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ABSTRACT

Climate change, extreme weather events, and disturbances such as wildfires alter hydrology,
which in turn influences the cycling of water quality constituents such as sediments and
nutrients. Organic carbon (OC) is an important element affecting water quality, as it can
transport heavy metals, contaminants, and can support bacteria and biofilms. A study was
undertaken with the goal of identifying the dominant hydrological processes affecting sediment
and OC load, transport, and fate at the watershed scale, and developing a framework for
simulating the impacts of future climate change and wildfires on sediment and OC export, and
downstream water quality. The Soil and Water Assessment Tool (SWAT) hydrological model
was used to simulate hydrology, erosion, and sediment transport at the watershed scale. The
Elbow River watershed of southern Alberta, Canada was chosen as a study watershed due to its
diverse landscapes, heterogeneous hydro-climate conditions, and access to long-term water
quality data set. An in-stream OC module was incorporated into the SWAT model in order to
connect terrestrial and aquatic OC processes, and simulate in-stream transformations between
OC compounds. The new module successfully captured the seasonality of monthly loads, and
indicated that snowmelt and rainfall are responsible for peak total organic carbon (TOC) loads,
and peak streamflow and sediment loads in late spring and early summer. The calibrated model
was then used for scenario analyses, in which the downscaled climate projections from five
General Climate Models (GCMs) for RCP 2.6 and RCP 8.5 emission scenarios were fed into the
model. To model wildfires, land cover and soil properties were updated in the SWAT source
code to replicate post-wildfire conditions. The average results from the ensemble of GCMs
indicated a sharp decrease in near future (2015-2034) streamflow and sediment yields compared

to baseline conditions (1995-2014), particularly between May-August. The distant future (2043—
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2062) scenario results indicated a slight increase in streamflow and sediment yields relative to
the near future, but were still significantly lower than baseline conditions. In both near and
distant future scenarios the TOC loads decreased, however, their relative concentrations
increased, indicating poorer water quality compared to baseline conditions. Wildfire simulations
largely influenced processes within the wildfire boundary, where surface runoff and the transport
of sediments and TOC increased by more than 500% relative to climate change scenarios without
wildfires. Impacts were also detectable at the watershed outlet, where annual streamflow,
sediment yields, and TOC yields increased by a maximum of 9.3%, 6.5%, and 13.1%,
respectively. Greater relative changes were observed for wildfires combined with the high
emission climate change scenario (RCP 8.5) compared to the low emission scenario (RCP 2.6),
and the watershed responded more strongly to burn severity than burn area. In summary, the
development of the SWAT Organic Carbon Simulation Module for in-stream process
representation and simulation of the impacts of wildfire was deemed a substantial step in
modelling water quality under a changing environment. Model results indicated that climate
change and wildfires would act in a synergistic fashion and negatively influence water quality in
the future. However, further refinement of model parameters are necessary, such as simulating a
top layer of debris and ash following wildfires. As well, this research has highlighted the

importance of collecting pre-wildfire and post-wildfire data for quantifying impacts.
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CHAPTER I - INTRODUCTION

1.1 Climate, wildfires and water quality

Water is essential to all life and is undeniably our most valuable resource; however,
global freshwater resources are unevenly distributed due to natural factors such as climate,
topography, and geography. Various compounds are present within water in suspended or
dissolved forms (i.e., nutrients, soil particles, minerals, metals, etc.), and their distributions are
controlled by physical, chemical, and biological processes. Their presence can be beneficial to
some lifeforms while being detrimental to others. Rapid climate change is increasing global
temperatures and altering spatiotemporal precipitation patterns. As a result, extreme events (e.g.,
drought, storms, and floods), and disturbances such as wildfires are progressively becoming
more frequent and severe. Increasing trends in erosion (IPCC, 2013) and dissolved organic
carbon (DOC) in surface waters of the northern hemisphere, which can deteriorate water quality,
have been linked to climate change (Monteith et al., 2007). Healthy ecosystems achieve balanced
nutrient cycling, but excess DOC can support the formation of bacteria and biofilms (e.g.,
Fischer et al., 2002). Furthermore, DOC can transport metals and organic pollutants, making it
an important water quality constituent (Laudon et al., 2012). Treating DOC in drinking water
requires coagulant, which is both costly and can result in carcinogenic by-products if chlorine-
disinfection is applied (Hohner et al., 2017). According to Health Canada (2017), the filtration of
drinking water should result in the lowest possible turbidity levels (i.e., sediments,
microorganisms, organic debris), and while there are no specific targets for DOC concentrations,

the Canadian province of Ontario (2006) recommends a maximum of 5 mg/L for drinking water.



Anthropogenic greenhouse gas emissions are accelerating global warming, causing some
regions to become dryer while others become wetter. Regardless of the direction of change,
wildfires, heavy precipitation events, floods, droughts, and storms are increasingly common in
many regions (IPCC, 2013). In Western North America, climate change is affecting seasonal
patterns. For example, warmer temperatures are resulting in earlier spring melt in snow-
dominated watersheds, and drier summers are increasing evapotranspiration rates and reducing
streamflow (Islam & Gan, 2015; Rood et al., 2008). However, intense precipitation events are
increasingly common, which increase stream power and the risk of floods. Rainfall dislodges
sediment and nutrients from the ground surface, subsequently transporting them to streams via
surface runoff and subsurface flows, and therefore rain density during storms can be a core
predictor of stream water quality (e.g., Rostami et al., 2018). On the other end of the spectrum,
longer dry periods reduce streamflow, and can result in warmer water temperatures and higher
nutrient concentrations (Wagner et al., 2014). Another risk associated with warming and drying
trends are discrete disturbances such as wildfires (e.g., Flannigan et al., 2005), which can affect
watersheds for years by altering hydrological processes, sedimentation, and nutrient export (e.g.,
Emelko et al., 2011; Noske et al., 2010). In fact, if atmospheric carbon dioxide concentrations
were to triple, as in the worst-case emissions scenario (IPCC 2013), projections indicate that total
annual area burned in Canada and Western U.S.A. could double (Amiro et al., 2009; Flannigan et
al., 2005; Rust et al., 2018). The seasonality of wildfires is also likely to shift, with the greatest

relative increases projected for May and June (Amiro et al., 2009).

As many Canadians rely upon high quality water originating from forested watersheds,
increasing wildfire activity poses a risk to these resources (e.g., Bladon et al., 2014). Forests play

an important role in mitigating water yields, groundwater recharge, peak flows, sedimentation



and nutrient transport, as well as filtering pollutants (e.g., Brandt et al., 2013). Given that boreal
forests make up 33% of forested area on Earth, and 75% of forested area in Canada (Natural
Resources Canada, 2018), it is a key global system for water resources and carbon sequestration.
Boreal forests account for approximately 88% of annual area burned in Canada (Amiro et al.,
2009), and while wildfires are an integral part of the boreal ecosystem, combustion releases large
amounts of greenhouse gases such as carbon dioxide, carbon monoxide, and methane. Therefore,
these atmospheric carbon releases can further accelerate climate change and inherently
contribute to increased wildfire activity through a positive feedback cycle (Amiro et al., 2009;
Wotton et al., 2010). In Alberta, boreal forests make up the majority of forest cover extending
north of the Elbow River watershed (Fig. 1.1). Headwaters originate in the Rocky Mountains in
the west, and water generally drains to the northeast in the northern reaches, and to the east in the
southern agricultural regions. The Eastern Rockies Forest Conservation Board, established in
1948, encouraged aggressive wildfire suppression with the objective of protecting headwater
sources and cutting economic losses in the forestry industry (Willmore and Jensen, 1960).
However, this has resulted in a wildfire deficit, and expansive fuel connectivity combined with
climate change has greatly increased the potential for highly destructive burn events. In addition
to natural factors such as lightning strikes, anthropogenic activity such as industry, campfires,
and improper disposal of cigarettes commonly cause unintentional ignitions (Alberta Wildfire,
2019). In fact, the number of wildfires and total area burned has been increasing in recent
decades and the most destructive events typically occur when conditions are unusually hot and

dry (Alberta Wildfire 2019).
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Fig. 1.1. Wildfire perimeters in Alberta, Canada (1961-2018); the Elbow River study watershed is in lime
green. Data sources: Alberta land use: ABMI Wall-to-wall Land Cover Map 2010 Version 1.0, accessed
July 2019; historical wildfire perimeter from Alberta Wildfire, accessed July 2019.

The removal of canopy shelter and soil organic matter due to wildfire can impact
hydrology and water quality for several years, depending on the total area burned, its location
within a watershed, and other characteristics such as topography and climate (Emelko et al.,
2011; Moody et al., 2013; Noske et al., 2010). Reduced biomass available for evapotranspiration
may significantly increases water yield by intensifying surface runoff (Townsend & Douglas,
2004), and thus erosion and nutrient export, particularly in areas with steep slopes (Bladon et al.,
2014; Cotrufo et al., 2016; Emelko et al., 2011; Silins et al., 2009; Writer et al., 2014). Wildfires

further contribute to surface runoff by altering soil properties, including decreasing hydraulic



conductivity, and increasing water repellency and soil erodibility (Doerr et al., 2009; Ebel &
Moody, 2017; Moody & Martin, 2009). Post-wildfire field studies of a mountainous watershed in
southern Alberta revealed that in-stream total suspended solids (TSS) increased by 1-3 orders of
magnitude (Silins et al., 2009), and DOC increased by 50% (M. B. Emelko et al., 2011).
Additionally, the dissolution of nutrients attached to TSS and alluvial sediments can further
increase dissolved concentrations, such as DOC, and extend wildfire impacts (Cawley et al.,
2018; Cotrufo et al., 2016; Writer et al., 2012). Lower albedo and the loss of shading from trees
can lead to warmer water temperatures, accelerating dissolution rates (Wagner et al., 2014), and
this will likely be further exacerbated by warming climate. Essentially, most impacts of climate
change on freshwater systems are negative and indicate a decreasing trend in both the quantity
and quality of water, accentuating the need for a better understanding of how future conditions

may influence water resources.
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Location within Alberta shown in Fig. 1.1.



1.2 Research objective and hypothesis
Given this context, my research goal was to quantify impacts of climate change and
wildfires on sediment and total organic carbon (TOC) transport by simulating watershed
processes from landscape (e.g., carbon cycle in the soil, loads, and transport to streams) to in-
stream (e.g., transformation between different carbon species and interactions with algae)
throughout a watershed. This required a process-based model that can simulate the interaction of
both terrestrial and aquatic hydrological processes, and cycling of sediments and TOC. The
Elbow River watershed of southern Alberta was chosen as a study area due to its
hydrogeological complexity, varying climate, landscapes, vegetation, and soil properties, and its
importance as a drinking water source for residents of Calgary (Fig. 1.2). As well, this watershed
is overdue for a wildfire (Rogeau et al., 2016), and there is a comprehensive and long-term water
quality data set collected by the City of Calgary, making this an ideal study area. Therefore, we
hypothesized that the development of a new approach for advancing the existing Soil and Water
Assessment Tool (SWAT) model can help to understand hydrological processes affecting water
quantity and quality by conducting scenario analyses to reflect climate change and wildfire
events. The following objectives were defined to attain this research goal:
1. Modelling terrestrial and aquatic dynamics of water, sediment, and TOC at the watershed
scale using an enhanced SWAT model and calibrating and validating model outputs;
2. Assessing performance and uncertainty of the enhanced SWAT model;
3. Developing a framework for modelling the impacts of wildfire by modifying SWAT
model inputs to recreate post-wildfire conditions;
4. Using the calibrated model as a tool to project relative changes in sediment and TOC

loadings under climate change and wildfire scenarios;



5. Assessing uncertainties and performance of wildfire simulations and identifying areas
needing further research.

To achieve objectives 1 and 2 of this research, we used an enhanced SWAT model that
embeds the SWAT Organic Carbon Simulation Module (SWAT-OCSM). SWAT is a physical
and process-based hydrological model (Neitsch et al., 2011). The model takes into account soil
properties, land cover, topography, and climate to simulate key processes related to hydrology,
soil water balance, sediment transport, nutrient cycles in the soil and their transport, and plant
growth. Simulation of organic carbon (OC) dynamics were previously limited to the soil profile
and closely related to cycling of other nutrients such as nitrogen and phosphorous in the soil.
However, simulation of its dynamics, transformation, and transport in the water bodies and
stream network is crucial for water quality management in the watersheds. The new SWAT-
OCSM simulates both terrestrial and aquatic OC processes related to its loads, transport, and fate
at the watershed scale. Model outputs were first calibrated to measured streamflow, followed by
in-stream sediments, and then in-stream TOC.

Applications of the newly developed module include scenario analyses. As wildfires can
alter the transport of water quality constituents, we achieved objective 3 by modifying the
SWAT code to change land use and soil properties to reflect post-wildfire conditions. Objective
4 was satisfied by feeding future climate change data into the model from five downscaled
General Circulation Models (GCMs), and assessing relative changes in water quantity and
quality with and without wildfires. We then achieved objective 5 by comparing our model
outputs to those of other studies in order to assess our wildfire modelling approach and identify

areas requiring further development.



1.3 Contents and structure of thesis:

Chapter 2 introduces the enhanced SWAT model in the context of previous limitations
in simulating TOC dynamics at the watershed scale. In this chapter, we described model set up,
the calibration and validation of streamflow, sediment yield and TOC yields, and then discussed
uncertainties in model outputs.

Chapter 3 describes and assesses wildfire modelling framework. Climate change
scenarios with and without wildfires were applied to the calibrated model in order to project
relative future changes in water quantity and quality in terms of sediment and organic carbon.
Areas of the wildfire modelling approach requiring further refinement were identified.

Chapter 4 summarizes the findings of previous chapters and draws conclusions about the
future of water resources in the face of climate change and extreme events. Finally, the
applicability of scenario analysis methods were linked with the importance of monitoring

watersheds in order to be proactive about water resources.



CHAPTER II - MANUSCRIPT 1

Incorporation of a process-based in-stream organic carbon module into
SWAT to simulate organic carbon load and transport at the watershed scale

Xinzhong Du!, Danielle Loiselle', Daniel S. Alessi!, Monireh Faramarzi'.
' Department of Earth and Atmospheric Sciences, University of Alberta, 1-26 Earth Sciences Building,
Edmonton, AB T6G 2E3

2.1 Introduction

Eroded and leached organic carbon entering streams and other water bodies can cause
degradation of water quality, subsequently having negative impacts on both human and aquatic
ecosystem health (Larsen et al., 2011; Zhang et al., 2013). A surplus of OC can support the
formation of biofilms and bacteria (e.g., Fischer et al., 2002), and ease the transport of organic
pollutants and metals (Laudon et al., 2012). The hydrological cycle drives sediment and nutrient
transport mechanisms, and is affected by climate, human activity, disturbances, and extreme
weather events (e.g., wildfires, storms, droughts, and floods). Climate change and human
consumption or diversion of water have already altered water supply in many areas of the world
(e.g. Gleeson et al., 2012; Pekel et al., 2016; Rood et al., 2005; Vorosmarty et al., 2010), with
implications for water quality. In the case of climate change, it is generally agreed that
temperatures will continue to increase, however, changes in precipitation patterns are
spatiotemporally variable, and global trends indicate an overall reduction in both the quantity and
quality of freshwater (IPCC 2007; IPCC 2013). Higher temperatures and reduced streamflow
lead to longer retention times in lakes, during which heat and nutrients can accumulate and
influence aquatic life and productivity (Larsen et al., 2011; Schindler and Donahue, 2006). The

increase in frequency and severity of events such as wildfires, storms, droughts, and floods are



also associated with climate change, and have implications for both water quantity and quality
(e.g., Amiro et al., 2009; Flannigan et al., 2005; Mahat et al., 2016; Rood et al., 2005; Wang et
al., 2015). For example, surface runoff from heavy rainfall erodes soil particles and attached
nutrients, resulting in turbid waters and higher in-stream nutrient concentrations. Therefore,
storm rain intensity and resulting sediment and nutrient export directly affects water quality
(Rostami et al., 2018). Wildfire occurrences increase surface runoff through the removal of
protective vegetation (Smith et al., 2011), after which both in-stream sediment and OC
concentrations can spike dramatically (e.g., Bladon et al., 2008; Bladon et al., 2014; Emelko et
al., 2011; Writer et al., 2012) and alter water treatment requirements (Hohner et al., 2016).
Health Canada (2017) recommends that filtration systems provide the lowest possible turbidity
levels with an upper limit of 1.0 NTU (Nephelometric Turbidity Unit). Particles contributing to
turbidity can be organic (e.g. microorganisms, or decomposed plant and animal debris) or made
up of inorganic material, such as sediments. As for dissolved organic carbon (DOC)
concentrations, there are no specified guidelines for Canada, but a maximum of 5 mg/L is
accepted in the Canadian province of Ontario (2006). High DOC fluxes present challenges for
water treatment facilities (Emelko et al., 2011; Hohner et al., 2016; Hohner et al., 2017), and
removal can result in carcinogenic disinfection by-products (Regan et al., 2017; Roy et al.,
2006). Since much of the high-quality drinking water in Canada is sourced from forested
watersheds (e.g., Cawley et al., 2018), it is therefore essential to understand how changes in
climate and extreme events might impact source water quality in the future.

