves. The eight flow measurements are shown in Figure 2a, including the omitted
points, these data are also presented in Table Al and Figure A5 in Appendix A.
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Figure 2: Rating curves for DQ1 (Flow = 1.95*D3#) and DQ2 for overbank conditions
(Flow = 2.28*D?%2) are shown in (a) and the calculated flow series using the DQ3 relationship
for the 2015 and 2016 continuous flow data are shown in (b)

The first curve, named DQ1, was derived by fitting a power function to the paired depth-flow
data described above. For the rating curve derivations, the estimated depth of zero flow at WC4
is 0.30 m above the thalweg. The measured depth and flow data shown in Figure 2a account for
that estimated zero flow depth. This same adjustment (reduction in measured depth by 0.30 m)
was applied to the continuous depth (logger) data before calculating the 2015 and 2016 flow
series. The control for zero flow depth at WC4 is a riffle section located approximately 40 m
downstream from WC4. Accounting for this zero flow level resulted in an improved power
function fit for the DQ1 data, is important for extrapolating low flows with rating curves in

general (Rantz 1982) and was useful in developing the DQ3 relationship that is described below.
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To illustrate the zero-flow condition at WC4, the lowest flow measurement of 12 L/s (Aug 11,
2016) corresponded to a 0.52 m thalweg depth at WC4, which is adjusted to 0.22 m deep in
developing the rating curves. Figure A6 in Appendix A presents a profile view of reach M3
showing the WC3 and WC4 locations and extending downstream to include both the riffle
described above and the location of the culverts below the rail line (approximately 170 m

downstream from WC4).

A HEC-RAS model was prepared to extrapolate the depth-flow relationship into the floodplain
for the second curve, DQ2. The Manning’s » for the main channel was set at 0.038 based on
matching the April 7, 2017 depth observation in response to a 3,439 L/s flow, and the overbank »
was estimated as 0.071 using the approach in (Arcement & Schneider 1989). Arcement and
Schneider (1989) present an additive method to calculate roughness based on individual
contributions from various factors, in this case the addition of: the base value for surficial
material (0.026); surface irregularity (0.003); obstructions (0.012) and amount of vegetation
(0.030) in the floodplain. The HEC-RAS model includes the 84 m long reach M3, and extends
approximately 200 m downstream to include the twin 2.3 m diameter concrete culverts below the
active rail line at that location. Those culverts would present the controlling hydraulic feature for
the study reach under certain flow conditions. A segmented rating curve was then developed by
fitting two power functions to the data, one for the observed data (used in DQ1) which were
mostly contained within the single main channel with some flow emerging onto the right
floodplain (up to approximately 20 m wide) and one for the HEC-RAS derived points that
describe flow expanding into the wide (approximately 100 m wide) floodplain. For the DQ2 flow
series calculations, the DQ1 curve is used up to a depth of 1.2 m and the DQ2 curve is used for
all depths greater than 1.2 m. Therefore, the DQ1 and DQ2 generated flow series data are

identical for lower flows and only differ for overbank flows.
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The third curve, DQ3, was derived using Manning’s equation, included as Eq. 1 below. The
reach averaged water surface slope, and hydraulic radius are known. Flow can then be found for
a given Manning’s n value to develop a complex rating curve (Muste & Hoitink 2017). The
HEC-RAS model of reach M3 was used to find »n values for each of the paired depth-flow
measurements.

1

2
Q = R}SIA (1)

In Eq. 1 above, Q is flow (m®/s), n is the Manning’s roughness parameter, R is hydraulic radius

(m), S is the channel slope (m/m) and 4 is the flow area (m?).

The channel bed is clay and is overlain with silt, sand and/or gravel alluvium in some locations.
There are also dense vegetation patches in certain locations, with heights up to approximately
0.20 m and spanning the entire channel width. The riffle section described above, located
approximately 40 m downstream of WC4 (which is in a pool) is approximately 0.30 m shallower
than WC4 and was observed to be well-vegetated for the 2015 and 2016 monitoring periods.

That riffle would control low-flow hydraulics across WC4.

The well-vegetated bed at this location enhances the typical inverse relationship between depth
and roughness. The calculated Manning’s n values from fitting the HEC-RAS model to observed
data range from a maximum of 0.225 for summer low flows to a minimum of 0.038 for bankfull
flow. These values are outside of the values we derived using the methods in (Arcement &
Schneider 1989) range from 0.045 to 0.196, but compare fairly well at 16% difference. Figure 3
below shows the relationship between depth and roughness calculated for the riffle section

located 40 m downstream of WCA4.
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DQ3 Roughness-Depth Relationship
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Figure 3: Roughness as a function of depth at the riffle section 40 m downstream of WC4, part of
the DQ3 relationship, the DQ3 power function is n = 0.048*D 110

A power function was fit to the observed depth and calculated roughness points. The Manning’s
n values for each of the continuous depth points were derived from this power function and used
as input to Manning’s equation combined with the measured hydraulic radius, area and water

surface slope to generate the 2015 and 2016 flow series from the DQ3 rating curve.

2.3.4 Climate Change Projections

The Canadian Centre for Climate Modelling and Analysis (CCCma) in the CORDEX
(Coordinated Downscaling Experiment: (Scinocca et al. 2015)), prepared the Canadian Regional
Climate Model (CanRCM4). Precipitation output from 1960 — 2100 for RCP4.5 and RCP8.5
were accessed from their website (Environment and Climate Change Canada 2014). RCP4.5
refers to a scenario where the radiative forcing on the earth’s surface reaches 4.5 W/m? by 2100
and then stabilises. RCP8.5 refers to a scenario where the radiative forcing on the earth’s surface

reaches or exceeds 8.5 W/m? by 2100, and continues to rise.

Quantile-Quantile (QQ) downscaling, also known as quantile matching, has been used to

downscale the RCM output for this study. This statistical downscaling method corrects the entire
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distribution of the precipitation data (Maraun et al. 2010). The regional model output are
adjusted to match local data, from the Ottawa International Airport in this case, for the historic
period. This adjustment (correction) is applied to the future data. The downscaling code was
previously developed by Seidou et al. (2011) and Shirkani et al. (2015). That code was modified
to read in CanRCM4 RCP format precipitation and to implement linear interpolation between
quantiles for data that do not map directly to a quantile value. The code was also modified to
implement a simple extrapolation by addition routine for data that exceed the maximum

simulation datum from the historic period, described in Eq. 2 below.
Xcorr = (Fops) ™ [Frem Xrem)] + (Xrem — Max(Xpem—car)) (2)

Eqg. 2 is an expanded version of equation 1 from (Shirkhani et al. 2015) where X is the
corrected climate variable and Xzcu is the variable extracted from the raw regional climate
model (RCM) simulation. Cumulative distribution functions (CDF) from the calibration period
for the observed data and RCM data are Foss and Frca respectively. The maximum of Xzcea-car
is the maximum value used to develop the Frcr CDF. A sample of this quantile matching (bias

correction) is illustrated in Figure B1 in Appendix B.

