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EXECUTIVE SUMMARY
In 2019, Aquanty Inc. (Aquanty) was contracted by Canada's Oil Sands Innovation
Alliance (COSIA) to investigate the potential effect of climate change on integrated
water resources in the Athabasca River Basin (ARB). An integrated surface-subsurface
model of the ARB was constructed based on publicly available datasets, such as
surface and subsurface property maps and core logging data. HydroGeoSphere
(HGS), a fully-integrated physically-based surface and subsurface flow and transport
model, was used to simulate the flow of water in surface and subsurface and their
interaction in the ARB under the influence of various projected future climate scenarios.
Major objectives of this study include the construction, calibration, and validation of the
integrated surface-subsurface flow model of the ARB and the estimation of future water
resource conditions in the Athabasca River and its tributaries.
1) The ARB model was calibrated based on monthly normal transient conditions to
observed groundwater depths and surface flow rates. The climate forcing data applied
to this study are the Climate Research Unit (CRU) and WRF with different moist physics
configurations (G and T). The overall water balance with the CRU and WRF climate
datasets fits well with observations.
2) Validation of the ARB model was performed by comparing historic monthly average
flows. Although the variability of the simulated monthly average hydrographs is
relatively large compared to those simulated based on the monthly normal forcing,
there is close agreement between the simulated and observed hydrographs at the four
gauging stations (i.e., Jasper, Hinton, Athabasca, and Fort McMurray) across the ARB.
3) Bias-corrected liquid water flux and potential evapotranspiration are projected to
increase by about 30% and 15% by end-century, respectively. The simulations based
on the WRF G and WRF T ensembles exhibit very similar behavior, both, during the
historical period, as well as for the projection periods.
4) The impact of climate change on surface water and groundwater resources was
estimated and the simulation results suggest that future conditions will be wetter and
more active. Specifically, the simulations indicate: shallower groundwater table, deeper
surface water depth, stronger actual evapotranspiration, and stronger infiltration and
exfiltration fluxes.
5) A total of ten extreme event scenarios for the historic and end-century periods were
selected based on statistical analysis of precipitation extremes based on the WRF
simulations. High-resolution simulations with the selected extreme events were
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performed to estimate hydrologic conditions over the Alberta Oil Sand region. The
simulation results for end-century extreme event scenarios tend to exhibit greater
differences between minimum and maximum flow rates than those of the historic
extreme scenarios.
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1 INTRODUCTION
1.1 Overview
The impact of anthropogenic climate change on water resources and hydro-climatic
extremes is of considerable interest to water resource managers, industry and the
public. This is particularly true for the Athabasca River Basin (ARB), where changes in
future water availability and extreme events may adversely affect many operators.
Commonly, global climate models (GCMs) are used to simulate the effect of rising
greenhouse gas concentrations on climate [IPCC, 2013], and the resulting climate
projections are then used to force hydrological models in order to assess the impact of
climate change on water resources. However, the Athabasca River Basin, which is the
region of interest for the proposed study, is located directly in the rain shadow of the
Rocky Mountains, which are poorly resolved in GCMs. Furthermore, the basin’s
hydrology is dominated by climatic characteristics which are a direct result of its
location, namely high snowmelt-driven runoff in the high-elevation headwater region
and near-zero net-precipitation in the plains, which comprise most of the basin.
It has been demonstrated repeatedly that GCMs are incapable of resolving strong
orographic precipitation and the resulting rain shadow downwind of mountain ranges
[Laprise et al., 1998; Erler et al., 2015; Torma et al., 2015]. Most climate change impact
studies address this limitation by means of empirical corrections that are applied to the
climate model data (statistical downscaling); however, this approach relies on the
assumption that (a) the statistical relationship between the GCM output and the
observed climate does not change and (b) that the GCM correctly simulates regional
aspects of climate change, despite not resolving the dominant drivers of regional
climate [Maraun et al., 2010; Teutschbein et al., 2011; Dixon et al., 2016]. In contrast,
we overcome the limitations of GCMs by means of dynamical downscaling. This
approach relies on high-resolution, limited-area physical models that resolve the
dominant drivers of the regional climate, also known as regional climate models
(RCMs). Dynamical downscaling does not depend on a stationarity assumption and
accounts for regional feedbacks that may modify the climate change response [Giorgi,
2007; Laprise, 2008]. This approach has already been applied successfully in the
Rocky Mountains and the Pacific Northwest by several authors [Salathé et al., 2010;
Mearns et al., 2013; Pollock and Bush, 2013; Rasmussen et al., 2014], but typically
only for short simulation windows or at coarser resolution. Here we employ the
ensemble of high-resolution, dynamically downscaled, regional climate projections that
were recently published by Erler and Peltier [Erler and Peltier, 2016; Erler and Peltier,
2017], and consists of four GCM initial condition ensemble members that have been
downscaled to 10 km using two different RCM configurations.
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In this project we drive a fully-integrated surface and subsurface hydrologic model,
HydroGeoSphere (HGS), with the high-resolution, dynamically downscaled regional
climate projections of Erler and Peltier [Erler and Peltier, 2016; Erler and Peltier, 2017],
in order to assess potential climate change impacts within the ARB at mid- and endcentury. With support from Suncor in 2012 and 2013, Aquanty developed an HGS
model of the entire ARB. Details of work completed at that time can be found in the
Progress Report submitted to Suncor in December 2013. Since 2013, Aquanty has
continued to improve the model, with details of model construction and steady state
calibration results recently published in the journal Hydrological Processes [Hwang et
al., 2018].