Watershed models that integrate terrestrial and aquatic processes are useful and cost-
effective tools for predicting and assessing the impacts of changes in climate and extreme events

on water quality conditions. The Soil and Water Assessment Tool (SWAT) is a widely used
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model around the world and has been used extensively for water quality studies. Its applicability
to modelling in-stream sediments, or nitrogen or phosphorus compounds is well studied, and
scenario analyses are commonly applied in order to quantify possible changes in future water
quality (e.g. Malago et al., 2017; Nguyen et al., 2017; Shrestha et al., 2018; Worku et al., 2017,
Yang et al., 2014; Zeiger and Hubbart, 2016). For example, Nguyen et al. (2017) used SWAT to
model streamflow, nitrate and phosphate loadings into an Australian reservoir, and received
satisfactory calibration results, after which they assessed the impacts of scenarios related to
climate change, land use, and management practices on water quality. Research conducted by
Worku et al. (2017) focused on using SWAT to quantify effects of land use and land cover
changes on increased surface runoff and erosion in Ethiopia. In another study, Wei et al. (2018)
successfully coupled SWAT with a numerical groundwater model to quantify nitrate
concentrations based on nonpoint-source loadings in surface water and leaching into
groundwater of an Oregon watershed. The need for a better understanding of interactions
between natural factors such as climatic change, human activity and hydrology, as well as
models that can better simulate nutrient cycling processes (e.g. concentration and loading from/to
groundwater and streams at the watershed scale) was well documented within the
aforementioned studies.

Despite numerous SWAT water quality models, the representation of organic carbon
(OC) processes in the soil-plant-water continuum within SWAT are simplified. Modelling OC at
watershed scale is not only important for understanding regional carbon cycling, but also useful
for water quality management in streams and other water bodies. Currently, OC modelling in
SWAT is limited to simulation of the soil OC cycle, where it is closely related to processes and

relative amounts of nitrogen and phosphorus (Neitsch et al., 2011). To overcome this limitation,
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Oeurng et al. (2011) established a strong relationship between lab measurements of suspended
sediments and particulate organic carbon (POC), and used calibrated sediment values within the
model to predict POC yields in a watershed. In another study, Yang et al. (2016) examined
SWAT for simulating the net ecosystem exchange of carbon between the land and atmosphere at
ten sites in the U.S.A. and increased model accuracy through the improvement of
parameterization and representation of phosphorus cycling, reinforcing the important relationship
of OC with other nutrients. Zhang et al. (2013) revised the soil OC CENTURY model, originally
developed by Parton et al. (1994), and incorporated it as a new module called SWAT-C. This
module improved simulation of soil organic matter residue processes such as decomposition and
land-atmosphere carbon exchanges, thereby expanding the applicability of the model to climate
change, and carbon sequestration and emission studies. The use of SWAT-C by Zhang (2018) for
the simulation of sediment and eroded carbon yields captured long-term trends, despite errors for
individual years.

Other researchers have endeavored to model OC at the watershed scale. For example,
Lessels et al. (2015) developed a parsimonious watershed DOC model which they coupled with
the Hydrologiska Byréns Vattenbalansavdelning (HBV) rainfall-runoff model. However, the soil
organic carbon (SOC) cycle was not simulated dynamically, and therefore does not account for
temporal changes, such as the addition of OC from plant residue. Additionally, in-stream OC
processes were not included in the model. In another study, Futter et al. (2007) developed a
watershed scale DOC model called Integrated Catchments Model for Carbon (INCA-C), which
simulates both SOC and in-stream DOC processes. However, the in-stream processes only
considered the transformation between DOC and dissolved inorganic carbon, and the SOC

processes were simulated based on a conceptual model instead of a process-based model. The
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INCA-C also does not account for export of OC in suspended sediments. Finally, the Regional
Hydro-Ecological Simulation System (RHESSys) model developed by Tague and Band (2004) is
capable of simulating carbon fluxes at the watershed scale and includes comprehensive terrestrial
plant and soil processes related to carbon and nitrogen cycling. However, the in-stream processes
were only explicitly developed for nitrogen, and therefore this module is not applicable to in-
stream OC studies. A recent study by Fabre et al. (2019) used SWAT model to simulate DOC
and POC loads in Yenisei River basin drained by the Arctic Ocean but the organic carbon
modules they used were based on the empirical regression models based on streamflow and
sediment concentration.

While there have been significant advances in modelling carbon cycling, the studies
described above lack the integration of terrestrial and aquatic processes related to OC cycling.
Therefore, this study aimed to develop a new and applicable module for integrated simulation of
soil carbon processes and in-stream OC processes within SWAT for modelling upstream to
downstream OC loads, dynamics, and transport at the watershed scale. Generally, the goals of
this study were twofold. First, we incorporated a process-based parsimonious in-stream OC
module by modifying its source code to simulate OC loads and transport at the watershed scale.
Secondly, we applied the module to the Elbow River (ER) watershed in Alberta, Canada to
verify the model performance for simulating total organic carbon (TOC) loads and transport at a
regional scale, and provided a calibrated modelling tool for predicting future OC loadings under
the influences of climate change and extreme events. Long-term water quality data sets and
dependency on this watershed for drinking water made it an ideal study area for our new
methodology. The OC module can contribute to a better understanding of the complex relations

between climate, extreme events, OC loading and transport to/from streams within watersheds.
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2.2 Materials and Methods

2.2.1 Study area

The hydrology of the Elbow River (ER) watershed is complex due to its diverse
landscapes, variable climate and a large elevation range (1040-3200 m), among other factors
(Fig. 2.1). This watershed is considered semi-arid, as total rainfall is less than potential
evapotranspiration due to its location in the rain shadow of the Rocky Mountains of southern
Alberta. As the river flows east, it traverses forested foothills, which make way for more gently
sloping grasslands and agriculture. The river then enters urban developments and flows into the
Glenmore reservoir in the east of the study area, which supplies approximately 40% of the city of
Calgary (half a million people) with drinking water (Valeo et al., 2007), and marks the end of the
1200 km? study area (Fig. 2.1). Downstream from the Glenmore dam in downtown Calgary, the
ER merges with the larger Bow River, which is a major tributary of the South Saskatchewan
River system draining the southern portion of the province of Alberta. Streamflow in the ER is
primarily sourced from precipitation and snowmelt in the Rocky Mountains, and groundwater is
the main contributor to baseflow, and therefore both climate and land characteristics play
significant roles in controlling drainage patterns (Farjad et al., 2016; Farjad et al., 2017;
Wijesekara et al., 2012; Wijesekara et al., 2014). Over the last 30 years, average annual
precipitation was 608 mm, and the average air temperature was approximately 2.1°C, according
to climate data from Alberta Environment and Parks (Table S1). From the western mountains to
the eastern plains, annual precipitation generally decreases while average temperatures increase.
According to Environment Canada (Table S1), the average streamflow at the watershed outlet
from 19862015 was 8.8 m®/s, with June peak flows averaging 30.7 m>/s and coinciding with

both peak rainfall and mountain snowmelt, and January-March baseflow averaged 2.4 m?/s.
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Average annual streamflow exhibited a generally increasing trend over the 19862015 period,
which contrasts near-mountain gauges of surrounding watersheds in recent decades, including
the Bow River (Rood et al., 2005).

In a previous study of the ER watershed, Sosiak and Dixon (2006) analyzed spatial
patterns of water quality constituents from 1999-2002. Total suspended solid (TSS)
concentrations were found to increase from upstream to downstream, with the highest values
near the inlet to the Glenmore Reservoir, and the seasonality of TSS coinciding with streamflow.
Suspended solids were defined as residue that had been filtered out, primarily made of soil
particles in addition to chemical or biochemical precipitates. Similar to TSS, TOC concentrations
increased slightly from upstream to downstream, and peak values coincided with spring runoff
and snowmelt. It is also notable that based on thorough water quality monitoring by the City of
Calgary, DOC concentrations in the ER watershed have been steadily increasing over the last
two decades. The Alberta government and its municipalities follow Health Canada’s (2017)
drinking water standards (Alberta Environment and Parks, 2012), and the water authorities in
Calgary have expressed concern about water treatment if a sharp increase in DOC were to occur
(Sosiak and Dixon, 2006). Heavy rainfall events can contribute up to 36-50% of DOC in
tributaries of the South Saskatchewan River (Rostami et al., 2018). Therefore, modelling and

predicting OC yields is a critical step in understanding the future of water supply.
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Fig. 2.1. Location of Elbow River Watershed in Alberta, Canada; land use, subbasins (outlined in black)
and observation stations of Elbow River Watershed. The hydrometric flow and water quality stations in
the map: 1. Bragg Creek; 2. Sarcee Bridge; 3. Elbow Falls; station 2 drains into the Glenmore reservoir of
Calgary.

2.2.2 Hydrology and sediment simulation in SWAT model

The Soil and Water Assessment Tool (SWAT) model is a widely used hydrology and
water quality model that is used for predicting and assessing environmental impacts of land use
change, land management practices, and climate change. Using a digital elevation model (DEM),
the model delineates a watershed and divides the watershed into smaller subbasins. The model
simulates both landscape processes and water routing in aquatic systems (e.g., streams and
reservoirs) at daily time steps within each Hydrologic Response Unit (HRU), which are
subdivisions of subbasins. For each time step, the water yield is calculated as the summation of
three components simulated in each HRU, including surface runoff, lateral flow (i.e., subsurface
runoff) and groundwater discharge to the stream. Water routing through the channel network is
simulated based on the Muskingum routing method or variable storage routing methods, in
which each reach segment receives inflow and then outflow is calculated. Soil erosion and

sediment yield for each HRU are simulated using Modified Universal Soil Loss Equation
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(MUSLE), and there are different model options for sediment routing in the channel that
simulate sediment transport by calculating both sediment deposition and degradation. For OC
processes, SWAT estimates the loads from each HRU transported by soil erosion and water yield
components, after which transport, transformation and reactions of chemicals in the stream and
streambed through the channel network are not simulated (see section 2.3.3). A more detailed

description of SWAT model processes is available from Neitsch et al. (2011).

2.2.3 Organic carbon simulation module in SWAT

Currently, OC modelling in SWAT is limited to simulation of the soil carbon cycle,
which does not allow for studying watershed scale organic carbon dynamics, as in-stream OC
processes are not simulated. Therefore, we developed a parsimonious organic carbon module to
simulate in-stream DOC and POC processes and linked it with the existing SWAT soil carbon
module. The major model processes of the developed module can be found in Fig. 2.2.

Presently, there are three options for simulating the soil organic carbon (SOC) cycle in
the release version of SWAT, which can be defined using the variable ‘cswat’ in the ‘basin.bsn’
file. The first one uses the static SOC content defined by the soil input database. The second uses
one multi-layer, one-pool SOC algorithm to model SOC dynamics (Kemanian et al., 2011). The
third one (SWAT-C) is the most comprehensive SOC model in SWAT, which combines the
CENTURY soil organic matter (SOM) residue algorithm and the modifications in EPIC to
simulate SOM residue dynamics (Zhang et al., 2013). In addition, SWAT-C simulates the
movement of SOC with water flux in the soil, and loss of POC through soil erosion. Specifically,
it calculates the DOC and POC loss from the top soil layer transported by surface runoff and
erosion to the stream, and DOC loss from each soil layer transported by lateral flow to the

stream. However, it does not simulate the DOC loading transported by groundwater flow to the
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stream, nor in-stream processes. In this study, we used SWAT-C to model SOC cycle in the soil
layers and the amount of DOC and POC lost from the soil column. To account for DOC load
contributions from groundwater, we added the processes using similar approach to those used for
calculating dissolved phosphorus load by transported groundwater flow in each HRU and each
time step in SWAT (Neitsch et al., 2011):

DOCyy, = congoc gw - Qgw - 1072 (1)
where DOCy,, is DOC load (kg/ha) transported by groundwater flow, conaoc,gw 1s the DOC
concentration in groundwater (mg/L), which is adjusted in calibration, and Oy, is groundwater
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Fig. 2.2. Model processes for SWAT organic carbon simulation module: (a) pre-existing module in
SWAT for simulation of landscape processes, (b) in-stream processes developed and linked to the
landscape processes in this study.

In order to model the OC load by considering the full spectrum of processes from

landscapes to stream networks at the watershed scale, the aforementioned SOC cycling and
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transport process was linked with a process-based in-stream OC simulation module. In-stream
OC processes with two state variables (POC and DOC) are modeled in the water column (Fig.2).
POC represents non-living particulate detrital carbon. The DOC is simply the dissolved portion
of TOC rather than the portion of OC in suspension. The in-stream OC module receives inputs
(DOC and POC loadings) from the soil carbon module and simulates the transport and
transformations of DOC and POC in the stream network. A main channel unit within the
subbasin receives OC loadings from inflow, including loadings from local subbasin and
upstream channels, and calculates the organic carbon transformations (or reactions) before
routing the loadings via outflow to the downstream channel unit. Therefore, the module can
output DOC, POC and TOC loads and concentrations for each main channel unit of SWAT at a
daily time step. The in-stream DOC and POC processes were incorporated into subroutine
‘watqual.f” of SWAT code version 664, which simulates the in-stream nutrient processes. In
addition, other 12 subroutines were also modified for the OC module, in which new variables
were defined and added within the source code, in order to obtain output data at the HRU and
subbasin levels pertaining to OC.

The reactions simulated in the in-stream module include transformations between
different carbon species (DOC, POC and inorganic carbon) and the interactions between OC,
floating algae, and bed sediment. For in-stream POC reactions, the POC amount increases from
algal death and decreases by dissolution of POC to DOC, and settling to the bed sediment
(Porcal et al., 2015; Worrall and Moody, 2014). The change in POC concentration for a given

day is calculated as follows:

APOC = (fpoc g - pq - algae — kyoe - POC — . Poc) TT )
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where POC is POC concentration in the stream (mg/L), f,oc 1s the fraction of algal death to POC,
., is the carbon to algae biomass ratio, p, is the local death rate of algae (day™'), algae is the
algal biomass concentration of the day (mg/L) simulated by the existing in-stream water quality
module, ko is the POC dissolution rate to DOC (day™'), Ve is the POC settling velocity to river
bed (m/d), /4 is the water depth simulated by SWAT routing module (m), and 77 is flow travel
time in the reach segment (day), which is calculated by the SWAT routing module. The
parameters that can be adjusted for calibration are kpoc and Ve, for POC in-stream processes.

For in-stream DOC reactions, DOC amount may be increased through algal death and
POC dissolution, and decreased by DOC oxidation to dissolved inorganic carbon (DIC) (Porcal
et al., 2015; Worrall and Moody, 2014). The change in DOC concentration for a given day is

determined by the following equation:
4D0C =[(1=f,,.) " @ca p, - algae + kpoe - POC = kgoc. - DOC| - TT 3)

where DOC is DOC concentration in the stream (mg/L), kdoc is the DOC mineralization rate to
DIC (day™) subject to model calibration, and all other variables are defined in Eq. (2). Overall,
there are 7 OC related parameters (see Table 4) needed to be calibrated based on the observed

data. In addition, the algae death rate, POC dissolution rate and DOC mineralization rate are

defined as the rate at 20 °C and are adjusted to the local stream temperature simulated by SWAT

using the following relationship:
k(T) = k(20) - 9Tw—20 4)
where k(T) is the reaction rate at local temperature, k(20) is the defined reaction rate at 20 °C, 6

is the temperature correction coefficient and 7, is the stream temperature simulated by SWAT.
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2.2.4 SWAT model setup

The 1200 km? Elbow River watershed was delineated in SWAT based on a digital
elevation model with a resolution of 30 m and separated into 154 subbasins (Fig. 2.1). Next, 373
Hydrologic Response Units (HRUs) were defined based on unique combinations of land use, soil
type and slope class in each subbasin. Within each HRU, all hydrological, plant, and soil
processes occur homogeneously. The addition of daily climate data between 1980 and 2017,
which includes temperature and precipitation, relative humidity, wind speed, and solar radiation,
has the model ready to run a simulation and generate monthly output data on HRU, subbasin, and
watershed scales. All data used in this study are listed in Appendix A.1. In order to establish
baseline watershed conditions and minimize the impacts of initial conditions on model

simulations, we used a three-year warm up period.