The watershed is relatively small at 21 km?, and as such, the daily precipitation output is too
infrequent to simulate realistic flows. Hourly data would be more appropriate. The daily data
were converted to hourly by matching the simulated daily volume to a historic date using the
Environment Canada hourly data at the Ottawa International Airport. The matching was done
month-by-month, on finding a historic date with matching total volume, that hourly distribution
was returned to create the regional model hourly dataset. If an exact match was not available, the
distribution from the day with the closest match was factored to meet the future daily volume and
returned. Future downscaled hourly rainfall datasets were prepared from CanRCM4 under RCPs
4.5 and 8.5 (F45 and F85). An hourly dataset was also prepared from the corrected CanRCM4
data for the historic period (H02). A forty year future window from 2041 to 2080 was selected

for the erosion analysis.

22



2.3.5 Hydrologic Modelling

The SWMHYMO platform (JFSA 2000) was used for the hydrologic modelling component of
this work. SWMHYMO is a lumped hydrologic model that is capable of continuous simulations
for mixed-use basins with low computational cost. Both urban (STANDHYD) and natural
(NASHYD) hydrograph generation routines are used as are channel, pipe and reservoir routing
routines. The SCS method (NRCS 2004) is used to calculate runoff excess and infiltration. The
SCS method implemented in SWMHYMO has initial abstraction as a user-defined value, this
allows the method to be used for small events, but requires a modification to the CN values
found in literature tables (NRCS 1986). Modified CN values would need to be derived if CN
were not used as a calibration variable in this work, see section 2.3.5.2. A groundwater reservoir
subroutine allows baseflow to be returned from the groundwater reservoir as runoff for natural

catchments.

The existing erosion routine was modified to implement a shear stress exceedance and
cumulative effective work method, see section 2.3.5.1 for a description of those modifications.
Details on the equations and operation of SWMHYMO are outlined in the user’s manual (JFSA
2000). A process flow chart illustrating the model interactions between the catchment
characteristics, the climate model data, the measured field data and the erosion index routine is

shown in Figure B2 in Appendix B.

2.3.5.1 Modified Erosion Index Routine

The existing erosion index routine was modified to include a subroutine to calculate shear stress
exceedance above a user-defined critical shear stress for entrainment. This routine is used to

assess existing and future erosion potential in Watts Creek.

The user defines the 1-dimensional channel characteristics of interest (channel and floodplain
slope, geometry as distance-elevation points and roughness » for the overbanks and main
channel). Within the model the routine accepts inflow hydrograph(s), on which exceedance

calculations are performed.
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The relationship between depth and flow is defined using Manning’s equation, included as Eq. 1

above. The 1-dimensional shear stress equation is used to calculate shear for a given flow, Eq. 3:

T =YRyS, (3)

In Eq. 3 above, 7 is the bed shear stress (Pa), y is the specific weight of water (N/m3), Ry is
hydraulic radius (m) and S, is the channel slope (m/m). The work index method presented by the
Toronto and Region Conservation Authority (TRCA 2012) is an erosion indicator based on a

stream power approach, see Eq. 4:

CWI = ¥(t — 1) VAt 4)

CWI is the cumulative effective work index, t. is the user-entered critical shear stress for
entrainment (Pa), T is the bed shear stress (Pa), v is the main channel mean velocity (m/s) and 4¢
is the model time step. In addition to CWI, the erosion routine calculates total hours and flow

volume in exceedance and the number of exceedance occurrences.

2.3.5.2  Hydrologic Model Setup and Calibration

Initial Model Setup

Prior to model calibration, a set of base parameters were estimated from available data or
obtained from previous studies of Watt Creek, resulting in a base model. Estimation of drainage
area (area), imperviousness (Timp), slope for impervious and pervious surfaces (SLPI and SLPP)
and reservoir characteristics are described in section 2.3.2.2. The remaining base parameters
were either set to default values or selected based on a preliminary manual calibration to improve
the goodness of fit between the base model and field flows from the DQL1 rating curve and are

then held constant during the automatic calibration process. Those parameters are as follows:

Continuous simulation parameters: time step (DT = 5 minutes) soil storage recovery rate
(SK = 0.01 mm™), inter-event time (ET = 12 hrs) and initial abstraction recovery rates

for impervious and pervious surfaces (/. recimp = 6 hrs and I, recper 4 hrs).
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STANHYD parameters: Impervious and pervious surface values for; routing length (LGI
= (area [m?]11.5)%° and LGP = 40 m) and initial abstraction depth (/. imp = 1.57 mm
and /._per = 4.67 mm) and surface roughness for pervious surfaces (MNP = 0.25).

NASHYD parameters: number of linear reservoirs for the Nash hydrograph (N = 3),
initial groundwater reservoir volume (/nitGWResVol = 10 mm) and vertical hydraulic
conductivity (VHydCond = 0.02 mm/hr). Time to peak (z,) is calculated as 2/3 of the
time of concentration (z). The Bransby-Williams formula (Eq. 5) was selected as the z
method since it resulted in a relatively close match between model and field hydrograph
timing.

0.605*L
c = A0.150.2 (5)

The time of concentration () is in hours, catchment length (L) is in km, drainage area (4)

is in km? and average catchment slope (S) is in percent.

Watts Creek and the Kizell drain, the largest tributary to Watts Creek, were included as route
channel commands based on the previous modelling by others with some adjustments. Channel
and overbank roughness (n) were increased for some reaches (from 0.04 to 0.085) based on 2016
field observations and to improve the model timing match to field flows. The study reach M3

geometry was updated using the 2015 RTK GPS survey data.

Generally, the timing response in the model was well fit manually. The base model had a
tendency to significantly overestimate peak flows for large events and could not match field
runoff volume for both 2015 and 2016. A close match to either year resulted in a doubling or
halving between model and field volume for the other. This mismatch between the model and the
2015 and 2016 years may have been driven by higher channel roughness in 2016 and thus the
rating curves could overestimate the 2016 peak flows and volumes. Alternately, there were
longer periods of drought in 2016, which would have led to drier antecedent conditions and
therefore less runoff volume for a given rainfall input. This may point to a structural limitation
with the hydrologic model selected given that SWMHYMO does not have input parameters that
allow for variable abstraction losses throughout a simulation, nor does the model simulate

evapotranspiration from the shallow groundwater reservoir. The results from the manual
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calibration effort and its uncertainty informed both the selection of a multiple model calibration
approach and specifically the six selected variable parameters. While some of the default values
used in the base model may not be fully representative of the catchment conditions, it is expected

that the variable parameters will correct for some of this potential misfit.

Handling of uncertainty in the rating curves and precipitation data

Several different calibration data sets were used to explicitly capture some of the uncertainty
introduced by the small measurement dataset which is from 2-years of data for the summer
season in the results. The more conventional approach of calibrating to part of the dataset and
comparing the results of that calibrated parameter set to the remaining data (validation) has also
been assessed. This process and the results are discussed in section 2.4.1 below. A test looking at
model performance over 40-years using the calibrated parameter sets (results not shown)
indicated that the calibrated models do not lead to divergence and thus do not suffer from
overfitting. However, due to the paucity of data, we could not identify the most representative set
of calibrated parameters. To this end, three different calibration periods were selected, and the
results from each set of calibrated parameters have been assessed. One using all field flow points
from 2015 (Y'15) a second using all field points from 2016 (Y16) and a third using equal
weighting to all 2015 and 2016 data (YAL).