1.2 Background and Objectives
The impact of anthropogenic climate change on water resources is of considerable
interest to water resource managers, industry and the public. The evaluation of
anthropogenic impact on surface water and groundwater systems involves assessing
various aspects including the hydrologic, ecologic, and climatic systems.
Understanding and adequately representing these multi-physical processes is key to
quantify climate change impacts on water resources systems and to develop policies
for sustaining healthy ecosystems and water supply. The primary objective of this
project is to gain insight on potential climate change impacts in the ARB by using state
of the art dynamically downscaled climate projections to drive a tightly coupled fullyintegrated hydrologic model of the ARB.

1.3 Report Organization
This final progress report consists of ten chapters. Chapter 1 introduces the
background and objectives of this project. Chapter 2 provides an overview of the
methods applied to this investigation, including the underlying theory and numerical
schemes employed by HydroGeoSphere. In Chapter 3, the climate datasets including
Weather Research and Forecast (WRF) and Climate Research Units (CRU) are
introduced and the characteristics of the climate datasets are discussed. In Chapter 4,
we discuss the model calibration processes with monthly normal conditions. Chapter 5
presents model validation using monthly average historic periods. Chapter 6 describes
the water balance analysis of the historic simulation results. Chapter 7 presents future
climate scenarios in the mid- and end-century periods. Chapter 8 contains climate
change impact analysis based on the future climate scenarios. In Chapter 9, extreme
event and drought analysis is introduced and the hydrologic simulation results based
on extreme event and drought scenarios are discussed. Chapter 10 provides an overall
summary and conclusions from this project. Chapter 11 contains references; and
Chapter 12 describes the limitations and use of this report.
15