2.2.5 Model calibration and validation

The Sequential Uncertainty Fitting (SUFI-2) algorithm (Abbaspour et al., 2007;
Faramarzi et al., 2009), in combination with a parallel processing scheme, was used for model
calibration and validation of streamflow, sediment, and TOC loads. For a cost effective
calibration, we used a similar approach as Gorgan et al. (2012) and developed a parallel
processing program (PP-program) to calibrate and validate our multi-variable SWAT model
using a 200-core windows-based computer. We parallelized swat simulation runs on 200
independent cores to reduce calibration-processing time. Prior to calibration, both one-at-a-time
and global sensitivity analyses were performed to identify the most important parameters for
calibration purposes (Faramarzi et al., 2009; Faramarzi et al., 2017). We then set an initial range
for each sensitive parameter based on literature values and our earlier studies. Input parameter

ranges were sampled using Latin Hypercube Sampling technique (Ficklin et al., 2013) to create

21



500 samples of parameter sets. Each parameter set was fed into the SWAT model to generate
output variables from SWAT for comparison with measured data using SUFI-2. If the
comparison results were not successful, a new iteration was performed and the procedure
continued until satisfactory results were reached or no further improvements were obtained. In
this study, we used the Nash-Sutcliffe efficiency (NSE) as an objective function, and also
considered the coefficient of determination (R?) and percent bias (PBIAS) as performance
measures. Previous studies have demonstrated that there are trade-offs between different model
performance measures in the context of multi-objective calibration (Confesor et. al., 2007), since
different measures tend to capture distinct aspects of model performances (Du et al., 2019b).
Therefore, we considered the trade-offs of the three performance measures and aimed for an
overall balance in calibration results. In addition, we also qualitatively assessed the model
outputs based on the criteria for watershed model performances summarized by Moriasi et al.
(2007; 2015), which evaluate performance from ‘unsatisfactory’ to ‘very good’ based on the
range of values of measures statistics. In addition, Moriasi et al. (2015) also summarized and
defined performance measure values as being ‘unacceptable’. Specifically, R> <0.18, NSE < 0.0,
PBIAS > £30% for flow, PBIAS > +55% for sediment and PBIAS > +£70% for nutrients
represent ‘unacceptable’ model performance. In this study, we tried to get ‘acceptable’ model
performances based on NSE, R? and PBIAS and above-mentioned thresholds.

Due to the heterogeneous nature of this watershed, streamflow was calibrated
individually for two areas draining into hydrometric stations (Bragg Creek and Sarcee Bridge,
Fig. 2.1) for the period of 2000-2015. For this purpose, we used a parameter regionalization
approach developed by Faramarzi et al. (2009). The calibrated parameters were then used to

validate the model for the 1999-1986 period, in addition to the Elbow Falls station, which was
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operational until 1995. Water quality parameters (i.e., sediments and TOC) were then calibrated
based on measurements obtained by the City of Calgary through grab samples located near the
Bragg Creek and Sarcee Bridge hydrometric stations. The trends of both TSS and TOC
concentrations from 2001 to 2015 closely followed streamflow trends, demonstrating the strong
relationship between water quantity and quality. Earlier attempts for sediment load calibration
were unsuccessful due to variability within the watershed, and the high sensitivity of the channel
sediment parameters, which are uniform within the entire watershed. Other studies (e.g., Du et al.
2019; Zabaleta et al. 2014) have also demonstrated that sediment routing parameters in the
channel are more influential than upland soil erosion parameters in controlling watershed
sediment loads. Therefore, we modified the SWAT code so that the channel sediment parameters
could be adjusted by subbasin rather than being uniform. Since many water quality
measurements are periodic, many studies have applied the Load Estimator (LOADEST) software
developed by USGS (Runkel et al., 2004) to estimate monthly sediment and pollutant loads
based on measured streamflow of the concentration sampling dates, and these values were then
used for model calibration and validation (e.g., Krishnan et al., 2018; Niraula et al., 2013).
Therefore, we used the same approach, in which we calibrated the ER watershed SWAT model
to LOADEST estimates of monthly sediment and TOC loads, using a calibration period of 7
years (2001-2007) and a validation period of 8 years (2008-2015). We used the Maximum
Likelihood Estimation (MLE) method for estimating loads, as the in-stream sediment and TOC
concentrations were uncensored; in other words, measurements below detection limit were not
included. The MLE method assumes that model residuals are normally distributed and have

constant variance.
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2.3 Results and Discussion

2.3.1 Hydrological calibration and streamflow simulation

Monthly streamflow simulations were calibrated to measured volumetric stream
discharge at two hydrometric stations from 2000-2015 with the NSE as the objective function
(Fig. 2.3), and was validated using three hydrometric stations from 1986—-1999, one of which
stopped operating after 1995 (Table 2.1, Fig. 2.1). A total of 87 parameters were used for
streamflow calibration in three subbasin groups that drained into the different hydrometric flow
stations, (i.e., 31 parameters for western subbasins into the Elbow Falls station, 27 parameters for
central subbasins into the Bragg Creek station, and 28 parameters for the easternmost subbasins
into the Sarcee Bridge station). Our one-at-a-time and global sensitivity analysis indicated that
streamflow was typically the most sensitive to channel parameters (Appendix A.2), including
Manning’s “n” value for the main channel (CH_ NZ2.rte), effective hydraulic conductivity of the
main channel alluvium (CH_K2.rte), and bank storage factor (ALPHA BNK.rte). This supports
findings of previous studies, in which Wijesekara et al. (2012; 2014) state that complex surface-
groundwater interactions are prominent in the ER watershed. Other sensitive parameters included
the adjustment of temperature with elevation in the western mountainous region (TLAPS.sub),
and the average slope length (SLSUBBSN.hru). The top 10 sensitive parameters and their
locations within the watershed are listed in Appendix A.2. Not surprisingly, four of the ten most
sensitive parameters were for the headwater region draining into the Elbow Falls station (Fig.
2.1). Monthly hydrographs for the calibration period demonstrate that the model effectively
captured the seasonality of streamflow, although flashiness was underestimated for all years in
the final calibration (Fig. 2.4). The final NSE values for Bragg Creek and Sarcee Bridge stations

were 0.62 and 0.60, respectively (Table 2.1). During initial calibration, peak flows were well-
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represented, but overall water balance was significantly overestimated according to the PBIAS
values which were greater than 30%. In order to bring the PBIAS to an acceptable level, the
trade-off was underestimation of spring peak flows (Fig. 2.1, Table 2.1). According to Faramarzi
et al. (2015), the largest sources of error in physical and process-based modelling are related to
input data, misrepresentation of processes, and oversimplification. Flashiness and peak flow rates
in the spring (e.g., the 2005 flood caused by heavy rains and the 2013 flood caused by a rain-on-
snow event) were significantly underestimated. This may be attributed to the lack of climate data
after 2008 for certain climate stations, as well as SWAT’s misrepresentation of insulation
provided by snow cover for a large part of the year as described by Qi et al. (2016; 2017). Winter
streamflow may also be misrepresented due to partial or complete freezing of the top layer of the
stream. Additionally, the lack of climate stations within the boundaries of the study area may
also have contributed to underestimation of streamflow during these years, as mountainous
regions are prone to spatially variable precipitation and temperature (Fig. 2.1). In spite of these
potential sources of error, a visual form of performance assessment demonstrated correlation of
the timing and seasonality of base and peak flows (Fig. 2.4), which is important to consider in

conjunction with statistical measures (Krause et al., 2005).
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Fig. 2.3. Scatter plot of monthly streamflow simulation results for a) Bragg Creek, and b) Sarcee Bridge
(watershed outlet).
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Table 2.1. Monthly streamflow calibration and validation statistics; Elbow Falls operational from 1986—
1995; Bragg Creek and Sarcee Bridge operational from 1986-2015.

Stations Calibration (2000-2015) Validation (1986-1999) All (1986-2015)
NSE R’  PBIAS NSE R’  PBIAS NSE R PBIAS
Elbow Falls - - - 062 0.62 -03 062 062 -03
Bragg Creek  0.62 0.64 -10.5 075 073 93 0.66 0.68 -9.9
Sarcee Bridge  0.62 0.67 9.7 0.70 0.70 -13.3 0.63 068 -11.2

2.3.2 Sediment load simulation

Following streamflow, the sediment load was calibrated (2001-2007) and validated
(2008-2015) using the estimated monthly sediment loads of the two stations (Fig. 2.5 and Fig.
2.6). Similar to streamflow, sediment channel routing parameters (PRF, SPCON and SPEXP)
were among the most sensitive during model calibration as compared to parameters related to
soil erosion in the landscape HRU units (Table S3), mirroring the findings of other studies (Du et
al. 2019; Zabaleta et al. 2014). These three parameters determined the sediment mass balance in
the channel by impacting sediment deposition and re-suspension, and results were improved by
modifying these parameters by subbasin rather than having them be uniform throughout the
watershed. Table 2 outlines the model performance statistics for periodic monthly sediment load
simulations of the two stations. We assessed model performances of sediment load simulation
based on the evaluation criteria suggested by Moriasi et al. (2007; 2015). The final PBIAS values
of sediment simulations during the whole simulation period (Fig. 2.5) were all assessed as
‘satisfactory’ (within £20%) according to the criteria, indicating that there are no systematic
errors and the magnitudes of sediment loads are captured. For the NSE and R?, performances for

Bragg Creek station during calibration period were assessed as ‘satisfactory’ and ‘very good’,
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respectively and performances for Sarcee Bridge station during calibration period were assessed
as ‘satisfactory’ and ‘good’, respectively. However, NSE and R? values for two stations during
validation period were assessed as ‘unsatisfactory’ based on the criteria but were ‘acceptable’
according to the recommended thresholds (R*>0.18 and NSE >0.0), where monthly and seasonal
trends are still captured. Nonetheless, some literature suggests that NSE values could be as low
as 0.2 for a ‘satisfactory’ model performance (Tuppad et al., 2011; Ni et al., 2018). Comparisons
of simulated and observed monthly sediment loads for the two stations showed satisfactory
correlation (Fig. 2.5), and the model was also able to capture seasonal and monthly variations in
the correct order of magnitude (Fig. 2.6). A lower performance for sediment load simulation was
expected since there are more uncertainties for simulating soil erosion and sediment transport
processes in SWAT compared to streamflow simulation (Chen et al., 2017). In addition, in-
stream TSS measurements were taken at inconsistent intervals, and any uncertainties from

hydrological simulation would have propagated into sediment simulation.

Table 2.2. Monthly sediment load calibration and validation statistics.

Stations Calibration (2001-2007) Validation (2008-2015)
NSE R PBIAS NSE R’ PBIAS

Bragg Creek 0.47 0.88 -1.3 0.21 0.27 -95.7

Sarcee Bridge 0.55 0.79 -43.8 0.13 0.29 26.3
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Fig. 2.6. Boxplots of observed and simulated sediment loads for 2001-2015 period at monthly scale: a)
Bragg Creek; b) Sarcee Bridge.

2.3.3 Organic carbon simulation in Elbow river watershed

The developed OC module was calibrated and validated using the estimated monthly
TOC loads of the two stations and the best parameters obtained from previous streamflow and
sediment calibration (Section 2.4.1, and 2.4.2). The calibrated organic carbon parameters for the
two stations with their ranges are listed in Table 2.4. Of the seven total parameters for TOC
calibration, four are HRU scale parameters, which control the amounts of OC transported from
soil to the stream. The remaining three parameters are reach scale parameters for in-stream OC

reaction rates. In this study, the performance evaluation criteria for monthly nitrogen and
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phosphorus simulations suggested by Moriasi et al. (2015) were used as reference to assess the
simulation performances of monthly TOC loads. For the whole simulation period (Fig. 2.6), the
performances for monthly TOC loads at Bragg Creek were assessed as ‘good’ based on NSE, R?
values and PBIAS value (NSE>0.5, R*>0.6, PBIAS<+20) and ‘very good’ for Sarcee Bridge
Station (NSE>0.65, R>>0.7, PBIAS<%15). For the calibration period, all six performance
measures of the two stations in Table 2.3 are assessed as ‘very good’. For the validation period
of Bragg Creek Station, model performance was assessed as ‘good’ based on NSE and
‘satisfactory’ based on R? and PBIAS. For validation period of Sarcee Bridge Station, model
performance was assessed as ‘very’ good based on NSE and PBIAS and ‘good’ based on R?.
Therefore, the performance for monthly TOC loads simulations in the ER watershed by the
developed module are assessed as ‘good’ overall. Based on the visual comparisons of simulated
and observed monthly TOC loads (Fig. 2.7), the TOC loads were acceptable as they follow a
similar temporal trend as the observed data. However, some peak loads during high summer
flows were underestimated, which was partially caused by the underestimation of peak
streamflow and sediment loads, since flow and sediment processes control the transport of OC in
the watershed. The underestimation of peaks can also be attributed to the uncertainties of input
data and model structure. As was mentioned previously, the quality of input data, especially the
temporal and spatial resolution of the precipitation and temperature data, has substantial impacts
on the simulations of peak storm events. Since SWAT is a continuous model that uses a daily
time step, it tends to underestimate the peak streamflow, sediment, and chemical loads for days
having short intense storm events (e.g., Asadzadeh et al., 2016; Du et al., 2019b, Qiu and Wang,
2014; Zeiger and Hubbart, 2016). This leads to model uncertainties, as short intense storm events

are prominent in the ER watershed during summer months (Appendix A.1). The boxplots of

31



observed and simulated monthly TOC loads during the simulation period (Fig. 2.8) indicate that
the long term monthly and seasonal variations in TOC load were successfully captured in the

correct order of magnitude, much like the sediment simulation.

Table 2.3. Monthly TOC loads calibration and validation statistics.

Stations Calibration (2001-2007) Validation (2008-2015)
NSE R’ PBIAS NSE R PBIAS
Bragg Creek 0.71 0.71 -4.8 0.57 0.58 -27.1
Sarcee Bridge 0.74 0.82 -0.2 0.66 0.66 9.7

Table 2.4. Model parameters for TOC loads with the ranges and calibrated values

Calibrated value

Name Scale Description Unit  Range
Bragg Sarcee
Creek Brldge
enr_poc HRU POC enrichment ratio none  0-5 1.93 1.00
perco doc HRU  DOC percolation coefficient for none  0-1 0.98 0.19
top soil layer
CONdoc,gw HRU DOC concentration in groundwater mg/L  0-5 0.6 2.6
flow
kd oc HRU  Organic carbon partition none  500- 1379.8 499.0
coefficient for DOC production 1500
kpoc Reach POC dissolution rate to DOC /day  0.001-  0.15 0.17
0.2
Vet Reach POC settling rate m/day 0-5 4.52 3.05
kdoe Reach DOC mineralization rate /day  0.01- 0.05 0.11
0.2
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Fig. 2.7. Monthly TOC load simulation results with model performance statistics for the whole simulation
period (2001-2015): a) Bragg Creek; b) Sarcee Bridge.
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Bragg Creek; b) Sarcee Bridge.