To capture uncertainty in the measured continuous water depth data and in using a static rating
curve for a natural channel, the set of three rating curves described previously (DQ1, DQ2 and
DQ3) were used to generate three sets of field flow data for each data period. Combined, the
three rating curves and the three calibration periods result in nine different model calibrations.

This set of models are used for the future rainfall impact assessment.

The model calibrations were performed using the Model-Independent Parameter Estimation and
Uncertainty Analysis (PEST) tool (Doherty 2016). The singular value decomposition estimation
method was used in PEST comparing the modelled continuous flow series with the field flow for
the calibration period of interest. The operation and mathematics for PEST are detailed in
(Doherty 2015).

26



The multiple calibrations were conducted using the base model as the template. Three parameters
for urban catchments (STANDHYD) were allowed to vary: the SCS method infiltration
parameter (CN), percent of directly connected impervious areas (Ximp) and the impervious
surface roughness (mni). The first two parameters predominantly affect the runoff volume from
urban catchments, while the roughness for impervious surfaces will affect the hydrograph peak
and timing. The first two were allowed to vary due to complexities in estimating those values

accurately, while mni was used as a surrogate to capture inefficiencies in the drainage network.

Three parameters for natural catchments (NASHYD) were also allowed to vary. The SCS
method surface infiltration parameter (CN), rainfall initial abstraction (/) and the rate of
baseflow discharge from the groundwater reservoir to surface flow (gwresk). The CN value and
gwresk work in concert to control both total volume of rainfall converted to runoff, and the shape
of the hydrograph for baseflow response, particularly the recession limb. The initial abstraction
value affects runoff volume. Allowing those six parameters to vary for the urban and natural
catchments leaves the peak flows to be driven mainly by the urban areas and the baseflow and

low flow response from the natural catchments.
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2.4 Results
2.4.1 Model Calibration

The multiple rating curve and calibration period approach results in a range of peak flows and
runoff volumes for both the field and model flows for the 2015 and 2016 periods. Table I lists

the range of the field and model peak flows and runoff volumes.

Table I: Ranges of Model and Field Maximum Peak flow and total runoff volume from the 2015
and 2016 calibration periods

Peak Flow (m?3/s) Runoff Volume (mm)
Year and Condition

Low High Low High
2015 Field 3.24 3.85 64.5 75.8
2015 Model 2.20 3.85 32.3 67.5
2016 Field 6.51 8.24 63.8 67.2
2016 Model 8.74 13.40 57.2 86.8

Runoff volume is the total volume per watershed area for the simulation period.

The 2015 results show a broader span for modelled peak flow than field flow, and the range of
peak flows are completely captured. The modelled runoff volume also has a broader range,
though does not capture the highest runoff volume. In general, some of the 2015 models may
underestimate maximum peak flow and runoff volume. This trend in 2015 is offset by the 2016
data, where the model tends to overestimate peak flow and runoff volume. The highest and
lowest maximum peak flow and runoff volume values all belong to model results. The overall
broader range from the models indicates that the 9 calibration scenarios are successful in

capturing the uncertainty described by the three different rating curve approaches.

The overall efficiency or goodness of fit between the model and field flows has been assessed
using the Nash-Sutcliffe model efficiency coefficient. Table Il below provides the results for the

nine model scenarios for the calibration years and the validation years when applicable.
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Table II: Nash-Sutcliffe model efficiency coefficient for the nine calibration scenarios and the six
applicable validation scenarios

Model Scenario: Nash-Sutcliffe model
Rating Curve_ efficiency coefficient
Calibration Period

2015 2016
DQ1_Y15 67% 87%
DQ1_Y16 56% 89%
DQ1_YAL 64% 88%
DQ2_Y15 68% 82%
DQ2_Y16 56% 86%
DQ2_YAL 59% 86%
DQ3_Y15 61% 67%
DQ3_Y16 19% 80%
DQ3_YAL 50% 83%
Minimum 19% 67%
Maximum 68% 89%
Mean 56% 83%

Note: the efficiency coefficient for the calibration period is
shown in bold.

The naming convention for the model scenarios has the first three characters describing the
rating curve used to generate the field flow series (DQ1, DQ2 or DQ3). The second half of the
name describes the calibration period, either 2015 only (Y15), 2016 only (Y16) or all data
(YAL). The calibrations resulted in generally good matches to the calibration data, with
efficiency coefficients ranging from 61% to 89% for the individual calibration years and from
50% to 88% when both years were used to calibrate. These results were a significant
improvement over the previous manual calibration effort. As shown in Table Il the “validation
years’ (non-bold values) show positive efficiency coefficients for the six applicable scenarios
with most being above 50% and the lowest value at 19%. These positive efficiency coefficients
for the validation runs indicate that the calibrations have not resulted in model overfitting. It is
interesting to note that the weakest match to field data occurs with DQ3, the complex rating
curve. Since this rating curve includes the field depth data, the measured water surface slope
information and a function for roughness with depth, it ought to best represent the actual creek
flows. Considering the channel routing in the SWMHY MO model, which is 1-dimensional with
a uniform flow assumption, this misfit could indicate that non-uniform flow, and perhaps

hysteresis effects, were captured by the measured water surface slope.
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Figures 4a, b and ¢ below provide samples of the model flows compared to the field flows.

June 2016 DQ1 Field and Model Flows
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Figure 4a: Rating Curve DQ1, field and model hydrographs for June 4 to 8 2016
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Figure 4b: Rating Curve DQ?2, field and model hydrographs for July 13 to 19 2015
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Figure 4c: Rating Curve DQ3, field and model hydrographs for August 11 to 17 2016
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Based on the breadth of the calibration results with respect to peak flows and total runoff
volumes (Table 1) and the relatively high goodness of fit between the model scenarios and field
data (Table I1), these nine model calibrations provide a useful envelope in which the potential

impacts of future rainfall can be assessed.

These nine models were used to generate continuous hydrographs at the study reach for the
periods when historic hourly rainfall data are available, 1968 to 2007 inclusive (excluding 2001
and 2005 due to missing data). The input rain data used for the historic runs were the hourly
rainfall data (HLYO03, element 123) collected by Environment Canada at the Ottawa International
Airport Gauge, this climate dataset will be referred to as HO1. The data do not include frozen

precipitation, so the model runs were constrained from April 1 to Oct 31 for each year.

2.4.2 Climate Change Projections

The same models were also used to generate future hydrographs for 2041 to 2080 under
representative concentration pathways (RCPs) 4.5 and 8.5 (F45 and F85). Another historic
climate dataset (1968 to 2007) is also considered, it is the bias corrected CanRCM4 model output
for the historic period (H02). Derivation of the regional climate model hourly rainfall datasets is

discussed in section 2.3.4.