2 OVERVIEW OF METHODOLOGIES
2.1 Integrated Hydrologic Approaches and HydroGeoSphere (HGS)
A diverse group of problems exists that requires quantification of the entire hydrologic
cycle by integrated simulation of water flow in the surface and subsurface regimes.
Increased demand on limited resources for potable water and other purposes has
driven the development of innovative management practices including water recycling,
drainage water reuse for salt-tolerant crops, conjunctive use of surface and subsurface
water resources, and artificial recharge of subsurface aquifers during wet periods. The
complex cycle of irrigation; evaporation; infiltration; discharge to nearby lakes, rivers,
and streams, and pumping needs to be quantified in these cases to resolve supply and
demand issues. Concerns over drying and restoration of wetlands or the effects of
subsurface water withdrawals on surface water features (which may fluctuate across
land surface or layering features in an unsaturated zone) also require an integrated,
fully-coupled analysis of the various flow regimes. Ecosystems of lakes, rivers, and
bays depend on certain minimum flows as do hydropower generation, recreational use,
and downstream water districts, states, and countries for their water needs. Regulating
water use in a hydraulically connected watershed and surficial aquifer systems
necessitates an understanding of surface/subsurface water interactions and overall
seasonal hydrologic cycle behavior.
Since the early 1970s, there has been an evolution of hydrologic models for singleevent and continuous simulations of rainfall-runoff processes. Earlier models quantified
various hydrologic components using simplified procedures (including a unit
hydrograph method, empirical formulas, system lumping, and analytical equations) that
are incapable of describing flow physics and contaminant transport in any detail. In the
past, numerical models based on complex multi-dimensional governing equations have
not received much attention because of their computational cost, distributed input and
parameter estimation requirements. Today, with the availability of powerful personal
computers, efficient computational methods, and sophisticated GIS, remote sensing
and advanced visualization tools, the hydrologic community is realizing the tremendous
potential and utility of physically-based numerical simulators.
The HydroGeoSphere (HGS) model [Aquanty Inc., 2019] is a three-dimensional control
volume finite element simulator which is designed to simulate the entire terrestrial
portion of the hydrologic cycle. It uses a globally-implicit approach to simultaneously
solve the 2D diffusion wave equation and 3D form of Richards’ equation. It also
dynamically integrates key components of the hydrologic cycle such as evaporation
from bare soil and water bodies, vegetation-dependent transpiration with root uptake,
16

snowmelt and soil freeze/thaw. As with the solution of the coupled water flow equations,
HGS solves the contaminant transport and energy transport equations over the land
surface and in the subsurface, thus allowing for surface/subsurface interactions. The
HGS platform uses a robust and efficient nonlinear solver and has been parallelized to
utilize high performance computing facilities to address large-scale problems [Hwang
et al., 2014].
2.1.1 Overland Flow
In the HGS model, areal overland flow is represented by a two-dimensional depthintegrated flow equation which is the diffusion-wave approximation of the Saint Venant
equation for surface water flow:
𝛻 ⋅ 𝑑𝑜 𝐾𝑜 ⋅ 𝛻ℎ𝑜 ± 𝑄𝑜 + 𝛤𝑜 =

𝜕𝜙𝑜 ℎ𝑜
𝜕𝑡

(1)

where 𝑑𝑜 is the depth of flow, ℎ𝑜 is the water surface elevation (= 𝑑0 + 𝑧), 𝜙𝑜 is a
surface flow domain porosity, and 𝐾𝑜 is the surface conductances that are changed
with the friction slopes of the surface and is approximated by the Manning’s equation
in x- and y- directions as:
2/3

𝐾𝑜𝑥

2/3

𝑑𝑜
1
𝑑𝑜
1
=
;
𝐾
=
𝑜𝑦
𝑛𝑥 [𝜕ℎ𝑜 /𝜕𝑠]1/2
𝑛𝑦 [𝜕ℎ𝑜 /𝜕𝑠]1/2

(2)

where 𝑛𝑥 and 𝑛𝑦 are the Manning’s roughness coefficients and 𝑠 is the direction of
maximum surface-water slope. The surface conductances 𝐾𝑜𝑥 and 𝐾𝑜𝑦 are complex
functions of the dependent variables 𝑑0 or ℎ0 (= 𝑑0 + 𝑧), and the complex relationship
makes the governing equation highly nonlinear.
2.1.2 Groundwater Flow
The modified form of Richards’ equation describing three-dimensional transient
subsurface flow under variably-saturated conditions is given by:
𝜕