2.3.4 Application of model for identifying key processes controlling TOC dynamics
and comparing with other studies

To identify the key processes controlling TOC dynamics, parameter sensitivity was
conducted using the global sensitivity approach (Faramarzi et al., 2009). The two most sensitive
parameters for the area draining into Bragg Creek station were kd_oc and Ve, which control the
DOC production in the soil layers and POC settling from the water column to riverbed in the
reach, respectively (Table 2.5). As for Sarcee Bridge, the most sensitive parameters were kd_oc,
followed by enr_poc, and Vies; the enr_poc parameter controls the amount of POC transported by
soil erosion from the top soil layer to the stream. Parameter sensitivities indicated that the DOC

production in the soil is the most important process, followed by POC settling in the stream
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(Table 2.5). Overall, our results suggested both landscape and stream processes control TOC
dynamics in the ER watershed, confirming the necessity of integrating terrestrial and aquatic OC
processes for modelling their combined watershed scale dynamics. Other processes that directly
influenced TOC dynamics include climate. For example, SWAT simulates the growth rate of
algae adjusted by water temperature (Neitsch et al., 2011), meaning warmer summers or global
warming could result in accelerated growth rates, subsequently increasing in-stream POC. Heavy
rainfall events increase surface runoff and lateral flow, and therefore the transport of POC and
DOC to streams (e.g., Rostami et al., 2018). It follows that streamflow, which is primarily
controlled by precipitation, determines the proportion of POC that remains suspended or settles
onto the streambed (equation 2), implying that peak flows or storms flows would increase export
of particulate matter. Warmer stream temperatures also increase the dissolution rate of POC to
DOC (equation 2), as well as the mineralization rate of DOC to dissolved inorganic carbon
(equation 3). Therefore, climate change and seasonal variations also play an important role in
watershed carbon dynamics. In addition, we also analyzed the impacts of in-stream processes on
controlling the TOC flux in the ER watershed based on the modeling results. We summarized the
total TOC loads export from the subbasins to the streams and compared it with the load at the
watershed out. The results showed that the whole ER watershed exported 2071.1 tons/yr TOC
loads during the 15years period to the stream network, while the TOC load at the outlet was
915.3 tons/yr. It indicates that about 55.8% of TOC loads were lost due to the in-stream
processes at the whole watershed scale, which were mainly caused by the processes such as POC
settling and DOC mineralization

There are some previous studies aimed to model organic carbon at the watershed scale.

For example, a parsimonious watershed DOC model based on the Hydrologiska Byréans
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Vattenbalansavdelning (HBV) was developed by Lessels et al. (2015). However, the SOC cycle
was not simulated dynamically and in-stream organic carbon processes were not included in that
model. Futter et al. (2007) developed a watershed scale DOC model, which simulates both soil
carbon and DOC in-stream processes. However, the in-stream processes only consider the
transformation between DOC and dissolved inorganic carbon and the SOC processes were
simulated based on a conceptual model instead of the process-based model. In addition, the
Regional Hydro-Ecological Simulation System (RHESSys) is able to simulate the watershed
scale organic carbon fluxes (Tague and Band, 2004), but the in-stream processes were not
explicitly included.

In this study, we developed a process-based in-stream OC model and integrated it with
comprehensive SOC module in SWAT (Zhang et al., 2013), which simulates the SOC cycle
using five different SOM pools. Therefore, it is able to mimic the complex OC cycle in both
terrestrial and aquatic environments and to simulate the fate and transport of OC at the watershed
scale, in addition to in-stream transformations between carbon compounds. In the coupled DOC
model developed by Lessels et al. (2015), in-stream DOC concentrations typically followed
streamflow patterns, and began to increase during the onset of spring freshet as high water
movement displaces more DOC from the soil. Streamflow was also a predictor of OC export in
the ER watershed, indicating the importance of snowmelt and precipitation for carbon dynamics.
Our model results are also comparable to those of the INCA-C (Futter et al., 2007), in which
DOC concentrations were also sensitive to initial soil carbon content. The INCA-C significantly
underestimated high DOC fluxes in the summer, which was partly attributed to lower flows, and

was likely also influenced by the model’s inability to simulate POC transport from the landscape.
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Table 2.5. Parameter sensitivity analysis for TOC load simulation at two stations

Bragg Creek station Sarcee Bridge station

Parameter name Sensitivity ranking Parameter name Sensitivity ranking

kd oc 1 kd oc 1
poc_setl 2 enr_poc 2
perco_doc 3 poc_setl 3
enr_poc 4 perco_doc 4
kdoc_rch 5 kdoc rch 5
gwe _doc 6 gwc_doc 6
kpoc_rch 7 kpoc rch 7

In addition to the monthly TOC loads, annual loads at the Sarcee Bridge station were
further analyzed in order to characterize temporal TOC dynamics in the ER watershed. Annual
TOC loads ranged from 114.9 to 2584.7 tons/year during the simulation period with an annual
average of 915.3 tons, representing the approximate amount of TOC entering the Glenmore
reservoir. The maximum (2584.7 tons) and minimum (114.9 tons) annual loads occurred in 2005
and 2001, respectively, which were the wettest and driest year during the simulation period. This
indicated that hydro-climatic conditions, such as surface runoff and lateral flow resulting from
precipitation, are the main drivers for inter-annual variation of TOC loads. To analyze the long-
term seasonal variations of TOC loads, monthly averages at Sarcee Bridge during simulation
period (2001-2015) are shown in Figure 9. TOC loads became elevated in April when snowmelt
typically begins, and peaked in June (Fig. 9). The three months from May to July accounted for
68.8 % of the annual TOC export in the ER watershed, because spring snowmelt runoff and
summer rainfall runoff events in the ER watershed are concentrated in this period and are the

main driving forces for loads and transport of OC in the watershed. Therefore, if future
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conditions change due to climate change or extreme events, it is likely during this period that OC

loadings into the reservoir could become problematic.
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Fig. 2.9. Long-term (2001-2015) average monthly simulated TOC load variation at the Sarcee Bridge
station.

2.3.5 Limitations and future studies

Because of the parsimonious nature of this module, some processes were simplified since
we opted to minimize the parameter and data input requirements. For instance, the average DOC
concentration in groundwater flow was used to calculate DOC loads transported by groundwater
flow, rather than simulating detailed DOC mass balance and reactions in shallow aquifers. In
addition, two state variables, DOC and POC, were used to model in-stream OC dynamics,
although in reality, DOC and POC could be further subdivided into the labile and refractory
fractions based on relative different decay rates of organic matter (Sempéré et al., 2000). For
example, the turnover time of labile soil OC is typically 1 to 5 years, while the turnover time of

refractory fractions could reach 200—1500 years (Parton et al., 1987). Therefore, four state
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variables, LPOC, RPOC, LDOC and RDOC, could be used in the future to develop a more
complex in-stream OC module to depict in-stream organic transport and reactions. At the same
time, this could bring forth more model uncertainty because complex model processes usually
require more parameters and input data, and there is usually a trade-off between model
complexity and its applicability (Du et al., 2014). Future field and laboratory studies involving
in-stream organic carbon could be incorporated into a more complex model that includes
additional state variables and parameters. Furthermore, comparison could be performed between
the module in this study and a complex in-stream organic carbon module. Despite the long-term
water quality record of the ER watershed, it was challenging to capture heterogeneities and
fluctuations with the model. We assume in this study that the sample nutrient and sediment
concentrations were representative of the entire water column and remain uniform throughout the
day, when in reality they would vary spatially and temporally. Another source of error could be
the resolution and accuracy of input data such as climate, and geospatial data, including land use,
which remained static throughout the simulation, in addition to the soil inputs, which were rather
coarse. In terms of scenario analysis related to climate change, anthropogenic activity or extreme
events, the calibrated model would likely be better suited for capturing monthly and annual
trends rather than immediate changes related to water quality. Natural processes impacting OC
also occur in the Glenmore Reservoir, which is outside of the study area, and these could mediate
or exacerbate nutrient fluxes before the water reaches the treatment facility by the dam.
Furthermore, data obtained from in-stream water samples do not differentiate between DOC and
POC fractions of TOC; therefore, it was not possible to verify whether the model is appropriately
capturing individual fractions. However, based on the seasonality of measured sediments and

TOC, we hypothesized that the particulate fraction is more sensitive to streamflow as it can be
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attached to soil particles. The model should be applied to other watersheds with different
landscapes and climate, and where both DOC and POC concentration measurements are

available.

2.4 Conclusion

A process-based parsimonious in-stream organic carbon (OC) module was developed and
incorporated into the SWAT model and linked with the existing soil carbon module in order to
simulate OC dynamics at the watershed scale. In-stream OC processes with two state variables
(POC and DOC) are modeled in the water column, which considers the transformations (or
reactions) between different carbon species and interactions between OC and algae. The model
performance was assessed for simulating total organic carbon (TOC) loads in the Elbow River
watershed in Alberta, Canada. The hydrological and sediment processes within SWAT were first
calibrated and validated on a monthly time step using the observed data. Overall, the calibrated
SWAT model achieved ‘satisfactory’ simulation results for streamflow and sediment loads, and
was then used to model TOC loads. The simulation performances for monthly TOC loads of the
two stations using the developed module were assessed as ‘good’ based on evaluation criteria,
and the calibrated model successfully captured the seasonal and monthly variations. Model
results suggested that snowmelt and rainfall runoff events are two of the main driving forces for
OC transport in the Elbow river watershed, which peak in the late spring and early summer.
Parameter sensitivities suggested that TOC dynamics in the ER watershed are controlled by both
landscape and stream processes, confirming the necessity of integrating terrestrial and aquatic
OC processes for modelling their watershed scale dynamics. Therefore, the developed OC
module can be an effective tool for simulating the OC cycle at the watershed scale. This study

was an important step towards a better understanding of the processes that govern the watershed
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OC cycle, and this module may be applied to studies looking at the relationship of OC to
nitrogen and phosphorous. Furthermore, scenario analyses regarding climate change, extreme
events, and human activity impacts on TOC export in river basins could be useful to water

treatment plans and watershed management.
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3.1 Introduction

Climate change has increased the frequency, size, and severity of natural disturbance
events such as wildfires, droughts, and storms (e.g., Mahat et al., 2016; IPCC, 2013; Wang et al.,
2015) that drive hydrological processes influencing water quality. In particular, the combination
of hotter summers with higher frequencies of drought and thunderstorms has favored the ignition
of wildfires (Flannigan et al., 2005; Marlon et al., 2012). Since air temperature and fuel moisture
are key factors affecting combustion, wildfire severity and frequency are projected to continue
increasing (e.g., Coogan et al., 2019; Flannigan et al., 2005). Additionally, aggressive wildfire
suppression in many parts of the world, including Western North America, has increased fuel
connectivity and the risk of extensive and destructive burn events (e.g., Marlon et al., 2012;
Willmore and Jensen, 1960). In the Western Canadian province of Alberta, 10 of the 20 years
with the largest burn areas since 1961 have occurred after 2000 (Alberta Wildfire, 2019). One of
the most notable occurrences was in 2016, when an uncontrollable wildfire destroyed 589,552 ha
of boreal forest and infrastructure within the city of Fort McMurray in northeastern Alberta,
resulting in $3.7 billion dollars in insured property losses, the largest natural disaster in Canadian

history (MNP LLP, 2017). Another record-setting example was the Lost Creek wildfire in
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southwestern Alberta, which ignited during unusually high temperatures in the summer of 2003,
burning over 21,000 ha of forest and incurring $38 million in firefighting costs (Kulig et al.,
2009).

The source water supplies in many regions of the world are potentially vulnerable to
catastrophic wildfire (Robinne et al., 2018; 2016), and in most regions, water and land managers
lack the tools to assess potential wildfire- or climate-associated risks (Robinne et al., 2019).
Indeed, wildfires can contribute to reduced source water quality following a wildfire, which can
challenge the community drinking water treatment process performance and increase operational
costs (Emelko et al., 2011; Emelko et al., 2016). For example, wildfires reduce canopy
interception, decrease evapotranspiration, and change soil hydraulic properties, resulting in
decreased groundwater recharge, and higher soil water content, peak flows, and annual water
yields (Ebel & Moody, 2017; Hallema et al., 2018; Townsend & Douglas, 2004). The loss of
vegetation also exposes soils to forces exerted by precipitation, increasing the potential for
erosion, sediment transport to streams, and debris flows (Gartner et al., 2008; Robichaud et al.,
2016; Silins et al., 2009). This increases the delivery of water quality constituents such as
sediment and nutrients (i.e., organic carbon, phosphorous and nitrogen) to streams in both the
dissolved (Bladon et al., 2008; Rhoades et al., 2019) and particulate forms (Emelko et al., 2016;
Rust et al., 2018). For instance, in-stream organic carbon (OC) can increase following wildfires,
and the dissolved fraction is particularly challenging to remove from drinking water (e.g.,
Hohner et al., 2017). OC is a key water quality indicator due to its ability to transport heavy
metals and organic contaminants, as well as support bacteria and biofilms (e.g., Fischer et al.,
2002; Laudon et al., 2012). Often, high severity wildfires consume soil organic matter

(Gonzélez-Pérez et al., 2004; Smith et al., 2011), leaving mixed layers of ash (Smith et al., 2011)
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and other incomplete combustion products, such as charcoal and charred biomass, which contain
OC in the form of pyrogenic carbon (PyC) (Abney et al., 2019). Wildfires can cause water-
repellency in soils that can persist for over a year, depending on factors such climate and soil
type (Abney et al., 2019; Doerr et al., 2009; Plaza-Alvarez et al., 2018). The lower densities of
PyC and ash make them easily transportable by surface runoff, and PyC has higher surface area
and 1s more hydrophobic than non-PyC making it a sorbent for organic matter (Abney et al.,
2019). As well, alluvial deposits and increased suspended solid levels can facilitate dissolution of
particulate organic matter attached to solid particles (Cawley et al., 2018; Cotrufo et al., 2016;
Writer et al., 2012). However, the magnitude and longevity of effects from wildfire generally
remain uncertain.

Given that the majority of Canadians rely on high-quality drinking water originating from
forested watersheds in the Rocky Mountains (e.g., Bladon et al., 2014; Schindler & Donahue,
2006), it is increasingly important to understand the likely range of effects on water resources in
the face of climate change and extreme weather events. Many researchers have applied
hydrological models to assess watershed responses to climate change, land cover changes,
disturbances, and extreme weather events, by analyzing relative changes in water quantity or
quality parameters (e.g., Larsen et al., 2011; Malago et al., 2017; Shrestha et al., 2017; Shrestha
& Wang, 2018). Regression models can be useful in those rare instances where local data is
available before and after discrete disturbance events (e.g., Rodriguez-Jeangros et al., 2018; Yu
et al., 2019), but even then, their application is limited to establishing empirical relationships at
specific sites. Therefore, it is not possible to utilize these models to predict changes at the
watershed scale under changing climate or land cover. However, process-based models have a

distinct advantage in their applicability to “what if”” scenarios to project expected changes in

51



water quantity and quality to future climate change, extreme weather events, or discrete
disturbance events.

The SWAT (Soil and Water Assessment Tool) model is a semi-distributed and process-
based hydrologic and water quality model that has been extensively applied to water quality
studies and scenarios analyses (e.g., Azari et al., 2017; Havel et al., 2018; Hernandez et al., 2018;
Moran-Tejeda et al., 2015; Rodrigues et al., 2019; Worku et al., 2014). The majority of these
studies addressed changes in hydrological processes, erosion, sediment transport, and nitrogen
and phosphorous transport and cycling under various scenarios such as climate change or
management practices. Limited studies have recently addressed the effects of discrete
disturbance events such as wildfires on water quantity, without assessing water quality
parameters such as sediment and organic carbon (OC). For example, Havel et al., (2018) used
SWAT to simulate the hydrologic response to the 2012 High Park and Hewlett wildfires in
Colorado, using streamflow data that was available before and after the wildfire. In general, their
model projected increases in total annual runoff volumes, which were primarily related to
increases in surface runoff and corresponding decreases in subsurface flow due to the wildfire. In
another study, streamflow accuracy improved when Hernandez et al., (2018) updated land cover
annually, rather than every five years in a SWAT model. Canopy interception and surface
roughness parameters were updated in the model to reflect disturbances such as wildfires, tree
harvest, and pine beetles, using satellite imagery for ten watersheds in the Northern US Rocky
Mountains, confirming the importance of vegetation in regulating hydrological processes. Other
relevant wildfire studies are related to land cover change and potential impacts on hydrology in
models that were calibrated to measured streamflow (Moran-Tejeda et al., 2015; Rodrigues et al.,

2019). Rodrigues et al. (2019) found that larger prescribed burn simulations increased
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streamflow and considerably reduced aquifer storage in a tropical Brazilian watershed. Moran-
Tejeda et al. (2015) combined climate change and land cover scenarios for a mountainous
watershed in Spain, and found that overall water yield decreased from 2021-2050 compared to
1961-1990, particularly in spring and summer months. Surface runoff and streamflow increased
for wildfire scenarios, and decreased for reforestation scenarios.