The QQ statistical downscaling approach calculates a cumulative distribution function (CDF)
transform by fitting half of the CanRCM4 output (even years) to the station data at the Ottawa
Airport for the historic period (1961 — 2011). The odd years in the historic window are used as
the validation dataset. The same transformation is applied to the future simulation results for
RCP4.5 and RCP8.5 for the future study period of 2041-2080. A sample showing the effect of
this bias correction on monthly rainfall volume is demonstrated by Figure 5.
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Figure 5: Monthly Average Rainfall Volume in July, observed and modelled (raw and corrected
i.e. downscaled) during historical period, as well as modelled (raw and corrected i.e.
downscaled) during future period, for calibration (even years) and validation (odd years), raw
data are from CanRCM4 RCP8.5 output.

The Expert Team on Climate Change Detection and Indices (ETCCDI) provide consistent
weather metrics to assess climate change predictions across climate studies (Zhang et al. 2011).
Total annual precipitation (PRCPTOT) and number of days with rainfall exceeding 20 mm (R20)

are predicted to increase. The consecutive dry days (CDD) and wet days (CWD) show little
change, see Table III.
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Table Ill: Open Water Yearly Average Precipitation Indices for Historic and Future Data

Climate

Dataset Years PRCPTOT CDD (days) CWD (days) R20 (days)
Name (mm)

HO1 1968-2007 497.2 16.9 3.7 6.1
HO2 1968-2007 581.4 17.7 4.1 7.3
HO3 1968-2007 756.9 14.2 5.0 9.0
HO4 1968-2007 581.5 16.5 4.1 7.1
F45 2041-2080 679.3 16.9 4.1 9.3
F85 2041-2080 724.2 17.7 4.1 10.3
FA45x 2041-2080 667.8 16.9 4.1 9.3
F85x 2041-2080 702.9 17.7 4.1 10.3
PERCENT F45 : HO2 17% -5% 1% 27%
CHANGE F85 : HO2 25% 0% 1% 41%

HO1: Environment Canada hourly rain data at the Ottawa International Airport (OIA)

H02: CanRCM4 model output QQ bias correction to the OIA daily data

HO03: CanRCM4 model output without QQ bias correction

HO04: Environment Canada daily rain data at OIA

F45: CanRCM4 model output QQ bias correction to OIA, RCP4.5 with extrapolation

F85: CanRCM4 model output QQ bias correction to OIA, RCP8.5 with extrapolation

F45x: CanRCM4 model output QQ bias correction to OIA, RCP4.5 no extrapolation

F85x: CanRCM4 model output QQ bias correction to OIA, RCP8.5 no extrapolation

Indices are calculated as yearly averages limited to the period from Apr 1 to Oct 31 inclusive for
each year.

Precipitation indices are presented in Table 111 for the four primary climate scenarios used to
quantify the impacts of future rainfall on erosion potential in Watts Creek (HO1, HO2, F45 and
F85). The other four climate scenarios presented are used to: assess sensitivity to the selection of
the historic dataset, demonstrate the effect of the bias correction, and capture the sensitivity to
extrapolating RCM maxima in the downscaling process (H03, HO04, F45x and F85Xx).

Comparing HO3 and HO4, we see the differences between the raw RCM output and the daily

observations at the Environment Canada gauge at the Ottawa International Airport (Ol1A). The
differences in total precipitation (30%) and R20 (27%) show a clear need for bias correction of
the regional model output to capture local precipitation patterns. The bias corrected RCM data

(HO2) however, show a very close match with the daily station data (H04).

The effects of including the extrapolation by addition can be found by comparing F45 and F85

against their counterparts without extrapolation F45x and F85x. No differences are observed in
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CDD, CWD or R20, while the RCP4.5 and RCP8.5 total rainfall volume are 2% and 3% higher

than without extrapolation.

A sensitivity assessment has also been conducted from convoluting those rainfall datasets into
flow hydrographs, resultant bed shear stress and ultimately erosion indicators using the
SWMHY MO model and the modified erosion routine. Table 1\Va shows the results from model
WCK_DQ1_YAL (rating curve DQ1 calibrated to both 2015 and 2016) for the four historic
climate scenarios.

Table IVa: Sensitivity Assessments for Average Open Water Yearly Erosion Indicators:

measured rainfall data and regional climate model with and without bias correction for the
historic period (1968-2007)

Total Cumulative

Average Erosion No. of Exceedance Work Index

Model Name Flow Hours erosion Volume (kPa.m or
(L/s) (hours)*  events (103 m3)! kJ/m2)
Environment Canada hourly rainfall data vs. daily data (Ottawa International Airport).

WCK_DQ1_YAL_HO1 166 86 6 238 212
WCK_DQ1_YAL_HO04 175 92 18 247 219
PERCENT DIFFERENCE 6% 7% 10% 4% 3%
Environment Canada daily station data (OIA) vs. CanRCM4 output without bias
correction.

WCK_DQ1_YAL_HO4 175 92 18 247 219
WCK_DQ1_YAL_HO03 234 155 25 445 409
PERCENT DIFFERENCE 34% 68% 39% 80% 87%
Environment Canada daily station data (OIA) vs. CanRCM4 output with bias correction.

WCK_DQ1_YAL_HO4 175 92 18 247 219
WCK_DQ1_YAL_H02 176 97 18 283 257
PERCENT DIFFERENCE 0% 5% 0% 14% 17%

*The rainfall input to the hydrologic model is from April 1 to Oct 31 inclusive (i.e. 5136 hours).
Total exceedance volume is the cumulative flow (water) volume for flows that exceed the critical
shear stress for entrainment of 3.7 Pa.

HO1: EC hourly station data (OIA), H02: CanRCM4 output with bias correction,

HO03: CanRCM4 output no bias correction, HO4: EC daily station data (OIA).

The model used for these erosion indicator sensitivity assessments generates results which are
close to the mean from the nine calibrated models for both the historic and future periods. The
work index results are significantly improved between the gauge data and the regional model
output without bias correction (87% difference) and after bias correction (17% difference).
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Table IVb: Sensitivity Assessments for Average Open Water Yearly Erosion Indicators: regional
climate model results with and without extrapolation by addition for the future period (2041-
2080)

Total Cumulative
Average Erosion No. of Exceedance Work Index
Flow Hours erosion Volume (kPa.m or
Model Name (L/s) (hours)*  events (103 m3)! kJ/m2)

CanRCM4 output with bias correction under RCP45, extrapolation by addition vs. no
extrapolation.

WCK_DQ1_YAL_F45 224 136 21 478 454
WCK_DQ1_YAL_F45x 217 128 21 415 387
PERCENT DIFFERENCE -3% 6% 0% -13% -15%

CanRCM4 output with bias correction under RCP85, extrapolation by addition vs. no
extrapolation.