𝛻 ⋅ 𝑘𝑟 𝑲 ⋅ 𝛻ℎ ± 𝑄 + 𝛤 = 𝜕𝑡 (𝜃𝑠 𝑆𝑤 )

(3)

where k r is the relative permeability of the medium as a function of the water saturation
S w or the pressure head  , K is the hydraulic conductivity tensor, h is the total head

as  + z where z is the elevation,  s is the saturated water content, Q is an externally
applied source or sink of water. The fluid exchange between the surface and
subsurface is represented by  . The storage term can be expanded to account for both
the change in storage in the saturated zone through compressibility effects and a
change in saturation in the unsaturated zone [Cooley, 1971; Neuman, 1973]:
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𝜕
𝜕𝑡

(𝜃𝑠 𝑆𝑤 ) ≈ 𝑆𝑤 𝑆𝑠

𝜕ℎ
𝜕𝑡

+ 𝜃𝑠

𝜕𝑆𝑤
𝜕𝑡

(4)

where S s is the specific storage coefficient. The governing groundwater flow equation
is highly nonlinear due to the nature of the constitutive relations between hydraulic
head ( h ), saturation ( S w ), and relative permeability ( k r ), which is commonly described
through expressions such as the van Genuchten [1980] or Brooks and Corey [1964]
relations.
2.1.3 Surface Water and Groundwater Interaction
Separate surface and subsurface flow models can be combined by explicitly coupling
the variably-saturated flow and the surface flow equations. In HGS, it is assumed that
the two domains are separated by a thin boundary layer. Thus, Γo in the governing flow
equation represents a first-order exchange between subsurface and surface domains
as follows:
𝛤𝑜 = (𝑘𝑟 )𝑒𝑥𝑐ℎ 𝐾𝑒𝑥𝑐ℎ (ℎ − ℎ𝑜 )/𝑙𝑒𝑥𝑐ℎ

(5)

∫𝑉 𝛤𝑑𝑉 = − ∫𝐴interf 𝛤𝑜 𝑑𝐴interf

(6)

where (𝑘𝑟 )𝑒𝑥𝑐ℎ is the relative permeability for fluid exchange, 𝐾𝑒𝑥𝑐ℎ is the
surface/subsurface conductance, and 𝑙𝑒𝑥𝑐ℎ is the thickness of the interface layer
between surface and subsurface domains. In the coupling equation, a positive Γ0
indicates movement from the subsurface to the surface domain through the interface
(A𝑖𝑛𝑡𝑒𝑟𝑓 ). Note that the HGS model is referred to as a fully-integrated globally-implicit
model, opposed to linked or iteratively coupled simulators because the governing
equations are solved simultaneously with the above coupling equation.
2.1.4 Winter hydrological process: snow accumulation and melt
In HGS, the spatiotemporal snow accumulation and melt controlled by air temperature
change can be simulated using the following the snowmelt water balance equation:
𝜌𝑠𝑛𝑜𝑤 (𝑞𝑠𝑛𝑜𝑤 − 𝜇𝑠𝑛𝑜𝑤 ) − 𝜌𝑠𝑛𝑜𝑤 𝑞𝑚𝑒𝑙𝑡 =

𝜕
)
𝜙 (𝜌
𝑑
𝜕𝑡 𝑜 𝑠𝑛𝑜𝑤 𝑠𝑛𝑜𝑤

(7)

where 𝜌𝑠𝑛𝑜𝑤 is the snow density [ML-3] and 𝑞𝑠𝑛𝑜𝑤 and 𝜇𝑠𝑛𝑜𝑤 represent the rates of
snow precipitation and sublimation per unit surface area [L 3T-1L-2]. The depth of snow
(𝑑𝑠𝑛𝑜𝑤 ) is always positive and the rate of melting (𝑞𝑚𝑒𝑙𝑡 ) is assumed to be linearly
proportional to a constant (𝜂) and the difference between air temperature (𝑇𝑎𝑖𝑟 ) and
threshold temperature ( 𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ) when 𝑇𝑎𝑖𝑟 > 𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 or 𝜂 = 0 when 𝑇𝑎𝑖𝑟 <
𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 .
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𝑞𝑚𝑒𝑙𝑡 = 𝜂(𝑇𝑎𝑖𝑟 − 𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 )