While the above-mentioned studies assessed the response of hydrology and water quality
to climate change scenarios, to our knowledge, none have used hydrological models to assess the
impacts of both climate change and wildfires on water quality parameters (e.g., sediment, OC),
by studying landscape and aquatic processes at a watershed scale. Specifically, there are limited
studies that assess the impacts of climate change on watershed organic carbon (OC) dynamics.
Given the previous limitations of SWAT in simulating OC dynamics, Du et al. (2019a) recently
developed the SWAT Organic Carbon Simulation Module (SWAT-OCSM), which can
successfully simulate OC transport by erosion and runoff, in-stream OC processes, and OC
loading at the watershed scale. It follows that in-stream OC has not yet been considered in
scenario analyses. Thus, our objective was to develop a framework to (1) assess watershed
responses to climate change and potential wildfires using an improved SWAT model, and (2)
interpret model outputs to identify which processes could influence future water quality. This
was achieved by simulating processes associated with streamflow, sediment yield, and organic
carbon in a watershed with heterogeneous soil, land use, and geospatial conditions characterized
by cold region hydrology (e.g., Pomeroy et al., 2007). We then examined both climate change
and potential wildfire scenarios and simulated spatiotemporal variation of hydrological and water

quality responses (i.e., sediment and OC) for the Elbow River (ER) watershed of southern
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Alberta, Canada, which was used as an experimental study area to assess the performance of the

SWAT-OCSM.

3.2 Materials and methods

3.2.1 Study area

The Elbow River (ER) is located in the montane and foothills region of southwest
Alberta, Canada. This watershed is ideal for modelling water quality processes and conducting
scenario analyses due to its unique hydrological characteristics as well as access to a
comprehensive water quality data set from the municipal water authorities of the City of Calgary.
ydrology of the ER is complex, as the watershed spans diverse landscapes where abrupt weather
changes are common due to the influence of the Rocky Mountains (Fig. 3.1). Headwaters
originate in the mountains (3,205 m elevation) and flow east through boreal forests (Natural
Resources Canada, 2017), after which the landscape becomes flatter and human influences
increase in the form of agriculture, pastures and suburban residences. According to Alberta
Environment and Parks, climate is semi-arid with average annual precipitation of 608 mm
(Appendix A.1.), with the Rocky Mountains receiving nearly twice as much annual precipitation
as Calgary. According to streamflow data from Environment Canada (Appendix A.1), peak
streamflow occurs in June, coinciding with both peak snowmelt and rainfall, and baseflow
occurs between January and March, which is primarily sourced from groundwater (Farjad et al.,
2016; Wijesekara et al., 2014). In the ER watershed, the distribution of vegetation is highly
correlated with soil type (Fig. 3.1c & 1d), and details about soil properties are found in Table 3.1.
The lower reach of our study was the mouth of the Glenmore Reservoir in Calgary (1,039 m

elevation), which is the primary source of drinking water for 40% of the city’s population of 1.3
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million people (City of Calgary, 2018). The reservoir has a surface area of 3.8 km? and a mean
depth of 6.1 m, and water has predominantly low turbidity (Crosby et al., 1990). Previous
research by Sosiak & Dixon (2006) has linked water quality in the Glenmore Reservoir to the
impact of land use changes and cohesive sediment in the ER watershed. These cohesive
sediments are stored in the upper part of the gravel riverbed, and are re-entrained during high
flows, eventually making it into the reservoir.

The mean annual area burned in Alberta from 1961 to July of 2019 was 168,436 ha, with
10 of the 20 years with the highest burned area occurring since 2000 (Alberta Historical Wildfire
database 2019). Specific to our study, the Rocky Mountain region encompasses 7.4% of the area
of Alberta but, accounts for 12.6% of the annual area burned. Wildfires in the montane and
foothills region previously occurred at intervals of approximately 2639 years (Rogeau et al.,
2016), and with the last notable wildfire occurring in 1936, the ER watershed is statistically
overdue for a large wildfire. The majority of other reported wildfires were either Class A (<0.1
ha) or Class B (0.1-4.0 ha), and were typically recreational or lightning-caused (Alberta

Wildfire, 2019).
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Fig. 3.1. (a) Location of Elbow River watershed in Alberta; (b) location of hydrometric stations (1. Bragg
Creek; 2. Sarcee Bridge; 3. Elbow Falls) and climate stations. Areas for wildfire simulation are shown in
yellow (6,108 ha), and red (23,984 ha), based on local wildfire history (Rogeau et al., 2016); (c) land
use/land cover distribution; (d) soil type distribution.
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Table 3.1. Soil types, primary land uses, soil hydrologic group, and top layer composition. Note: rock
refers to gravel; sand, silt and clay portions were normalized to 100%, and soil organic carbon is by

weight.
Soil type Land cover Soil hydrologic group Rock  Sand Silt Clay Soil OC

1 Exposed rock withno  D: composed of solid N/A N/A N/A N/A N/A
vegetation - some rock with very low
evergreen forests in infiltration rates and low
valleys water transmission

2 Foothills or subalpine  B: moderate infiltration 2% 61% 17% 22% 7%
region - covered in rates, and moderately to
evergreen forests moderately-well drained

3 Mixture of evergreen  A: high water infiltration  15% 22% 60% 18% 30%
and deciduous forest, and transmission rates,
with small urban land  and low runoff potential
use in Bragg Creek

4 Agriculture, pasture, C: slow water infiltration 0 4% 54% 42% 4.8%
and grassland, with and transmission rates,
Calgary making up the and high runoff potential

easternmost portion

3.2.2 Hydrology and water quality simulation in SWAT

SWAT (Soil and Water Assessment Tool) simulates both landscape and in-stream

processes related to hydrology, in addition to plant growth, and sediment and nutrient transport.

Sub-basins within the model are further subdivided into hydrological response units (HRU),

within which all simulated processes occur homogeneously. Key hydrological variables

simulated in the model are surface runoff, percolation, evapotranspiration, soil moisture, lateral

flow, shallow groundwater recharge and flow, as well as streamflow (Neitsch et al., 2011).

Surface runoff is a key process impacting water quality, as it transports sediment and nutrients
from hillslopes to the main stream, and subsurface flow can also transport dissolved nutrients.

For sediments and nutrients, SWAT simulates erosion and deposition on the ground surface, as

well as resuspension and deposition within streams. Nutrients (i.e., carbon (C), nitrogen (N) and
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phosphorus (P)) are closely interrelated through soil, microbial and plant processes, including
mineralization, immobilization, and humification (Neitsch et al., 2011). The rates at which any of
these reactions occur depend on factors such as temperature, moisture, clay content of soil, C:P
and C:N ratios, as well as nutrient availability. Generally, carbon is added to soils through plant
residue, and removed from soil via erosion and runoff. Because soil particulate organic carbon
(POC) is primarily attached to finer clay particles that are more susceptible to erosion, the model
calculates an OC enrichment ratio during storms, and therefore the proportion of POC in surface
runoff is typically higher than that in the top soil layer.

As mentioned previously, the original SWAT model lacked in-stream OC processes and
outputs, and therefore we developed and incorporated in an earlier study the SWAT-OCSM,
which simulates in-stream processes associated with particulate and dissolved fractions of OC in
the water column as well as OC loading at the watershed scale (Du et al., 2019a). This module
incorporates the SWAT-C module developed by Zhang et al., (2013) for soil organic matter
processes, and simulates DOC and POC loadings entering the stream from surface runoff and
erosion, as well as DOC transported by lateral flow and groundwater to the stream. Other
simulated processes include in-stream reactions between OC, floating algae and streambed
sediments, and instream transformations between POC, DOC, and inorganic carbon. A detailed
description of the SWAT-OCSM including formulae, parameters, and model testing are
described in Du et al., (2019a). Model output data relevant to scenario analyses in this study
include daily streamflow, sediment yield, and organic carbon yield at a HRU-to-subbasin spatial

scale, as this allows us to investigate fluxes in water quantity and quality.
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3.2.3 Scenario analysis
3.2.3.1 Climate change

We applied the calibrated SWAT model to assess changes in water quantity and quality
for two climate scenarios in the near future (2015-2034) and the distant future (2043-2062).
Hydrologic parameters, sediment yield and TOC yield from the four scenarios were compared to
historical simulations (1995-2014) in order to calculate relative changes. For our analysis, we
considered the best-case and worst-case representative concentration pathways (RCP) for
greenhouse gas emissions, as defined in the IPCC Fifth Assessment Report (2013). The RCP 2.6
projection is the optimistic case, in which global cooperation and cleaner technologies lead to
reduced greenhouse gas emissions and CO»> concentrations peak in mid-century. In the RCP 8.5
scenario, economic growth and emphasis on burning of fossil fuels lead to exponential growth in
CO2 concentrations throughout the century. For climate change simulations, CO; concentrations
for near and distant future scenarios were 465 ppm and 485 ppm for RCP 2.6 and 485 ppm and
660 ppm for RCP 8.5, respectively. For each of the four scenarios, we used climate projections
of five general circulation models (GCMs) in order to address uncertainty associated with GCM
projections (Appendix A.1). It is noteworthy that projected GCM data have been statistically
downscaled to Canada (Cannon et al., 2015) and further bias corrected to local climate
conditions in Alberta (Masud et al., 2018, 2019; Faramarzi et al., 2015). The future weather data
was loaded into the calibrated SWAT model, after which we investigated the impacts of climate

change on water quantity and quality in subbasins and at the watershed outlet, Sarcee Bridge.

3.2.3.2 Wildfire simulation

Wildfires of moderate and high burn severities were simulated for two areas (Fig. 3.1b),

generating a total of four wildfire scenarios, which were combined with near future climate
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change scenarios (i.e., RCP 2.6 and RCP 8.5). Wildfire severity refers to the loss of biomass
above or below ground (Keeley, 2009), for which low severity burns result in considerable tree
survival and shallow burn depths within the soil, compared to nearly all vegetation and root
systems being incinerated in the case of high severity burns. The smaller of the two areas for
burn simulations comprises 6,108 ha and is located in the central-western part of the watershed,
intersecting the main stream (Fig 1b). At 23,984 ha, the larger wildfire encompasses the 6,108 ha
area and over half of the evergreen forests of the ER watershed; this is comparable to the 2003
Lost Creek wildfire in southwest Alberta that burned approximately 21,000 ha of forest in a
mountainous region (Silins et al., 2009). The wildfire scenarios will herein be referred to first by
size, followed by burn severity: medium-moderate, medium-high, large-moderate, and large-high
wildfire scenarios. Due to spatiotemporal dynamics of hydrological processes and water quality
(e.g., Rust et al., 2018), we chose to simulate impacts of wildfires occurring on the 1% day of
June for five separate years to allow for analysis of changes on a monthly basis and address
inter-annual climate variability. This month was chosen for our analysis because peak
precipitation in June is likely to have the highest impact on water quality through erosion and OC
loading, based on climate data from Alberta Environment and Parks (Appendix A.1).

Wildfires were applied as separate simulations to years 2026, 2027, 2028, 2030, and 2032,
because future climate change data indicated lower precipitation in May compared to other years,
and dry conditions favor wildfire ignition. HRUs considered for wildfire simulations were
chosen based on local wildfire history and elevation, as forests at lower elevations are hotter,
drier, and thus more likely to burn (Rogeau et al., 2016). Therefore, we analyzed results of 200
individual wildfire simulations: 4 (wildfire scenarios) x 2 (RCP climate change scenarios) x 5

(GCMs) x 5 (wildfires years) = 200 (total simulations).
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Due to limited research on addressing the impact of wildfires on hydrology and water
quality, we considered few existing studies for our post-wildfire model parametrization (e.g.,
Ebel & Moody, 2017; Havel et al., 2018; Moody & Martin, 2009). In order to simulate post-
wildfire conditions in SWAT, we modified the code to change land use type and soil parameters
in affected HRUs in the ‘crop.dat’ input file (Table 3.2). The curve number is one of the most
sensitive hydrologic parameters, and determines what proportion of rainfall infiltrates into the
soil or becomes surface runoff (e.g., Gartner et al., 2008). Curve numbers are updated on a daily
basis based on the soil’s permeability, land use type and vegetation growth, and initial soil water
content from the previous day (Neitsch et al., 2011). In order to simulate the occurrence of
wildfires in SWAT, evergreen forests in impacted HRUs were replaced by shrubs for moderate
burn severity, and by grasses for high burn severity. The increase in curve numbers are reflective
of burn severity, and the approach in changing land cover was reminiscent of another study, in
which a SWAT model was calibrated to pre-wildfire and post-wildfire conditions for the High
Park and Hewlett wildfires in Colorado (Havel et al., 2018). Wildfires can decrease soil
hydraulic conductivity according to burn severity (B. A. Ebel & Moody, 2017), and therefore we
reduced the value in the model input data (Table 3.2). It is important to note that this approach
does not consider the temporary impact of highly conductive ash layers left behind by wildfires,
as it is short-lived and easily removed by surface runoff due to its low density. The final
parameter that was updated is soil erodibility, which increases based on burn severity in the first
year or two after burning (Table 3.2) (Moody & Martin, 2009).

Post-wildfire analysis involved assessing local changes in model outputs related to
hydrology and water quality, including surface runoff, percolation, lateral flow, soil water

content, evapotranspiration, sediment yield and organic carbon yield in impacted subbasins. In
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addition, streamflow, in-stream sediment yield and TOC yield were compared to those in non-
wildfire simulations. With all wildfire simulations occurring on June 1%, we analyzed relative
changes on a monthly basis from June-May in order to cover the 12-month period following the
wildfire. Similar to climate change, we analyzed the relative changes due to wildfire at the
watershed outlet, Sarcee Bridge; however, we also considered the Bragg Creek station due to its
proximity to burned subbasins. As it was not possible to calibrate wildfire simulations, the
scenario results were broadly compared to those of limited studies that assess hydrology and
water quality impacts (e.g., Emelko et al., 2011; Havel et al., 2018; Silins et al., 2009) in order to

assess the performance of our simulations.

Table 3.2. Parameters changed in SWAT to simulate impacts of wildfire. The curve number is in the land
use database and varies according to soil type.

SWAT input Default Moderate burn High burn
severity severity
Land use Evergreen forest Shrubland Grassland

Curve number

Soil type 2 (central-west) 55 61 69
Soil type 3 (central-east) 25 39 49
Soil hydraulic conductivity (mm/hr) 300 250 200
Soil erodibility 0.15 0.25 0.35
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3.3 Results and discussion

3.3.1 Model calibration and validation

Watershed delineation resulted in 154 subbasins (Fig. 3.1), which were further
subdivided into 373 HRUs based on slope, land use type, and soil type, within which all
simulation processes occurred homogeneously in the model. Monthly outputs were calibrated to
measured streamflow, sediment yield, and organic carbon yield. The Nash-Sutcliffe Efficiency
(NSE) was used as an objective function, and data from Bragg Creek and Sarcee Bridge stations
were used for calibration (Du et al., 2019a). The calibration period for streamflow was 2000—
2015, and the validation period was 1986—1999, for which data from an additional station in the
headwater region, Elbow Falls, was used for 1986—-1995 (Fig. 3.1). Sediment and TOC
concentrations measured by the City of Calgary at Bragg Creek and Sarcee Bridge stations were
converted to total yields based on streamflow, after which the Load Estimator (LOADEST)
software (Runkel et al., 2004) was used to calculate total monthly sediment and TOC yield
outputs. The calibration period was 2001-2007 and the validation period was 2008-2015 for
both sediment and TOC loads. The SWAT model was calibrated to LOADEST outputs (e.g.,
Niraula et al., 2013; Teshager et al., 2016) using the newly-developed SWAT-OCSM for TOC
(Du et al., 2019a). For streamflow calibration, the NSE was 0.62 for both Bragg Creek and
Sarcee Bridge stations, and for validation, 0.62, 0.75, and 0.70 for Elbow Falls, Bragg Creek and
Sarcee Bridge stations, respectively. For sediment load at Bragg Creek and Sarcee Bridge
stations, the calibration NSE was 0.47 and 0.55, respectively, and the validation NSE was 0.21
and 0.13, respectively. The lower performance of sediment load for the validation period was
partially attributed to missing climate data at several climate stations after 2008. For the TOC

loads at Bragg Creek and Sarcee Bridge, the calibration NSE was 0.71 and 0.74, respectively,
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and the validation NSE was 0.57 and 0.66, respectively. All data sources are listed in Appendix

A.1, and detailed calibration results from Du et al. (2019a) are in Appendix A.2, A.3, and A 4.