WCK_DQ1_YAL_F85 252 166 24 643 626
WCK_DQ1_YAL_F85x 239 147 23 505 482
PERCENT DIFFERENCE -5% 11% 2% 21% -23%

*The rainfall input to the hydrologic model is from April 1 to Oct 31 inclusive (i.e. 5136 hours).
Total exceedance volume is the cumulative flow (water) volume for flows that exceed the critical
shear stress for entrainment of 3.7 Pa.

F45 and F85 CanRCM4 model output with bias correction and extrapolation.

The trailing 'x' in the model names indicates CanRCM4 output with no extrapolation beyond the
historic maxima.

The sensitivity assessment between downscaled future rainfall data with and without
extrapolation beyond the historic maxima show differences of 15% and 23% in the CWI for
RCP4.5 and 8.5 respectively. These differences are significantly higher than those observed from
the precipitation indices shown in Table I11. The average flow and number of exceedances
between the data with and without extrapolation show relatively small differences, more in line
with the precipitation indices. The driver of the increased work when extrapolation is included in
the downscaling is therefore a result of the magnitude of the exceedance. This illustrates the

usefulness of CW!I as an erosion indicator.
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2.4.3 Projected Hydrographs and Erosion

The modified erosion index routine was used to calculate historic (1968-2007) and future
(2041-2080) erosion potential through reach M3. The critical shear stress for entrainment is
estimated as 3.7 Pa. This is the average from the two samples tested from that reach by Salem et
al. (2014) and Rennie (2014). Those previous studies found significant spatial variability in bed
material critical shear stress values along Watts Creek ranging from 0.9 Pa to 5.1 Pa. Table V

shows the historic and future erosion results.

Table V: Comparison of Future and Historic Average Open Water Yearly Erosion Potential at
Reach M3, Critical Shear Stress of 3.7 Pa

Climate Total Cumulative
Dataset Average  Exceedance No. of Exceedance  Work Index
Name and  Statistics from Flow Hours Exceedance Volume (kPa.m or
Period*  each Datasett (L/s) (hours) events (10°m?®) kJ/m?)
HO1: Minimum 101 69 14 193 171
Hourly
Station Maximum 201 123 21 326 289
1%a6t§ Standard Dev. 29 16 2 41 36
2007 Mean 161 87 17 240 213
Hoo:  Minimum 106 77 15 226 205
CanRCM4 Maximum 212 151 22 397 358
1968-  standard Dev. 31 22 2 51 46
2007 Mean 171 100 18 285 258
F45: Minimum 147 110 19 390 370
CaanM4 Maximum 264 214 26 640 599
2041- standard Dev. 34 31 2 74 68
2080 Mean 217 140 22 476 450
Fgs.  Minimum 173 133 21 529 516
CanRCM4  Maximum 294 270 28 849 805
2041- standard Dev. 35 41 2 95 86
2080 Mean 245 170 24 635 615
PERCENT  F45: Ho2 27% 40% 20% 67% 75%
CHANGE
(MEAN) F85:H02 43% 70% 31% 123% 139%

*The rainfall input to the hydrologic model is from April 1 to Oct 31 inclusive (i.e. 5136 hours). HO1 data has
missing records for 2001 and 2005.

t Nine models were prepared for each climate dataset calibrating to the three (3) unique rating curves, and
to three (3) different periods of field measurement data (to 2015 only, to 2016 only and to both years).
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Future rainfall results in increases for all erosion indicators under both climate scenarios. This
result is consistent with the precipitation index results from Table 111 for total precipitation and
especially for number of days with greater than 20 mm of rain.

Results for four erosion indicators, exceedance hours, number of exceedances, cumulative work
index (CWI1) and total flow volume exceedance for each of the nine calibrated models in
response to four climate datasets HO1, H02, F45 and F85 are presented as box and whisker plots

in Figure 6.
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Figure 6: Erosion potential indicators box and whisker plots for historic and future results. The
range in average erosion indicators for the open water year (April 1% to October 31%) from each
of the 9 model calibrations are shown for four climate datasets. The climate dataset names are
shown on the x-axes: H01) Historic hourly rainfall data (1968-2007), H02) CanRCM4 QQ
corrected data for the historic period (1968-2007), F45) CanRCM4 RCP4.5 QQ corrected data
for the future period (2041-2080) and F85) CanRCM4 RCP8.5 QQ corrected data for the future
period (2041-2080).



The corrected RCM flows (H02) show higher erosion potential than the observed hourly data
(HO1), though the overlap between the two is significant. The main reason for the differences are
the missing data within HO1. Therefore HO2 provides the most representative basis for
comparison with the predicted future data. It is important to consider the HO1 data in any case,

given that this dataset is widely available for use by hydrologists.

The results of the four erosion indicators suggests that exceedance hours and number of
exceedance occurrences, if used alone, could underestimate the future increase in erosion
potential. Since the CWI method captures the magnitude of shear stress exceedance above the
threshold value, in addition to the duration and frequency of exceedance, it is a superior stand-
alone method for assessing erosion potential. It is useful to review all the indicators together
however, as frequency of exceedance and total duration can provide context for the CWI and

total exceedance volume.

The CWI results for F45 show that the predicted increase in erosion for RCP4.5 is entirely above
the uncertainty bounds of the 9 calibration models. The maximum CWI for HO2 is 358 kPa.m
and the minimum for F45 is 370 kPa.m. The RCP8.5 results are higher than the F45 results,

though the upper limit of the F45 models is close to the mean from F85.
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2.5 Discussion

Previous work investigating climate change impacts on bed load transport found both positive
and negative trends depending on the studied reach (Praskievicz 2015) while Goode et al. (2013)
found an overall increase in scour potential in salmonid spawning grounds, which was partly
mitigated by biological, morphodynamic and hydraulic factors. Verhaar et al (2011) studied three
tributaries of the St. Lawrence River in response to three GCMs and found variability among
different basins and climate models, but an overall trend that high intensity events would become
more frequent. Caruso et al. (2017) found a similar overall result with variability across basins
and climate models (12 assessed) but an overall upward trend. The CanRCM4 model output have
been found to lie within the upper range of the CMIP5 ensemble (Razavi et al. 2016). So, while
variable responses have been found by other researches and it is still recommended that studies
assessing climate change impacts include more than one model scenario, one may suppose that
future downscaled CanRCM4 output would generate increased discharge and therefore increased
erosion potential, as was observed in this study.

A counterpoint to this has been shown for large watersheds where increased discharges are
expected for the winter, but decreased discharge has been predicted for the summer months
(Crossman et al. 2013; Lotsari et al. 2014). Both trends are influenced by the predicted
temperature increases from the GCMs used. We expect the importance of increased evaporation
and evapotranspiration rates to be muted however, in a highly urbanised watershed like Watts
Creek where the majority of runoff volume and peak flows are driven by the very quick response

of impervious surfaces serviced by storm sewers.

This flashy runoff behaviour is felt to limit the uncertainty introduced to this study by the use of
a hydrologic model with an initial abstraction, rather than direct evaporation, routine. Further, it
may explain the strong trend towards predicted increased runoff volume, peak flows and erosion

potential for the non-winter future periods assessed for both RCP4.5 and RCP8.5.