(8)

By combining the overland flow equation with the snow balance equation, the balance
equation for the liquid phase water is derived as:
𝛻 ⋅ 𝜌𝑤 𝑑𝑜 𝐾𝑜 ⋅ 𝛻ℎ𝑜 ± 𝜌𝑤 𝑄𝑜 + 𝜌𝑤 𝛤𝑜 + 𝜌𝑠𝑛𝑜𝑤 𝜂 (𝑇𝑎𝑖𝑟 − 𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 ) =

𝜕(𝜙𝑜 𝜌𝑤 𝑑𝑤𝑣 )
(9)
𝜕𝑡

This equation indicates that the snowmelt always acts as a source for the liquid water
balance in the surface flow domain.

2.2 Model performance evaluation methods
Model performance was evaluated using root mean squared error (RMSE) and NashSutcliffe efficiency (NSE), which are described as:
∑𝑛 (𝑄𝑖 − 𝑄̂𝑖 )2
RMSE = √ 𝑖=1
𝑛

(10)

2
∑𝑛𝑖=1(𝑄𝑖 − 𝑄̂𝑖 )
NSE = 1 − 𝑛
∑𝑖=1(𝑄𝑖 − 𝑄̅ )2

(11)

where 𝑛 is the number of observations, 𝑄̂𝑖 and 𝑄𝑖 represent the simulated and
observed data, respectively. 𝑄̅ corresponds the mean observation value. RMSE
provides information on the level of overall agreement between the simulations and
observations in original measurement units. NSE is unity for a perfect match of
simulated flow to the observation datasets, while an NSE value of zero indicates that
the simulation results are close to the mean of the observation data. NSE ranges from
zero to one but negative values are also allowable. If NSE < 0, the performance of the
simulation is less than the mean observation data. Threshold values related to the
model performance range from 0.5 to 0.65.
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3 WRF CONDITIONING AND CALIBRATION OF
HYDROLOGIC MODELS TO HISTORIC PERIOD
3.1 WRF – Climate Datasets
The climate projections employed in this study are based on a 4-member ensemble of
identically-configured but independently initialized global climate projections (an initial
condition ensemble), which were conducted using the Community Earth System Model
version 1.2 [CESM; Gent et al., 2011] under the RCP 8.5 representative concentration
pathway [Van Vuuren et al., 2011]. CESM has consistently been found to be one of the
best performing Global Climate Models (GCMs) in the Pacific Northwest region [Mote
and Salathé, 2010; Abatzoglou et al., 2014; Rupp et al., 2017]. The use of an initial
condition ensemble is important, because of the high degree of natural internal
variability in the climate system, especially at regional scales [Hawkins and Sutton,
2009; Deser et al., 2010; Deser et al., 2012]. Of particular concern in western North
America is decadal variability associated with the Pacific Decadal Oscillation [Mantua
et al., 1997; Deser et al., 2012; Erler et al., 2015], which exerts a notable influence on
the hydro-climate of the Athabasca river basin [Burn, 2008; Erler et al., 2015].
The global CESM simulations have been integrated continuously out to the year 2100.
Dynamical downscaling was performed independently for all 4 ensemble members and
for three 15-year time slices: historical (1979-1994), mid-century (2045-2060), and endcentury (2085-2100). The Weather Research and Forecasting model (WRF) version
3.4.1 [Skamarock, 2008; Skamarock and Klemp, 2008; Wang et al., 2009], which is a
state-of-the-art meso-scale weather prediction and regional climate model, has been
employed for this purpose. A detailed, technical description of the downscaling pipeline
and modifications that have been applied to the WRF model can be found in Erler
[2015]. A nested approach has been employed for downscaling, with an outer domain
at 30 km resolution covering most of North America, and an inner domain at 10 km
resolution over British Columbia and Alberta (including the ARB). The outer domain
also includes most of the Northeast Pacific, so that weather systems that hit the west
coast of North America, including atmospheric rivers, are properly resolved and spunup inside the regional model [Salathé et al., 2010; Gao et al., 2015]. The inner domain
then provides further enhanced resolution, when these weather systems move over
the Coast and Rocky Mountains in British Columbia. As demonstrated by Erler et al.
[2015], orographic precipitation is notably better resolved in the inner WRF domain (at
10 km) than in the outer domain (30 km); as a consequence, the resulting rain shadows
over the interior Plateau in British Columbia (BC) and the Canadian Prairies in Alberta
are also much better represented in the inner domain. Nevertheless, Erler et al. [2015]
note that the rain shadows are still underestimated, even at 10 km resolution, and even
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higher resolution may be necessary, to properly resolve regional precipitation patterns
(as well as snow accumulation and melt).