3.3.2 Spatial analysis of water, sediment, and TOC yields

As expected, water yield, sediment yield, and total organic carbon (TOC) yields were
spatially and temporally correlated, as hydrological processes drive sediment and TOC transport
(e.g., Rostami et al., 2018). For the baseline period of 1995-2014, water, sediment, and TOC
yields generally decreased moving from upstream to downstream (Fig 3.2). Temporally, winter
baseflow periods consistently had the lowest sediment and TOC yields, whereas peak streamflow
in June corresponded to highest sediment and TOC yields (Appendix A.2, A.3, and A 4).
Average water yield by subbasin for the 1995-2014 period is demonstrated in Fig 2a, which is
the sum of surface runoff, lateral flow, and groundwater flow contributing to streamflow in each
subbasin, minus transmission losses through riverbed and pond storage (Neitsch et al., 2011).

On average, the uppermost subbasins draining into the Elbow Falls station yielded 480 mm
annually, and those between Elbow Falls and Bragg Creek yielded 310 mm, compared to only 84
mm in lower reaches between Bragg Creek and Sarcee Bridge. The west-to-east gradient was
unsurprising, as there is nearly twice as much precipitation in the Rocky Mountains relative to
the east.

Average sediment yield by subbasin for the 1995-2014 period generally followed water
yield patterns, decreasing from west to east (Fig. 3.2b). However, the westernmost alpine region
with soil type one typically yielded less than five tons of sediment per subbasin annually,
although this region receives the most precipitation, has the steepest slopes, and therefore highest

potential for runoff. This is because much of the mountainous region does not support true soils,
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but is composed primarily of bare, exposed bedrock (Fig 1d; Table 3.1). While the bedrock is
mildly erodible, the Rocky Mountain Front ranges are generally underlain by more resistant
lithology than the downstream Foothills (Osborn et al., 2006). As such, our model treated these
regions as relatively resistant, resulting in sediment yields that predominantly originated from
channel and bank erosion processes. The central portion of the watershed with soil type 2 and
evergreen forests generated the most sediments, with an average of 3,317 tons per subbasin
annually and the top soil layer predominantly composed of sand. Soil type 3 is predominantly
composed of silt and generated an average of 33 tons per subbasin annually. The easternmost
part of the watershed with soil type 4 has the finest grain size distribution, yet contributed little
sediments compared to the forested areas at only 12 tons per subbasin in the agriculture and
grassland areas, because of lower precipitation and gentler hillslopes. In contrast, the urban areas
near the watershed outlet with soil type 4 yielded an average of 464 tons per subbasin due to
higher curve numbers and surface runoff in urban areas.

Spatial distribution of TOC yield by subbasin was comparable to that of sediments (Fig.
3.2¢). An average of only 2,834 kg of OC originated from the western subbasins with soil type 1
annually, as the model input data has no initial soil OC content for the exposed bedrock (Fig 1d;
Table 3.1), and therefore primary sources of TOC were channel and bank erosion. Additional
sources include DOC transported by surface runoff, lateral flow, terrestrial vegetation, and in-
stream processes such as dissolution of POC. Similar to sediment, subbasins with soil types 2
and 3 generated the highest amounts of TOC annually at 38,739 kg and 26,082 kg, respectively.
This is partially attributable to the initial 7% and 30% soil OC content in the soil database,
respectively, in addition to surface runoff and erosion processes on steep slopes. The eastern

agricultural land with soil type 4 generated an average of only 2,391 kg of TOC annually by
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subbasin due to lower precipitation and initial soil OC content of 4.5%, whereas the urban areas

yielded 33,336 kg of TOC.
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Fig. 3.2. Baseline conditions by subbasin for 1995-2014: (a) Average annual water yield (mm); net
amount of water leaving each subbasin and contributing to flow, including surface runoff, lateral flow,
and groundwater flow, minus pond storage and transmission losses through riverbed; (b) average annual
sediment yield (tons); (c) average annual TOC yield (kg).
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3.3.3 Climate change scenarios
3.3.3.1 Streamflow

Both RCP 2.6 and RCP 8.5 scenarios revealed an overall decrease in both near future
(2015-2034) and distant future (2043-2062) streamflow at the ER watershed outlet, Sarcee
Bridge, compared to the baseline period (1995-2014) (Fig. 3.3a; Table 3.3). Reduced streamflow
was most prominent in the summer months of June, July, and August, which was related to lower
summer rainfall and hotter temperatures that accelerate evapotranspiration. For each month, the
RCP 8.5 scenario projected lower streamflow than the RCP 2.6 scenario, with the largest relative
differences in July-November, as the RCP 2.6 scenario has higher precipitation and lower
overall temperature than the RCP 8.5 scenario. Annual streamflow decreased by 25.3% and
46.9% for RCP 2.6 and RCP 8.5 scenarios in the near future, respectively, compared to only
9.9% and 31.8% in the distant future, respectively (Table 3.3). Higher streamflow in the distant
future period for both scenarios was attributed to slight increases in precipitation relative to the
near future. However, it is important to note that hotter temperatures in the distant future would
have led to higher evaporation rates. Therefore, we hypothesized that plants required less water
because of higher atmospheric CO» levels in the distant future, thereby decreasing water uptake
by transpiration, according to the Penman-Monteith equation applied to evapotranspiration
simulation in the SWAT model (Monteith, 1965; Deryng et al., 2016). In fact, distant future
streamflow for the RCP 2.6 scenario showed similar trends to the baseline period, with the
exception of notable reductions in May, June, and July. The trends observed in our analysis are
consistent with another study of the ER watershed, for which climate change scenario results of a
physical process-based model, MIKE SHE/MIKE 11, suggested higher streamflow in the 2050’s

relative to the 2020’s (Farjad, Gupta et al., 2016).
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Fig. 3.3. Long-term monthly averages for historical (1995-2014), near future (2015-2034) and distant
future (2043-2062) periods at Sarcee Bridge station near watershed outlet: (a) streamflow (m®/s); (b)
sediment yield (tons); (c) organic carbon yield (kg).
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Table 3.3. Climate change scenario results for Sarcee Bridge at watershed outlet: % change in
streamflow, sediment yield and TOC yield, relative to baseline period (1995-2014): (a) near future; (b)
distant future. Note: winter TOC yields are very low between October-March for baseline period.

(a) Near Future (2015-2034)

Streamflow Sediment Yield TOC Yield
Month RCP 2.6 RCP 8.5 RCP 2.6 RCP 8.5 RCP 2.6 RCP 8.5
1 -23.0 -49.7 -42.3 -68.4 -0.6 -27.9
2 -24.0 -46.5 -48.9 -69.9 -12.3 -39.5
3 -13.0 -35.4 -18.4 -47.6 +53.8 +6.6
4 -25.2 -35.4 -34.9 -45.8 +45.3 +18.4
5 -54.5 -56.6 -71.7 -72.2 -42.7 -36.1
6 -48.7 -53.9 -56.8 -62.7 -20.7 -24.1
7 -38.3 -56.0 -50.4 -71.3 -19.5 -34.1
8 -25.7 -53.8 -36.3 -69.5 -25.3 -54.7
9 -13.6 -45.2 -18.8 -57.8 +6.0 -34.4
10 -11.3 -44.3 -17.4 -58.6 +5.9 -39.1
11 -10.2 -42.5 -17.2 -57.1 -6.0 -57.0
12 -15.9 -43.2 -25.5 -58.0 -3.2 -50.1
Average -25.3 -46.9 -36.6 -61.6 -1.6 -31.0
(b) Distant Future (2043-2062)
Streamflow Sediment Yield TOC Yield
Month RCP 2.6 RCP 8.5 RCP 2.6 RCP 8.5 RCP 2.6 RCP 8.5
1 -5.8 -32.4 -10.7 -48.7 +37.9 -6.1
2 -11.9 -30.1 -31.4 -51.2 +20.5 +6.9
3 +9.6 -10.9 +15.0 -18.3 +66.1 +27.4
4 +3.2 -8.3 +19.5 -0.2 +44.5 +34.0
5 -30.2 -38.9 -40.8 -53.2 -49.0 -56.1
6 -35.2 -43.5 -39.9 -49.2 -47.8 -52.6
7 -24.7 -42.7 -33.9 -56.7 -54.1 -68.1
8 -7.3 -38.5 9.2 -51.6 -26.7 -63.9
9 -6.6 -38.4 -10.7 -49.9 -37.0 -64.9
10 3.4 -37.0 -5.0 -48.2 -14.5 -60.6
11 -14 -32.1 -1.6 -41.2 +9.3 -39.1
12 -4.8 -28.9 -6.7 -37.6 +11.7 -23.5
Average 9.9 -31.8 -13.0 -42.2 -3.3 -30.5

69



3.3.3.2 Sediment yields

Future sediment yield at the watershed outlet exhibited similar trends to streamflow for
both RCP scenarios, reinforcing the strong relationship between discharge and erosion (Fig.
3.3b; Table 3.3). Decreases in annual sediment yield were larger in the near future than in the
distant future, with 36.6% and 61.6% reductions in the near future for RCP 2.6 and RCP 8.5
scenarios, respectively, compared to 13% and 42.4% in the distant future, respectively. These
results suggested that on average, water entering the Glenmore Reservoir would have lower TSS
concentrations compared to the present day period. However, erosion patterns were projected to
change heterogeneously within the ER watershed, with Fig. 3.4 demonstrating relative changes
in sediment yield by subbasin compared to the baseline period (Fig. 3.3b). In the near future,
central subbasins with soil type 2 that yielded the most sediments from 1995-2014 were
projected to undergo significantly less erosion. Conversely, both scenarios in the distant future
projected sediment yield increases of more than 500% for the same region, which is likely due to
overall higher precipitation compared to the near future, and increasingly extreme rainfall events.
Furthermore, lower water demand by plants due to elevated CO; levels would leave more water
available for surface runoff and erosion (Deryng et al., 2016). Although remarkable, these
erosion increases in the distant future were not reflected at the watershed outlet, indicating that
sediment deposition was a dominant process within the channel due to lower streamflow power.
It is notable that analyzing 20-year averages did not address effects of individual extreme rainfall
events, during which sediment loads entering the Glenmore Reservoir may have sharp peaks

lasting a few days.
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Fig. 3.4. Relative changes in sediment yield (% change) compared to baseline period (1995-2014) in Fig.
3.2b: (a) RCP 2.6 near future (2015-2034); (b) RCP 2.6 distant future (2043-2062); (d) RCP 8.5 near
future (2015-2034); (d) RCP 8.5 distant future (2043-2062).

3.3.3.3 Organic carbon yields

Average annual TOC yields declined under both climate change scenarios, but patterns
diverged from those of streamflow and sediment yield (Fig. 3.3c and Table 3.3). Similar to
streamflow and sediment yield trends, the largest relative decreases in TOC yield occurred in the
late spring and summer months; however, a key difference is that TOC yield was higher in the
near future compared to the distant future. Annual TOC yields decreased by only 1.6% and 3.3%
in the near and distant future of the RCP 2.6 scenario, respectively, compared to the baseline
period; however, streamflow decreased by 25.3% and 9.9%, and therefore higher TOC
concentrations indicated a deterioration of water quality, particularly in the near future. As well,
the RCP 8.5 scenario results suggested poorer water quality compared to the baseline period,

particularly in the near future. Relative changes in spatial TOC yields were similar to those of
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sediment yields, with near future TOC yields decreasing in central mountain subbasins,
compared to large relative increases in the distant future (Fig. 3.5). Eastern agricultural subbasins
with soil type 4 revealed higher TOC yields, which were more pronounced in the distant future.
While it is understood that surface runoff and erosion are important export mechanisms for TOC
(e.g., Rostami et al., 2018), the fact that relative decreases in sediment yields are more
pronounced than those for TOC yields suggests that additional processes related to OC play an
important role. These processes include DOC transport to the main stream via surface runoff,
lateral flow and groundwater flow, in-stream transformations, as well as growth and settling rates
of floating algae (Du et al. 2019a). Algae growth rates are a function of temperature (e.g., Nalley
et al., 2018), and therefore are likely to increase due to climate change, contributing to higher in-
stream POC in addition to higher contributions from landscape erosion. The POC can then
remain in suspension, settle to the bed sediment, or dissolve into DOC. Furthermore, in-stream
reaction rates of POC and DOC accelerate in warmer waters, and water temperature in SWAT is
calculated based on air temperature. Therefore, we hypothesized that in the near future, higher
temperatures would lead to faster POC dissolution rates to DOC, and significantly lower summer
streamflow would lead to higher concentrations of nutrients. Winter months typically revealed
elevated TOC yields relative to baseline conditions for the RCP 2.6 scenario, but not for the RCP
8.5 scenario. This is likely because higher streamflow in RCP 2.6 could transport more POC,
which dissolves to DOC and is more easily transported to the watershed outlet. As for the distant
future scenarios, higher temperature relative to the near future could even further accelerate POC
dissolution to DOC, and subsequently accelerate the rate of DOC mineralization, effectively

decreasing the organic fraction of carbon and thus TOC export.
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Fig. 3.5. Relative changes in TOC yield (% change) compared to baseline period in Fig. 3.2c: (a) RCP 2.6
near future (2015-2034); (b) RCP 2.6 distant future (2043-2062); (d) RCP 8.5 near future (2015-2034);
(d) RCP 8.5 distant future (2043-2062).

3.3.4 Wildfire in combination with climate change Scenarios
3.3.4.1 Local changes

The increase in curve number associated with land cover changes, in addition to reduced
soil hydraulic conductivity, resulted in lower soil water content and greater water availability for
surface runoff (e.g., Ebel and Moody, 2017), thus increasing sediment and TOC yields. Relative
changes in wildfire-impacted subbasins for the large area (23,984 ha) scenarios, i.e., moderate
and severe burns, are presented in Fig. 3.6; the medium area (6,108 ha) scenarios are not shown,
because they are encompassed by the large area, and relative changes by subbasin were identical
to those in the large area scenarios (Fig 3.1b). Therefore, in this section, we discussed the results
of the large area wildfire scenarios. For moderate burns, annual surface runoff increased by 11%
to over 500% (4—16 mm) in wildfire-affected subbasins for the RCP 2.6 scenario, and by 17% to

over 500% (2—16 mm) for the RCP 8.5 scenario. For severe burns, changes ranged from 416% to
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over 500% (32—54 mm) for the RCP 2.6 scenario, and from 211% to over 500% (30-55 mm) for
the RCP 8.5 scenario (Fig. 3.6). Similarly, Havel et al., (2018) modelled post-fire hydrological
changes in SWAT based on measured streamflow in a Colorado watershed, and determined that
annual surface runoff in wildfire-impacted subbasins increased between 40—51 mm. However,
the greatest observed increase was approximately 75% in subbasins with high burn severities,
compared with over 500% for the ER watershed model. The seemingly large variance between
the two findings is likely due to differing hydrogeological conditions, in addition to curve
numbers in the ER watershed model increasing by 11% and 25% for moderate and high burn
severities, respectively, compared to only 10% and 15% in the Colorado study. However, it is
important to note that Havel et al., (2018) based spatial their land use changes on satellite
imagery, and calibrated curve numbers in their model to hydrometric station data that were
available for the pre-wildfire and post-wildfire periods. They also did not directly measure
surface runoff in the field, nor modify soil hydraulic conductivity, which can also impact surface
runoff (Ebel & Moody, 2017). In comparison, curve numbers in the ER model were obtained
from the land use database, and the grass and shrub land use inputs were already present in the
ER watershed model in locations outside the wildfire boundary (Fig. 3.1c).