Sensitivity to estimate of critical shear stress

The results presented in Figure 6 and Table V depend upon the estimate of critical shear stress
for Watts Creek bed material. The measured value of . = 3.7 Pa is reasonable for the bed

material in the study reach, nonetheless, a sensitivity test was conducted to assess the responses
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for T ranging from 1 Pa to 10 Pa. This test is to acknowledge the difficulties in calculating a
precise critical shear stress for clay channels, and the high spatial variability in bed material
strength along Watts Creek.

The sensitivity analysis showed increased future erosion predictions for the entire range with the
largest increase at 7 and 8 Pa for RCP4.5. This shows that the largest increase in CWI between
future and historic flows occurred at approximately double the estimated bed material strength

for this climate scenario. The more severe RCP8.5 peaked slightly higher at 9 Pa.

The representativeness of the simulated flow and shear stress to field conditions is assessed by
considering the reach bankfull characteristics. The bankfull level was estimated in the field
where an abrupt change in cross slope and vegetation cover was observed. The bankfull depth is
approximately 1.1 m at WC4. Parsapour-Moghaddam et al. (2015) measured a flow of 1,368 L/s,
a thalweg depth of 1.1 m, and estimated this flow to be just below bankfull. Therefore, the
bankfull discharge is approximately 1,400 L/s. For the 3.7 Pa estimate of bed strength, the
erosion index routine calculated an equivalent flow of 900 L/s. Conversely, the model finds a
discharge of 1,400 L/s for a critical shear stress of 4.5 Pa. Assuming that the shear stress at
bankfull flow corresponds to the critical shear stress for entrainment, this result suggests that
either the bed material strength may be greater than 3.7 Pa, or the measured water surface slope

through the reach at bankfull flow may be overestimated.

In any case, a range of 22% between simulated bed shear stress at bankfull flow and the average
of the measured bed material shear stress for entrainment is a relatively good match. Further, the
maximum measured bed strength along Watts Creek was 5.1 Pa (Salem et al. 2014; Rennie
2014), greater than simulated shear stress at the model-estimated bankfull flow. Therefore, the
simulated critical shear results correspond fairly well with the visual estimate of bankfull
discharge, suggesting that 3.7 Pa is a useful estimate for the strength of the controlling bed layer
in this reach and that the model produces a reasonable relationship between flow and erosion
potential.

Consideration of channel adjustment

While this study uses continuous hydrographs to assess erosion in response to the full range of

summer hydrographs, it does not include a morphodynamic routine. To estimate future channel
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adjustment, a sensitivity analysis that balances future erosion potential with historic erosion
potential, was implemented. Several erosion index commands with increasingly larger channel
dimensions than the current Watts Creek WC4 section were included in the SWMHY MO input
files. The critical shear stress for entrainment was maintained at 3.7 Pa for these wider channel
segments. The results were processed to assess which increased channel shape would result in
the same work above threshold (CWI) under future flows as is observed for the existing channel

under historic flows.

In this sensitivity analysis for channel adjustment, the concepts of bankfull flow and bankfull
geometry are useful classification tools. This method for estimating channel growth in response
to increased average work during open water yearly conditions yields an increased top (bankfull)
width of 2.4 m for RCP4.5 and an increase of 4.1 m for RCP8.5. The current channel has an
estimated bankfull width of 6.1 m and bankfull depth of 1.1 m. This assessment of increased
width with a stable depth has been considered for two reasons. First, the channel hydraulics in
the erosion routine assume uniform flow and thus, are not adequate to assess the hydraulic
complexities that arise from local channel deepening. Second, and perhaps more importantly for
this particular case, there are twin circular 2.3 m diameter concrete culverts located
approximately 170 m downstream from the channel section of interest. The hard-bottom of those
culverts act as control on the Watts Creek profile through reach M3, and thus deepening to
reduce erosive work may occur locally within the reach, but is not an available mechanism to

reduce erosion potential for the reach in general.

Another factor that suggests widening may be the dominant form of channel adjustment in the
future is the current hydraulic geometry of the section. Previous work on downstream hydraulic
geometry of semi-alluvial (clay) channels in the Ottawa region found a range of bankfull width
to depth ratios of 7.8 to 30.4, with a mean of 16.2 (Ebisa Fola & Rennie 2010). Compared to that
range, the observed width to depth ratio for section WC4 in Watts Creek is very low at 5.5 and

thus may tend to a wider configuration.

While our model does not have a lateral channel migration routine, the channel adjustment
sensitivity analysis approach proposed above quantifies potential future channel widening. In a
review on the prospects and challenges of predicting river change in response to a changing

climate Lotsari et al. (2015) pose an open question on whether the research community should
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focus on enhancing multi-dimensional modelling (example 2-D and 3-D) or instead work on
improving 1-D models to include morphodynamic routines. They conclude by proposing an
idealised model for future analyses would be: 2-D, morphodynamic, unsteady and capable of
simulating the century scale. This is left as a future objective for the research community. In the
meantime, a simpler approach, like the one presented in this study, may be a straightforward and
useful step for the river management community. This may be particularly true for works
affecting small watercourses where schedule and time constraints for studies can be quite strict.

Uncertainty

Uncertainty in the collected data and hydrologic modelling has been managed to some extent
through the multiple model calibrations. Uncertainty in the regional climate model output is
reduced by considering two RCPs and through the quantile matching to rainfall data at the
Ottawa Airport. Significant uncertainty remains in the process nonetheless, particularly with
respect to estimates of both historic and future erosion rates. A threshold model for erosion
analysis is common and can provide useful comparative results, but is a simplification of the
erosion process particularly for semi-alluvial channels. Therefore, the erosion results generally
and the predicted channel widening specifically, cannot be expected to predict future geomorphic
change with a high degree of accuracy, though they can be used to predict the expected trend in
response to climate change and as a comparative result for assessing usefulness of mitigation

measures or sensitivity to other future rainfall scenarios.

43



2.6 Conclusions

A lumped hydrologic model developed for the 21 km? mixed-use Watts Creek watershed was
calibrated to nine different combinations of rating curves and calibration periods using field data
collected in 2015 and 2016. This multiple calibration approach was implemented to capture the
range of uncertainty in: field data collection and limitations in using a single rating curve to

calculate observed discharges for comparison to simulation results.

Continuous 40-year simulations for the historic (1968-2007) and future (2041-2080) periods
were performed with the hydrologic model. Rainfall time series were generated by quantile-
quantile downscaling the CanRCM4 output for RCP4.5 and RCP8.5 at the Ottawa International
Airport. The downscaled data were paired with historic hourly data collected at the airport

(matching daily volume) to generate hourly rainfall files.

The historic and predicted future erosion potential were derived using SWMHYMO’s modified
erosion index. The erosion routine accepts continuous flows as input and calculates cumulative
effective work index (CWI) above a threshold (shear stress) value. The number of exceedance
events, flow volume above threshold and duration of exceedance are also calculated.