WRF is a highly customizable model that supports many different options for sub-gridscale physics parameterizations, such as radiation, land surface processes, cloud
microphysics, and unresolved convection [Wang et al., 2009]. For this study, two
ensembles of dynamically downscaled climate projections will be used, which have
been generated using different parameterizations for moist physics, meaning different
cloud micro-physics and convection schemes. The two configurations and the
associated climate projections for western Canada are described in Erler and Peltier
[2017]. The two configurations have also been employed by Erler et al. [2019] for an
integrated hydrological analysis in the Great Lakes basin, where one configuration was
referred to as WRF T and the other as WRF G – this nomenclature will also be adopted
here. The WRF T configuration employs a set of common, but simpler physical
parameterization, specifically the Kain-Fritsch cumulus scheme [Kain, 2004] and the
WSM6 single-moment cloud micro-physics scheme [Hong and Lim, 2006]. The WRF
G configuration on the other hand employs the more advanced Grell-3D ensemble
cumulus scheme [Grell and Dévényi, 2002] and the two-moment Morrison microphysics scheme [Morrison et al., 2005]. Even though Erler and Peltier [2016] and Peltier
et al. [2018] found that WRF G generally outperformed other configurations in the
representation of summer precipitation patterns and statistics of precipitation extremes,
Erler and Peltier [2017] also found that convective precipitation in summer was
generally less active in the WRF G configuration, compared to WRF T, leading to a
slight underestimation of the seasonal cycle across most of Alberta (including the ARB).
Each WRF configuration ensemble consists of four members, corresponding to the four
members of the CESM initial condition ensemble.

3.2 Pre-processing, Aggregation and Bias Correction of Climate
Projections
For the purpose of forcing the HGS model with dynamically downscaled climate
projections, liquid precipitation, snowmelt and potential evapotranspiration (PET) were
extracted from the WRF model. The latter two are computed by the Noah land surface
model [Ek et al., 2003], using a single-layer energy balance snow model and the
Penman-Monteith formulation for PET. These data are then aggregated into monthly
timeseries and reprojected to the HGS grid at 5 km resolution. The monthly timeseries
are then either used directly to force the HGS model in transient simulations or are
aggregated into an average annual cycle (monthly normals) for periodic quasiequilibrium simulations; in the latter case, the 4 members of the initial condition
ensemble are also averaged. Finally, bias correction is applied to correct the overall
water balance.
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For the purpose of this study a simple linear bias correction of annual, basin-average
precipitation and PET was applied. This approach has previously been introduced by
Erler et al. [2019] and has the advantage that no seasonality is imposed by the bias
correction, so that it can more easily be argued that biases are stationary, even if
seasonality changes in future projection scenarios. However, a point of departure from
Erler et al. [2019] is the choice to bias-correct convective and grid-scale (nonconvective) precipitation separately. The reason is that these two precipitation types
are generated by different processes (and process modules in WRF) and Erler and
Peltier [2017] report that the two WRF configurations differ in their representation and
relative magnitude of these processes. Since the fraction of convective precipitation is
not directly available from observations, linear correction factors for convective and
non-convective precipitation were derived so as to minimize the difference between
observed and simulated monthly normal total precipitation, using a simple optimization
algorithm. Snowmelt was corrected using the same factor as for non-convective
precipitation, since independent, high-quality data for snowmelt was not readily
available. In contrast to more commonly used monthly bias-correction schemes such
as the Delta-method or BCSD [Maurer et al., 2010], this involves a total of only three
free parameters for the entire domain, which do not depend on the time of year.
Consequently, this method is much less prone to overfitting and errors introduced by a
change in seasonality [Maraun et al., 2010; Teng et al., 2015]. Following Erler et al.
[2019], this bias correction scheme will be abbreviated as AABC (annual average bias
correction), even though it differs slightly from their method.