Impacts on annual percolation in the ER watershed were variable within the wildfire
boundary, but typically decreased in impacted subbasins (Fig. 3.6). For moderate burns, changes
in percolation ranged between -22% (-29 mm) and slight increases (< 1 mm) for the RCP 2.6
scenario, and between -21% (-32 mm) and slight increases (<1 mm) for the RCP 8.5 scenario.
For severe burns, changes ranged between -31% (-54 mm) and slight increases (<1 mm) for the
RCP 2.6 scenario, and -28% (-54 mm) to slight increases (<1 mm) for the RCP 8.5 scenario. This

confirms the important role of forests in regulating water quantity through canopy interception
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and evapotranspiration (e.g., Moody and Martin; 2001; Townsend and Douglas, 2004).
Percolation in SWAT is a function of existing soil water content, soil water capacity, and plant
water uptake among others, and therefore it is conceivable that water available for percolation
and soil saturation increased slightly in some subbasins in spite of lower hydraulic conductivity
and higher curve numbers (Table 3.2) (Neitsch et al., 2011). Lateral flow occurs when soil water
saturation within a given layer reaches a certain threshold, and therefore it generally followed
percolation patterns and increased in many wildfire-impacted subbasins. For moderate burns,
changes in lateral flow ranged from -21% (-27 mm) to slight increases (<1 mm) for the RCP 2.6
scenario, and -20% (-26 mm) to slight increases (<1 mm) for the RCP 8.5 scenario. For severe
burns, changes ranged from -26% (-50 mm) to slight increases (<1 mm) for the RCP 2.6
scenario, and -26% (-47 mm) to slight increases (<1 mm) for the RCP 8.5 scenario. Similar to
percolation and lateral flow, post-wildfire soil water content decreased in most subbasins due to
higher proportions of water lost by surface runoff. For moderate burns, soil water decreased
between -33% to -1% (-254 to -9 mm) annually for the RCP 2.6 scenario, and changed within
ranges of -32% to +1% (-277 to +10 mm) for the RCP 8.5 scenario compared to the same years
without wildfire. For severe burns soil water decreased between -42% and -6% (-369 to -31 mm)
by subbasin for the RCP 2.6 scenario, and by -40% to -5% (-364 to -31 mm) for the RCP 8.5
scenario. Surprisingly, wildfire-affected subbasins experienced higher evapotranspiration, and
similar magnitudes of change were observed between scenarios, with increases between 11—
39%. For moderate burns, evapotranspiration increased between 24—68 mm annually for the RCP
2.6 scenario, and between 21-62 mm for the RCP 8.5 scenario. For severe burns
evapotranspiration increased between 23—70 mm by subbasin for the RCP 2.6 scenario, and

between 21-70 mm for the RCP 8.5 scenario. We attributed these increases to soil water
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evaporation, given lower plant biomass available for transpiration, and heightened exposure to
solar radiation through canopy removal resulting in higher evaporation rates.

Finally, annual sediment and TOC yields increased significantly in all wildfire-affected
subbasins, which was the anticipated outcome (e.g., Bladon et al., 2014; Silins et al., 2009). For
moderate burns, sediment yields increased by greater than 500% (0.8—547 tons) for the RCP 2.6
scenario, and by 173% to greater than 500% (0.800—805 tons) for the RCP 8.5 scenario. In the
case of severe burns, all annual sediment yield increases were greater than 500%, ranging
between 1.2—1,364 tons for the RCP 2.6 scenario and 1.3—1,421 tons by subbasin for the RCP 8.5
scenario. Soil erodibility model inputs increased according to wildfire severity (Table 3.2), but it
was among the least sensitive parameters affecting sediment yield during the calibration process
(Du et al., 2019a). Therefore, we hypothesized that surface runoff was the main driver of
sediment transport in the model, which is in agreement with the modified universal soil loss
equation (MUSLE) used in SWAT (Neitsch et al., 2011; Williams, 1995). For moderate burns,
annual TOC yields increased by 76% to over 500% (123—-163,900 kg) by subbasin for the RCP
2.6 scenario, and by 84% to over 500% (115-165,900 kg) for the RCP 8.5 scenario. For severe
burns, increases ranged from 227% to over 500% (166—270,400 kg) for the RCP 2.6 scenario,
and from 392% to over 500% (173-278,600 kg) for the RCP 8.5 scenario. Since the soil OC
model inputs remained the same for wildfire simulations, and erosion caused by surface runoff
was also an important driver for TOC export. To further support this hypothesis, the most
sensitive parameter for calibration was the POC enrichment ratio (Du et al., 2019a), which
determines how much POC sorbs to fine clay particles that are preferentially displaced by

surface runoff.
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Fig. 3.6. Relative changes in post-fire hydrological processes (surface runoff, percolation, lateral flow,
soil water, and evapotranspiration) and water quality parameters (sediment yield and total organic carbon
yields) for large burn area — average of wildfire simulations in years 2026. 2027, 2028, 2030, and 2032.
The baseline for hydrological processes are climate change projections without wildfire impacts. For
baseline sediment yield and TOC yield, refer to Fig. 3.2. Note: relative changes in medium area scenarios
(not shown) are identical for impacted subbasins.

3.3.4.2 Regional changes: streamflow

Annual streamflow at both Bragg Creek and Sarcee Bridge stations increased in all
wildfire scenarios, with changes most pronounced for the RCP 8.5 scenarios compared to the

RCP 2.6 scenarios (Fig. 3.7; Fig. 3.10). For RCP 2.6 scenarios, annual streamflow at Sarcee
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Bridge increased by 0.8%, 1.1%, 0.7%, and 1.9% for the medium-moderate, medium-high, large-
moderate, and large-high burn scenarios, respectively, and for RCP 8.5 scenarios, annual
streamflow increased by 7.7%, 8.1%, 7.9%, and 9.3%, respectively. Annual streamflow increases
at the Bragg Creek station were higher in all cases due to burn areas making up a larger
proportion of drainage area compared to that of Sarcee Bridge (e.g., Moody et al., 2013).
Generally, streamflow increased in the 10 months that followed wildfires relative to the non-
wildfire simulations (Fig. 3.7; Fig. 3.10). Intensified streamflow resulted from greater runoff in
the wildfire-affected subbasins, highlighting the importance of the forested regions in regulating
water yield in the ER watershed. However, streamflow was lower during April and May,
following a sharp relative increase in March and February, relative to non-wildfire simulations.
This likely resulted from removal of the tree canopy, which would otherwise intercept snowfall
during the winter and moderate snow accumulation on the ground, as any form of precipitation
that is intercepted by the tree canopy in SWAT evaporates or sublimates before precipitation that
has made it to the ground surface (Neitsch et al., 2011). As well, the removal of shading from
trees increases snow’s exposure to solar radiation (Wagner et al., 2014), thus accelerating
snowmelt in February and March, and leaving less snow in April and May. Due to the proximity
of Bragg Creek to the wildfire perimeter, relative increases in streamflow were greater compared
to the Sarcee Bridge station. For all wildfire simulations, the RCP 8.5 climate change scenario
showed a higher increase in streamflow than the RCP 2.6 scenario, due to more extreme
precipitation and higher atmospheric CO», which can lower evapotranspiration rates (Deryng et
al., 2016). Because of high surface runoff, annual streamflow at the ER watershed increased by a
range of 0.7-9.3% for large area wildfire scenarios, in which 40% of total forest cover was lost

and the wildfire perimeter encompassed approximately 20% of the entire watershed. The
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magnitude of these changes are comparable to SWAT model results of another study, in which
annual streamflow increased by 2.4% after simulating the burning of 16% of a mountainous
watershed in northern Spain (Moran-Tejeda et al., 2015). In the post-wildfire study in Colorado,
little changes in streamflow were observed at the watershed scale, but the wildfire location was
near the watershed outlet and not in the headwater region (Havel et al., 2018). Conversely,
burned areas of the ER watershed were located at higher elevations where the majority of water

originates, and therefore impacts of land cover changes were more pronounced.
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Fig. 3.7. Post-fire streamflow at Bragg Creek and Sarcee Bridge for June 1% wildfire in years 2026, 2027,
2028, 2030 and 2032, and four wildfire scenarios: (a) MM; (b) MH; (c) LM; (d) LH. The ranges
illustrated by box plots are based on the annual variabilities in the five simulation years (2026, 2027,
2028, 2030 and 2032).

3.3.4.3 Regional changes: sediments

As was anticipated based on other studies (e.g., Emelko et al., 2011; Writer et al., 2012),
the average annual sediment yield in our study increased significantly for all wildfire scenarios

(Fig. 3.8; Fig. 3.10). For the RCP 2.6 scenarios, annual sediment yield at Sarcee Bridge increased
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by 0.6%, 1.6%, 0.6% and 4.4% for the medium-moderate, medium-high, large-moderate, and
large-high burn scenarios, respectively. Comparatively, for the RCP 8.5 scenarios, sediment
yield increased by 1.2%, 2.4%, 1.9% and 6.5% for the medium-moderate, medium-high, large-
moderate, and large-high burn scenarios, respectively. Sediment yield increases were
significantly higher at the Bragg Creek station compared to the Sarcee Bridge station (Fig. 3.10).
Although sediment yield by subbasin ranged between 173% to more than 500% (Fig. 3.6),
annual increases for in-stream sediment yield ranged from 25-193% at the Bragg Creek station,
compared to only 0.6—6.5% at the Sarcee Bridge station. This is because Bragg Creek and Sarcee
Bridge stations are over 10 km and 40 km downstream of wildfire-affected areas, respectively,
and therefore model results are indicative of in-stream sediment deposition and dilution on the
way to the watershed outlet.

In another study area with similar characteristics to the ER watershed, Silins et al., (2009)
determined from field-collected data that annual average TSS yields were more than 1000%
greater within streams of burned areas compared to non-burned areas. However, a key difference
is that their water sampling sites were within the boundaries of the wildfire, and a larger
proportion of the drainage area had burned. Water quality impacts depend on total area burned
and its location within the watershed (Moody et al., 2013). Similar to the case of streamflow,
relative changes were slightly greater for the medium-high scenario than the large-moderate
scenario, suggesting that wildfire severity had a larger influence on erosion rates than the total
area burned. Reduced TSS transport in the ER watershed typically coincided with decreased
streamflow in April and May at the Sarcee Bridge station. The exception was a few slight
decreases in August and October for the large-moderate and large-high scenarios, which are

likely attributable to high sediment yields in prior months, which can lower availability of
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sediments for erosion; in other words, sediments that would otherwise settle and become

available for resuspension, were instead transported out of subbasins by surface runoft.
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Fig. 3.8. Post-fire sediment yield (log-scale) at Bragg Creek and Sarcee Bridge for June 1* wildfire in the
five simulation years (2026, 2027, 2028, 2030 and 2032), and four wildfire scenarios: (a) MM; (b) MH;
(c) LM; (d) LH. The ranges illustrated by box plots are based on the annual variabilities in the five
simulation years.

3.3.4.4 Regional changes: organic carbon

Wildfire simulations typically resulted in higher annual TOC yields than climate change
only scenarios, and all relative changes were greater for the RCP 8.5 than the RCP 2.6 scenarios
(Fig. 3.9; Fig. 3.10). For the RCP 2.6 scenario, annual TOC yield at Sarcee Bridge increased by
1.5%, 3.8% and 6.3% for the medium-moderate scenario, the medium-high, and large-high
scenarios, respectively, but decreased by 0.47% for the large-moderate scenario. Comparatively,
for the RCP 8.5 scenario, annual TOC yield at Sarcee Bridge increased by 1.8%, 5.8% and
13.1% for the medium-moderate scenario, the medium-high, and large-high scenarios,

respectively, but decreased by 1.5% for the large-moderate scenario. Relative TOC increases and
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decreases were greater for the Bragg Creek station in all scenarios, with the largest relative
increase being 19.5% for the large-high scenario. Comparatively, results of the Lost Creek study
suggested that DOC concentrations were 50% higher in burned catchments, and that the
increases were most pronounced in the first year after the wildfire (Emelko et al., 2011; Silins et
al., 2009). However, as mentioned previously, the Lost Creek sampling sites were within the
wildfire boundary, where wildfire impacts on water quality were more prominent. Comparable to
sediment export, the medium-high scenario yielded more TOC than the large-moderate scenario,
meaning wildfire severity has greater impacts on TOC than wildfire size, which in in agreement

with findings of other studies (e.g., Abney et al., 2019).
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Fig. 3.9. Post-fire total organic carbon yield (log-scale) at Bragg Creek and Sarcee Bridge for June 1%
wildfire in years 2026, 2027, 2028, 2030 and 2032, and four wildfire scenarios: (a) MM; (b) MH; (c) LM;
(d) LH. The ranges illustrated by box plots are based on the annual variabilities in the five simulation
years.
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Fig. 3.10. Relative changes in water quantity and quality due to wildfires at Bragg Creek station and
Sarcee Bridge station at watershed outlet. All results are the average from wildfire simulations in the year
2026, 2027, 2028, 2030, and 2032. MM = medium area, moderate burn severity; MH = medium area,
high burn severity; LM = large area, moderate burn severity; LH = large area, high burn severity.

All wildfire scenarios resulted in higher TOC yields in June. For the medium area
wildfires, TOC yields generally increased in all months, with the exception of April and May,
due to earlier snowmelt and reduced surface runoff. Water from snowmelt is an important
transport mechanism for DOC (Writer et al., 2012), which the model captured in the month of

March. However, TOC yields at both stations decreased in summer months and early autumn for
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the large burn area scenarios, which contrasted field studies (e.g., Emelko et al., 2011; Writer et
al., 2012). In a post-wildfire study of Fourmile Creek, a watershed in Colorado, USA, Writer et
al., (2012) determined that in-stream DOC concentrations peaked during the first heavy
precipitation event that followed the wildfire, and subsequent summer storms notably increased
concentrations. After heavy rains, sediment and DOC levels remained elevated due to dissolution
of POC, which underwent repeated deposition and resuspension within streams. As well,
sediments in wildfire-affected areas are enriched in OC (Abney et al., 2019), and this was
reflected in field data collected by Silins et al., (2009) for the Lost Creek wildfire. In the case of
the ER watershed model, we hypothesized that post-wildfire rainstorms in June and snowmelt
stripped the top soil layer of OC, and that this deficit led to lower yields in subsequent months.
This is because our post-wildfire model inputs did not reflect plant debris, ash and incomplete
combustion products, which can act as important sources of OC (e.g., Abney et al., 2019; Smith
etal., 2011). In November, TOC yields increased substantially for all wildfire simulations, and
these changes were most significant for the high burn severity scenarios. We believe that the OC
available for export increased in November because of the addition of plant residue in autumn,
which marks the end of the growing season in SWAT, thereby accounting for falling leaves and
the death of seasonal plants and replenishing the soil OC supply through decomposition (Zhang

etal., 2013).

3.4 Conclusion

Many Western North American regions are statistically overdue for wildfires (e.g.,
Coogan et al., 2019; Marlon et al., 2012; Rogeau et al., 2016), which could further exacerbate the
impacts of climate change on water quality. Few studies have addressed the effects of climate

change combined with discrete disturbance events, such as wildfires, on both water quantity and
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water quality by linking terrestrial and in-stream processes at the watershed scale. As such, this
study aimed to develop a framework to assess the potential response of water quantity and
quality to wildfires and climate change scenarios using a physical process-based model, in which
the recently developed SWAT Organic Carbon Simulation Module (SWAT-OCSM) was applied
to analyze total organic carbon (TOC) loading at the watershed scale. Changes were assessed
locally and at the watershed outlet in order to quantify potential changes to water quality entering
a reservoir.

For best-case (RCP 2.6) and worst-case (RCP 8.5) climate change scenarios, streamflow,
sediment yields, and TOC yields in both near future (2015-2034) and distant future (2043—-2062)
were compared to baseline conditions (1995-2014). Results indicated that both water quantity
and quality will likely decrease in the future, based on reduced streamflow and increased TOC
concentrations. Model results suggested that streamflow would drop dramatically in the near
future, with distant future streamflow increasing slightly relative to the near future, and less
overall water in the RCP 8.5 scenarios compared to the RCP 2.6 scenarios. Thus, our model
results reflected projections from other studies (e.g., IPCC, 2014; Schindler and Donahue 2006),
with lower overall precipitation and higher temperatures causing earlier spring snowmelt, and
significantly lower streamflow in late spring and summer. Intensified precipitation events
accelerated erosion, particularly for the RCP 8.5 scenario. On average, results suggested reduced
in-stream sediment concentrations (Fig 3.3b; Table 3.3). However, higher erosion rates increase
sediment available for transport during storms through resuspension, which can cause higher
sediment fluxes for individual events. Suspended sediments can also facilitate the dissolution of
organic matter attached to the sediment particles (Cawley et al., 2018). In-stream TOC yields

were projected to increase relative to sediments due to faster POC dissolution rates and higher
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DOC mobility (Fig. 3¢c; Table 3.3), diminishing the quality of water entering the reservoir. It is
noteworthy that GCMs reflect climate change resulting from anthropogenic greenhouse gas
emissions. However, they do not address natural variabilities such as the El Nino Southern
Oscillation or the Pacific Decadal Oscillation (e.g., Vaghefi et al., 2019), and these multiannual
cycles would likely mediate or exacerbate climate change impacts on water supply.