Predicted change to the flow and erosive regimes in reach M3 of Watts Creek were assessed
using long-term average results during the open water year, excluding spring freshet. This
method captures potential changes in rainfall distribution, wet and dry antecedent periods, in
addition to predicted changes in event volume and frequency. Using the full natural flow regime
for the open water year, compared to a single representative flow approach, has the benefit of

smoothing out some of the uncertainties inherent in predicting future stream flows.

The mean erosion routine results show an expected increase in the average CWI by
approximately 75% under RCP4.5 and 139% under RCP8.5 based on a measured critical bed
shear stress of 3.7 Pa. The mean total flow volumes in exceedance are 67% and 123% of historic
results while the number of above-critical events per year is only expected to increase by 20%
and 31%. This suggests that not only will the net erosion more than double under RCP8.5, the

erosive work will be done by a greater frequency of relatively large/intense events.

If this predicted increase in erosion potential, and specifically channel widening of

approximately 2.4 m (4.1 m) for RCP4.5 (RCP8.5) were realised, the reach M3 classification
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would change from relatively stable to unstable. Increased erosion would increase sediment load
in the creek, which could be harmful for fish habitat, and would also pose increased risk to
nearby infrastructure. These results suggest the need for further study to understand in more
detail what the potential effects could be and how to either mitigate them or adapt. Particularly,
future work is being considered to include the winter season and spring freshet in the hydrologic
modelling and couple the resulting hydrographs with a 3-D morphodynamic and habitat
suitability model.
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3 Thesis Conclusions

This work has put forward a modelling approach to assess the impacts of climate change on clay-
bed stream erosion at the local scale for a small urban catchment. The numerically efficient
process produces hourly distributions of predicted future rainfall that are sufficiently resolved for
hydrologic modelling. The newly implemented stream-power-based Erosion Index routine
enhances the usefulness of the SWMHY MO hydrologic platform to assess erosion potential. The
numerical efficiency of SWMHY MO allows one to assess erosion response to multiple years
(1,440 for this study) of continuous rainfall and flow output while having the flexibility to
implement a channel adjustment sensitivity analysis approach, which balances future erosion

potential with historic erosion potential, to estimate future channel enlargement.

This process, and the addition of the new Erosion Index routine to SWMHYMO, will be of
benefit to river engineers particularly for studying clay-bed (semi-alluvial) stream behaviour for
ungauged urban watercourses. Cohesive bed, ungauged and urbanised watercourses are common

in the Ottawa area and other parts of Canada that were subject to glaciation.

The predicted future precipitation from CanRCM4 under RCP4.5 and RCP8.5 from 2041-2080
were downscaled to the EC gauge at the Ottawa International Airport. Rainfall data from that
gauge are used as a standard in the City of Ottawa for both continuous hourly historic
simulations and to derive local intensity duration frequency (IDF) curves. The future data were
converted from daily to hourly time series and formatted to meet Environment Canada’s HLY03
element 123 format. These future precipitation datasets could be easily incorporated into
hydrologic and river engineering studies by practitioners, consultants or researchers interested in

the Ottawa area and climate change.

For Watts Creek specifically, the impacts of climate change in the 2041 — 2080 period could
result in significantly more erosion than today, 75% under RCP4.5 and 139% under RCP8.5. The
channel adjustment sensitivity analysis approach gives an estimated increase in channel width of
2.1 m and 4.1 m respectively compared to the current bankfull width of 6.1 m. The next question
would be, what should we do about this potential increased erosion risk, which could put
infrastructure at risk and would harm aquatic habitat? After all, a widening from about 6 m to

10 m seems like a major morphological change. For the sediment transport regime and aquatic
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habitat it certainly would be, but what about infrastructure? Perhaps the answer can be found in
river management rather than engineering. If we consider no-touch offsets for infrastructure
adjacent to watercourses (i.e. a corridor where no physical modifications to the landscape or
construction are permitted), maybe we should just give small channels enough space and not
impinge on their floodways and natural meander belts. From that perspective, a 4 m change
seems quite manageable for a City of 2,700 km?and especially for a country that is about

9.9 M km?,

Considerations toward improved planning would not, however address the risks to existing
nearby infrastructure or aquatic habitat. A finer understanding of the mechanics of the current
and projected future erosion in Watts Creek should be studied to understand how to mitigate

those risks.

3.1 Recommendations for Future Work

The research program for this thesis comprised two main segments, a field work component and
a numerical modelling component. In reflecting on these efforts and the strengths and
weaknesses of the study, some recommendations for improvement come to mind. For the field
program, improved accuracy and scope would be beneficial. Water depths were measured
continuously at the upstream and downstream end of an approximately 80 m reach. More
observation points should be considered to measure the local water surface slopes more
accurately, particularly for low flows. Depths were field verified regularly (every 2 or 3 weeks)
to corroborate the continuous measurements. The water surface slope measurements should be
verified in the field with the same frequency as the depth verification, rather than simply using
temporary benchmarks as the reference measure. For such a short reach, a simple rod and level
survey is straightforward to implement and can provide high accuracy measurement for small
(<10 cm) changes in elevation. The study scope included no- ice-covered conditions and rainfall
as the only precipitation measure, model runs were constrained between April 1% and October
31% of each year. Spring freshet conditions could be incorporated via snowpack monitoring and
depth (flow) gauging starting in March or April. A snowmelt and rain routine could be added to
SWMHYMO, or other software could be incorporated into the process. On the modelling side,
while a channel adjustment sensitivity analysis was implemented, a direct 1-dimensional

morphodynamic model (with a lateral migration subroutine) driven by sediment transport
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relationships could be included. A morphodynamic model would increase computational cost,
but the process could still be more efficient than higher order modelling. A comparison between
the 1-dimensional morphodynamic solution and the channel adjustment sensitivity analysis
SWMHYMO approach would be useful. Finally, two climate scenarios were considered (RCP45
and 85) both from the same RCM (CanRCM4). The analysis, particularly the uncertainty

component, would be improved by assessing future precipitation from more climate scenarios.

Beyond those fairly straightforward recommendations, there are many factors that affect
hydrodynamics and channel morphology that are dynamic in both time and space. Accounting

for these complexities would provide a more rounded and complete analysis.