3.3 Historic Period HGS simulations with Bias Correction
Bias-corrected historic-period WRF results (Task 1a) were used to drive the calibrated
HGS model (Task 1b) to reproduce average historic hydrologic observations within the
ARB. Two different types of simulations have been performed: periodic monthly normal
and monthly transient simulations. The periodic monthly normal forcing mode
represents a quasi-steady state, where the hydrologic model is forced with ensemblemean monthly normals. This approach allows the use of higher resolution and larger
parameter sets in the hydrologic model than would be possible in a fully transient
simulation, while still retaining a full seasonal cycle and capturing changes therein. It is
also well suited to equilibrate the model and obtain initial conditions for transient
simulations.

3.4 Climate Research Units (CRU)
Transient model calibration was performed using the version of the ARB model
presented by Hwang et al. [2018]. For historical calibration simulations the ARB model
was forced with gridded climate data from the CRU dataset at 0.5 degree resolution
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[Harris et al., 2014]. This dataset is entirely based on in-situ observations (e.g., rain
gauges) and, among other variables, provides total precipitation as well as PET based
on the Penman-Monteith formulation. However, the dataset does not provide snowmelt
or snow water equivalent. Therefore, snow accumulation and melt was computed on
the basis of minimum and maximum temperatures and total precipitation, using a
simple temperature index model (degree-day). In order to better capture late-season
snowmelt at high elevations, two different parameter sets have been employed based
on preliminary snowmelt water balance analysis: one for alpine regions (upstream of
Hinton) and one for the plains. A sensitivity analysis of the ARB model was also
performed using additional datasets related to winter processes, orographic
precipitation and groundwater-surface water interactions.
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4 MODEL CALIBRATION AND SENSITIVITY ANALYSIS:
MONTHLY NORMAL FORCING
4.1 Model calibration: winter processes
Hydrological processes in the Athabasca River Basin are significantly affected by
winter processes as approximately one quarter of the average annual precipitation falls
as snow [Ketcheson and Price, 2016]. Additionally, snowmelt runoff is a dominant
hydrological mechanism that contributes to both, the groundwater and the surface
water flow system [Carey and Quinton, 2004]. The ARB winter processes portion of the
model was calibrated using Equations (7) and (8).