Results of simulations involving wildfires indicated greater streamflow, sediment yields
and TOC yields due to increased surface runoft relative to non-wildfire simulations, and these
impacts were evident at the watershed outlet (Fig. 3.10). Much of the sediment and TOC yielded
from wildfire-affected subbasins did not reach the reservoir due to in-stream deposition.
However, in the event of individual storms, increased availability of sediment and TOC for
transport means that remobilization occurs during high water fluxes, and this process can extend
wildfire impacts for several years (Emelko et al., 2011; Noske et al., 2010). Wildfires alter local
hydrological process, and heavy precipitation events are projected to increase in both frequency
and severity, which can ultimately lower downstream water quality through increased sediment
and nutrient export, particularly for high severity burns (e.g., Abney et al., 2019; Writer et al.,
2012). As our study area ended at the reservoir inlet (Fig 1), this research did not address
processes within the reservoir such as deposition of particulate matter or biological nutrient
consumption. However, during peak runoff in June, water can be turbid throughout the reservoir
(personal observation), and therefore it is likely that both POC and DOC can be present in larger
quantities, increasing the need for coagulant and potentially creating harmful disinfection by-
products through water treatment processes (Emelko et al., 2011; Hohner et al., 2017).

As it was not possible to calibrate the wildfire scenarios, we compared results to studies

in other locations to assess our framework (e.g., Havel et al., 2018; Writer et al., 2012). Based on
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these correlations, the approach developed herein was determined to be a substantial step
towards simulating impacts of potential wildfires. Notwithstanding this progress made, further
improvements could be incorporated into future work. Post-wildfire parameterization for the ER
watershed SWAT model assumed uniform burning within wildfire perimeters, whereas burn
severity is often heterogeneous and based on factors such as elevation and aspect (e.g., Rogeau &
Armstrong 2017). Therefore, allowing patches of trees to remain could create scenarios that are
more realistic. This approach would maintain a proportion of canopy protection from rainfall, in
addition to intercepting a portion of surface runoff and the transport of water quality constituents.
Additionally, post-wildfire parameters within the model remained static, when in reality they
would change with time. As an example, while relative changes in soil erodibility (Moody et al.,
2009) and hydraulic conductivity (Ebel et al., 2017) can linger for several years after a wildfire,
they typically diminish over time. As well, plant debris and ash accumulate after wildfires, and
can be transported to streams by surface runoff, decreasing water quality for years after wildfires
(e.g., Smith et al., 2011). Since the only terrestrial OC sources in our model were initial soil
content and plant residues (Zhang et al., 2013), in-stream TOC was elevated for a short period
following wildfire simulations, during which a large proportion of soil OC was removed by
surface runoff during post-wildfire rain events. This occurred more quickly than plant residue
could replenish the OC supply, and therefore relative in-stream TOC levels decreased for several
months afterwards relative to non-wildfire simulations, when they would be expected to remain
elevated (e.g., Emelko et al., 2011; Writer et al., 2012). Therefore, we propose the addition of
highly erodible and low-density soil layer with elevated TOC content that gradually erodes with
storms (e.g., Doerr et al., 2009). Additionally, it would be beneficial for the SWAT-OCSM to

differentiate between different OC compounds such as pyrogenic carbon, which acts as a sorbent
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for organic matter and can remain within watersheds for decades (Abney et al., 2019). Finally,
since impacts can persist for years, additional scenarios such as tree planting or natural
succession could provide a long-term perspective on the impacts of wildfires on watersheds.
Although many researchers have collected post-wildfire field data (e.g., Abney et al.,
2019; Cotrufo et al., 2016; Ebel et al., 2012; Emelko et al., 2011; Silins et al., 2009; Writer et al.,
2014), relevant pre-wildfire data rarely exist for the same study areas due to the unpredictability
of wildfire occurrences. Furthermore, responses to wildfire are highly variable, both between
watersheds and within a single wildfire boundary, as they are affected by properties such as soil,
vegetation, topography, climate, and burn severity (e.g., Gonzalez-Pérez et al., 2004; Plaza-
Alvarez et al., 2018; Smith et al., 2011). The previous statements highlight the necessity for
environmental monitoring in various watersheds in order to establish baseline conditions. This
could include the installment of climate stations, hydrometric stations, or the collection of soil
and water quality samples, which provide valuable data for identifying key environmental
changes that result from extreme weather events, human activity, climate change, or any
combination thereof. In short, field data spanning a diversity of landscapes and climatic regimes
are an important precursor to scenario analyses and future projections, particularly in the case of

extreme events and disturbances, which can have almost immediate impacts on water quality.
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CHAPTER 1V — CONCLUSION

4.1 Research Summary

The primary goal of this research was to develop a framework for assessing the response
of water quantity and quality sediment and TOC in watersheds under various climate change and
wildfire scenarios. An enhanced Soil and Water Assessment Tool (SWAT) that embeds SWAT
Organic Carbon Simulation Module (SWAT-OCSM) was applied to the Elbow River watershed
to assess model performance. This study watershed was ideal because of its importance as a
drinking water source for residents of Calgary, along with its complexity resulting from varying
hydro-climatic conditions, landscapes, vegetation, and soil properties. As well, few watersheds
have water quality data as extensive as those collected by the City of Calgary. After calibrating
streamflow, sediment yields, and TOC yields, we assessed the performance of the SWAT-OCSM
in simulating TOC dynamics in the watershed. The following step was to apply scenario analyses
to the calibrated model. First, we developed a framework for simulating wildfires in SWAT, for
which we modified the source code to change land cover and soil properties within a specified
region to reflect post-wildfire conditions. Previous studies (Ebel & Moody, 2017; Havel et al.,
2018; Moody & Martin, 2009) influenced our post-wildfire parameterization. Relative changes
in streamflow, sediment yields and TOC yields were then analyzed for climate change scenarios.
The second part of scenario analyses involved combining wildfire scenarios with climate change
scenarios, for which we analyzed changes relative to the non-wildfire scenarios, both within the
wildfire perimeter and at the watershed outlet. Finally, model outputs of our wildfire scenarios
were compared to those from other studies, although there is limited research that fits into the
scope of this project (e.g., Abney et al., 2019; Emelko et al., 2011; Havel et al., 2018; Moran-

Tejeda et al., 2015; Silins et al., 2009).
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We incorporated the parsimonious SWAT-OCSM into the existing soil organic carbon
module of SWAT by modifying the source code. This module allowed for simulation of both
particulate organic carbon (POC) and dissolved organic carbon (DOC) within the water column,
in addition to reactions such as interactions of organic carbon with algae, dissolution of POC,
and mineralization of DOC. Thus, we could model terrestrial TOC transport, such as erosion or
shallow groundwater flow, and their contributions to in-stream TOC content. We obtained
satisfactory results for simulating monthly TOC loads at both stations used for calibration. The
model successfully captured the seasonality of TOC export, which closely followed streamflow
and sediment export patterns, reinforcing the importance of both terrestrial and aquatic processes
in TOC cycling. Snowmelt and rainfall runoff events in the Elbow River watershed were the
driving forces behind annual peaks in streamflow, sediment yields, and TOC yields that occur in
the late spring and early summer. The importance of understanding controls behind the organic
carbon cycle is underscored by the close relationship between cycling of different nutrients (e.g.,

organic carbon, nitrogen, and phosphorous), in addition to water quality impacts of TOC.

Following the successful simulation of TOC dynamics at the watershed scale, we applied
climate change and wildfire scenarios. Baseline conditions were defined for the 1995-2014
period, which were used to compare relative changes in streamflow, sediment yields, and TOC
yields in both near future (2015-2034) and distant future (2043—2062). For both the best-case
(RCP 2.6) and worst-case (RCP 8.5) climate change scenarios, we used the average of an
ensemble of five GCMs that are downscaled to local conditions. Future projections indicated
significantly lower streamflow, particularly between May—August, and that the distant future
would have slightly greater streamflow than the near future time period. Interestingly, annual

streamflow decreased by 25.3% and 46.9% for the near future RCP 2.6 and RCP 8.5 scenarios,
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respectively, and by 9.9% and 31.8% for the distant future RCP 2.6 and RCP 8.5 scenarios,
respectively, compared to the baseline period, due to higher precipitation and lower plant water
uptake in the distant future. In each month, the RCP 2.6 scenario showed higher streamflow than
the RCP 8.5 scenario. Sediment yield projections followed similar trends to streamflow, and
suggested lower average sediment concentrations entering the reservoir. In contrast, TOC yield
projections were higher in the near future compared to the distant future, which we partly
attributed to the impact of higher temperatures accelerating mineralization of DOC. Higher
relative TOC content indicated future degradation of water quality entering the reservoir,

particularly in the near future.

The next step was to analyze wildfire impacts combined with near future climate change
scenarios, in which two perimeters encompassing 6,108 ha and 23,984 ha were defined for
simulating moderate and high severity burns, making four total wildfire scenarios. Due to the
removal of forest canopy, surface runoff in wildfire-affected subbasins increased within a range
of 11% to over 500%, leading to local increases in sediment yields and TOC yields of similar
magnitudes, and increasing streamflow by 0.7-9.3% at the watershed outlet. Low stream power
in the near future caused the majority of sediments and TOC yielded from burned catchments to
settle on the streambed, and therefore water quality impacts were less prominent at the watershed
outlet. However, total loads entering the reservoir increased between 0.6—-6.5% for sediments,
and changes between -1.5% and +13.1% were observed for TOC loads. All relative changes
were more prominent for wildfire simulations combined with RCP 8.5 scenarios, suggesting that
the worst-case climate change scenario would have the most detrimental impacts on water
quality if a wildfire were to occur. As well, results indicated that the watershed was more

sensitive to burn severity than total area burned, as medium area wildfires with high burn
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severities had larger impacts on water quality than large area wildfires with moderate burn

severities.

4.2 Study limitations and future directions

Hydrological models inherently simplify processes, and therefore are not fully
representative of the complexity of water, sediment, and nutrient cycling occurring within
watersheds. For example, land cover remained static throughout calibration and scenario
analyses, with the exception of land cover changes related to wildfires; however, changes such as
urbanization or deforestation alter hydrology and associated sediment and nutrient transport.
Additionally, the model simulates consistent streamflow throughout the day and therefore does
not account for fluctuations on a smaller timescale, which could also affect transport of water
quality constituents. Sediment and TOC concentrations can vary spatially and temporally, but we
assumed that concentrations from in-stream samples were representative of the entire water
column when calibrating the model. There was only TOC data available for calibration, and
while the SWAT-OCSM simulates both POC and DOC, it was not possible to verify how well
the model differentiated between the two fractions. As well, the POC and DOC fractions could
be further subdivided into different components based on the decay rates of organic matter
(Sempéré et al., 2000), or to represent compounds such as pyrogenic carbon in the case of
wildfire simulations. Further refinement is required for the wildfire modelling approach in
SWAT, which would require testing broader parameter ranges related to land cover and soil
properties. However, it is rare to have both pre-wildfire and post-wildfire field data for a single
watershed, and therefore few studies were available with which to compare these model outputs.
A solid addition to our framework would be a temporary layer of wildfire remains (i.e., ash, plant

debris, organic carbon compounds such as pyrogenic carbon) that degrades and erodes over time,
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which would alter local hydrology and downstream water quality. Nevertheless, this work has
been an important step for projecting possible impacts of wildfire on water quality at the
watershed scale. Our research has also highlighted the importance of establishing baseline
conditions in watersheds through field monitoring in order to increase general understanding of
the processes that govern water, sediment and nutrient cycling, and the relative changes caused

by climate change and disturbance events.

It is clear that the cumulative effects of climate change, extreme events, and disturbances
are altering the water cycle and associated transport of suspended and dissolved compounds (i.e.,
nutrients, soil particles, minerals, metals, etc.). Therefore, simulating dynamics at the watershed
scale and analyzing various scenarios can be useful for projecting the future of water quantity
and quality. Studies such as these may help policy makers and water treatment facilities to be

proactive in facing the uncertain future of water resources.
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APPENDICES

A.1. Data Sources

Table A.1. Data sources used for SWAT model.

Data Set

Source

Notes

Digital elevation
model (DEM)

AltaLIS

Year: 2008
Resolution: 30 m

Land use map

GeoBase Land Cover
Product

Year: 2000
Resolution: 90 m

Soil map

Agri-Food Canada,
Government of Canada

Year: 2011
Resolution: 90 m

Precipitation and
temperature data

Alberta Environment and
Parks

19802017

Daily timestep

5 stations for temperature (some incomplete)
8 stations for precipitation (some incomplete)

Humidity, wind speed
and solar radiation

CFSR: National Centers for
Environmental Predictions
Climate Forecast System
Reanalysis

19802014
Daily timestep
4 stations (all records complete)

Volumetric discharge

Environment Canada

3 hydrometric flow stations

Water quality data City of Calgary 19892015
Total suspended solid and nutrient
concentrations

Historical wildfire Alberta Wildfire 1961-2017

data
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A.2. Streamflow Calibration Results.
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Fig. A.2. Monthly average hydrographs: (a) Bragg Creek; (b) Sarcee Bridge (watershed outlet), (Du et al.,

2019a).

Table A.2. Monthly streamflow calibration and validation statistics; Elbow Falls operational from 1986—
1995; Bragg Creek and Sarcee Bridge operational from 1986-2015 (Du et al., 2019a).

Calibration Validation All
Stations (2000-2015) (1986-1999) (1986-2015)
NSE R2  PBIAS NSE R2  PBIAS NSE R2  PBIAS
Elbow Falls - - - 062 062 -03 062 062 -03
Bragg Creek 062 0.64 -10.5 075 0.73 -93 066 068 -99
Sarcee Bridge 062 067 -97 0.70 0.70 -13.3 063 0.68 -11.2
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A.3. Sediment Calibration Results

Sediment load (ton/month)

1200000 a) Bragg Creek
=+ = Observed
+
: NSE: 0.47 — Simulated
900000 A \ R2: 0.87
' PBIAS: -18.4%
h
h
[/
600000 - |:
h
h
I
h
300000 - n
M
0 L %‘ s v . :‘-_ . . .
b) Sarcee Bridge
800000
NSE: 0.36 I
600000 R2:0.22 \
PBIAS: 7.0% :
[’
h
n
400000 I
[}
| !
’ J]
" h
200000 - :.
]
" , i
F ) !t :: ,
\
0 frkd -
Jan01 Jul-02 Jan04 Jul05 Jan07 Jul08 Jan-10 Julll Jan-13 Jul-14
Month

Fig. A.3. Monthly Sediment load simulation results with model performance statistics for the whole
simulation period (2001-2015): (a) Bragg Creek; (b) Sarcee Bridge, (Du et al., 2019a).

Table A.3. Monthly sediment load calibration and validation statistics (Du et al., 2019a).

Stations Calibration (2001-2007) Validation (2008-2015)
NSE R2 PBIAS NSE R2 PBIAS

Bragg Creek 0.47 0.88 -1.3 0.21 0.27 -95.7

Sarcee Bridge 0.55 0.79 -43.8 0.13 0.29 26.3
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A.4. Total Organic Carbon Calibration Results

a) Bragg Creek
1600
Observed
I;'}]f) 2"363 Simulated
1200 e
PBIAS: -17.6%
800
§ A
E 400 | |
=
£
,'_'5 0 b o | " T T T [ — A EERRd . oSN, | N |
:5 Jan-01  Jul-02  Jan-04 Jul-05 Jan-07 Jul-08 Jan-10 Jul-11 Jan-13 Jul-14
H .
a) Sarcee bridge
1600
Observed
NSE: 0.70
1200 R2: 0.73 Simulated
PBIAS: -5.7%
800
400 |
0 = pASEEERAaRS — L T L
Jan-01  Jul-02  Jan-04 Jul-05 Jan-07 Jul-08 Jan-10¢ Jul-11 Jan-13  Jul-14

Month

Fig. A.4. Monthly total organic carbon calibration for (a) Bragg Creek and (b) Sarcee Bridge stations;
results were improved from Du et al., (2019a).

Table A.4. Monthly TOC load calibration and validation statistics (Du et al., 2019a).

Stations Calibration (2001-2007) Validation (2008-2015)
NSE R2 PBIAS NSE R2 PBIAS
Bragg Creek 0.71 0.71 -4.8 0.57 0.58 -27.1
Sarcee Bridge 0.74 0.82 -0.2 0.66 0.66 -9.7
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