Luhar et al. (2008) studied the interaction of vegetation patches on relative channel roughness
and found that sufficiently dense vegetation patches prevent turbulence from reaching the bed,
i.e. the underlying bed material is virtually unerodable when covered by patches of dense
vegetation. Related work (Green 2005; Luhar and Nepf 2013) proposed a field and numerical
approach to estimate roughness relative to vegetative growth. They proposed that the seasonal
vegetation changes that drive roughness should be incorporated dynamically into future
modelling studies. While this would be both field and model intensive, it may allow for a greater
understanding of erosive and hydraulic mechanics. Further, these methods could be expanded to
include an additive strength term, as vegetation grows to cover the bare bed in the early spring to
densely vegetated in the mid to late summer for example. Based on qualitative field observations,
the bed and banks of Watts Creek are bare in the spring. In patches, the bed becomes densely
vegetated and likely unerodable in the summer. The banks, particularly at the toe, remain bare
and show signs of active erosion via mass wasting (pock marks with exposed smooth
unweathered clay material). This bank undercutting was previously observed by Rennie (2014)
and Parsapour-Moghaddam et al. (2015). There may be two distinct periods of channel
adjustment, incising into the bare bed material driven by high spring freshet flows and then
widening via bank undercutting once vegetation has become established. The channel geometry
indicates that historically the dominant process has been incision. The existing bankfull width to
depth ratio at reach M3 is 5.5. This is very low compared to the range for semi-alluvial (clay)
channels in the Ottawa area 7.8 to 30.4 found in (Ebisa Fola & Rennie 2010).
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Future work is being considered to use the continuous hydrographs generated from the calibrated
hydrologic models as input to a 3-D morphodynamic and habitat suitability study. Given the
complexities of clay-bed morphology and the seasonal effects of vegetation on roughness and
erodibility this higher level modelling should provide a better understanding of how Watts Creek
is evolving today and what the future may bring. This refined information could inform

mitigation measures to protect aquatic habitat and infrastructure.

The hourly future precipitation (rain) data from CanRCM4 downscaled to the Ottawa
International Airport gauge for RCP4.5 and RCP8.5 have potential usefulness for the river
engineering and research communities as described previously. While two climate scenarios
have been assessed, similar datasets should be prepared from other climate models, both RCMs
and GCMs. This would allow future studies to capture the sometimes divergent predictions and
uncertainty inherent in climate modelling. The approach could also be implemented for locations
across the province and country where sufficient historic hourly precipitation data are available
(minimum 20-years of hourly data). The climate change web based IDF tool by (Simonovic et al.
2016) may provide a useful template for how to accomplish this geographically broad

downscaling task while making the data readily available to the river engineering community.
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Appendix A: Depth, Rain, Flow and Creek profile data collected for
Watts Creek

Figure Al: 2015 depths at sections WC3 and WC4 (upstream and downstream ends of
reach M3) and rainfall data for Watts Creek for June, July and August

Figure A2: 2016 depths at sections WC3 and WC4 (upstream and downstream ends of
reach M3) and rainfall data for Watts Creek for June, July and August

Figure A3: 2015 field flow at WC4 from rating curve DQ1 and rainfall data for Watts
Creek for June, July and August

Figure A4: 2016 field flow at WC4 from rating curve DQ1 and rainfall data for Watts
Creek for June, July and August

Table Al: Discharge measurements collected in Watts Creek

Figure A5: Discharge measurements collected in Watts Creek

Figure A6: Watts Creek thalweg profile from reach M3 to the downstream rail
crossing
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2015 depths at sections WC3 and WC4 and rainfall data for Watts Creek
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Figure Al: 2015 depths at sections WC3 and WC4 (upstream and downstream ends of reach M3) and rainfall data for Watts Creek for

June, July and August. The thalweg inverts are: 69.70 masl at WC3 and 69.61 masl at WC4 (see Figure A6).
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2016 depths at sections WC3 and WC4 and rainfall data for Watts Creek
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Figure A2: 2016 depths at sections WC3 and WC4 (upstream and downstream ends of reach M3) and rainfall data for Watts Creek for

June, July and August. The thalweg inverts are: 69.70 masl at WC3 and 69.61 masl at WC4 (see Figure A6).
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Flow (m3/s)

2015 field flow at WC4 in Watts Creek from rating curve DQ1
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Figure A3: 2015 field flow at WC4 from rating curve DQ1 and rainfall data for Watts Creek for June, July and August.
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2016 field flow at WC4 in Watts Creek from rating curve DQ1
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Figure A4: 2016 field flow at WC4 from rating curve DQ1 and rainfall data for Watts Creek for June, July and August.
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Table A1: Discharge measurements collected in Watts Creek. Flow measurements were

collected at or upstream of section WC4. The riffle located at station 160 (see Figure A6) acts

as a flow control for Reach M3, particularly for low flows.

Depth at Depth for Water
Flow Section WC4 rating curves* Level
DATE (m3/s) (m) (m) (masl)
17-Jul-14 0.088 0.80 0.50 70.41
15-Aug-14 0.170 0.78 0.48 70.39
08-Oct-14 0.450 0.95 0.65 70.56
10-Apr-15 1.368 1.10 0.80 70.71
11-Aug-16 0.012 0.52 0.22 70.13
07-Apr-17 3.439 1.50 1.20 71.11
Omitted points (low roughness, not representative of summer conditions)
21-Sep-15 0.040 0.50 0.20 70.11
23-Oct-16 0.392 0.77 0.47 70.38

* The zero flow depth for the rating curves (DQ1, DQ2 and DQ3) at WC4 is set at
0.30 m above the thalweg elevation of 69.61 masl at WC4.

Measured Flow Data

35! *  Flow data |
' O Omitted flow data x*

0.5 y ]

)
_/
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Y

0 0.5 1 1.5
Depth (m)

Figure A5: Discharge measurements collected in Watts Creek. The depths shown in the figure
and used to generate the rating curve data used in DQ1, DQ2 and DQ3 are based on a zero flow
depth of 0.30 m above the thalweg elevation of 69.61 masl at WC4.
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Elevation (masl)

Watts Creek thalweg profile from reach M3 to the downstream rail crossing
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Figure A6 — Watts Creek thalweg profile from reach M3 to the downstream rail crossing. Section WC3 is at station 289 m, shown by a
vertical dotted black line and WC4 is at station 200 m, shown by a vertical dashed black line. The thalweg elevations along reach M3
were surveyed using a total station, the approximate thalweg elevations between the total station survey extent and the downstream
culvert are based on depth estimates at: the culvert upstream invert; the riffles at stations 70 m and 160 m and at WC4 on August 10,
2016. The culvert invert elevations are from (AECOM 2015). The channel flow direction is from right to left.
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Appendix B: Quantile quantile transform schematic and modelling
process flow chart

Figure B1: Schematic illustrating the quantile-quantile transform using CanRCM 4
data and Environment Canada data from the Ottawa International Airport,
bias correction, before extrapolation by addition

Figure B2: Modelling process flow chart
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Figure B1 - Schematic illustrating the quantile-quantile transform using CanRCM 4 RCP8.5 data for July from the historic period
(1961 — 2011) as the “‘RCM’ dataset and observed data from the Ottawa International Airport collected by Environment Canada over
the same period for the ‘OBS’ dataset. This transformation calculates the bias correction, before extrapolation by addition (see Eqg. 2),
that is applied to the future RCM data. PCP is daily precipitation (mm/day) and CDF is the cumulative distribution function for all
daily precipitation values for July from 1961-2011. The figure does not show the entire distribution, the x-axis extent was limited to
10 mm/day to give a better visualisation of the transform; the maximum PCP values for July in the historic (before correction) period
are 69.9 mm/day for ‘OBS’ and 82.2 mm/day for ‘RCM’.
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Figure B2 — Modelling process flow chart illustrating the model interactions between the

catchment characteristics, the climate model data, the measured field data and the erosion index
routine.
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