Figure 1 Snowmelt zones and locations of surface water gauging stations and
groundwater observation wells in the ARB: JA = Jasper; HT = Hinton; WF = Windfall;
AT = Athabasca; FM = Fort McMurray; and EA = Embarras Airport sub‐basin
For calibration, the initial estimates of surface and subsurface flow and
evapotranspiration parameters for the ARB model were obtained based on the steadystate calibration results performed by Hwang et al. [2018]. The CRU monthly normal
climate data (i.e., total precipitation and temperature) for the period from 1979 to 1994
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was used for the model calibration. From the HYDAT [2010] surface water dataset,
data from four gauging stations were obtained: Jasper (JA), Hinton (HT), Athabasca
(AT), and Fort McMurray (FM) and were set as calibration targets (Figure 1). For the
snowmelt runoff modelling, the simulation domain was split into two snowmelt zones,
of which zone 1 covers the JA to AT sub-basins and zone 2 covers the remaining area
to the end of the ARB (Figure 1). Both zones have the same snowmelt properties
except for the melting threshold temperature (Table 1). Specifically, the snow density
and melting constant for both zones were assigned as 100.0 kg m-3 and 3.46×10-4 m
d-1 °C-1, respectively. The snowmelt runoff computation was performed without
sublimation losses for both zones. The threshold temperature was chosen to be -2.5 °C
for snowmelt zone 1 and -1.0 °C for snow melt zone 2. The parameter values for the
variably saturation flow and evapotranspiration models were assigned based on
Hwang et al. [2018].
Table 1 Parameter values for the snowmelt runoff, variably saturated flow, and
evapotranspiration models of the ARB.
Snowmelt runoff
Snowmelt
𝜌𝑠𝑛𝑜𝑤 (kg m-3)
zone
1
100.0
2
100.0

𝑇𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 (°C)

𝜂 (m d-1 °C-1)

Sublimation (m d-1)

-2.5
-1.0

3.46×10-4
3.46×10-4

0.0
0.0

Variably saturated flow
Mineral
soils

Parameter

Peats: top 0.5 m
Peats: below 0.5
(Highly conductive
m (Peat layer)
layer)

1.42×10-4 5)

1.0×10-2

1×10-2

8.0×10-6 6)

𝑆r 1)

0.004

0.004

0.4

0.4 6)

𝜙 2)

0.41

0.41

0.85

0.86 6)

α 3)

4.93

4.93
Macro pore model

dual-porosity
model 6)

Ksat (m/s)

Water
retentio
n curve

Riverbeds

𝑛

4)

2.767

2.767

Evapotranspiration
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Forestlands
(Mineral soils)

Peatlands
(Peats)

Water

1.0 11)

1.0 12 )

0.1

0.68

0.50

0.0

𝑆𝑤𝑝 7)

0.0097

0.53

0.20

𝑆𝑓𝑐

8)

0.011 11)

0.83

0.25

𝑆𝑜𝑥

9)

0.95

1.0

1.0

𝑆𝑎𝑜

10)

1.00 11)

1.0 12 )

1.0

Evaporation depth (m)

0.5

0.5

0.5

Evaporation min
limiting
max
saturation (-)

0.01

0.55

0.25

1.0

1.0

1.0

Parameter
Root depth (m)
Transpiration
partitioning factor (𝑓1 )
Transpiration
limiting
saturation (-)

1)

residual saturation; 2) porosity; 3) van Genuchten parameter; 4) van Genuchten
parameter; 5) averaged value from Huang et al. [2011]; 6) Rezanezhad et al. [2012]; 7)
Wilting point; 8) Field capacity; 9) Oxic limit; 10) Anoxic limit; 11) Huang et al. [2011]; 12) Alaaho et al. [2015]
Figure 2 shows simulated (red lines) and observed (blue symbols) stream flow rates at
four gauging stations along the Athabasca River. The observed stream flows are the
mean monthly normal flow rates and upper and lower blue dotted lines correspond
maximum and minimum monthly normal stream flows, respectively. The observed flow
at the JA gauge station ranges from 9.3 (low flow season) to 321.0 (high flow season)
m3/s with a mean of 82.1 m3/s. The low flow season in the ARB covers from October
to April and the high flow season covers from May to September. The simulated flow
at JA ranges from 43.4 (low flow season) to 134.5 (high flow season) m3/s with an
average of 80.5 m3/s, indicating that the overall mean annual flows for the simulation
and observations are similar, but the seasonal variation of the simulated flow rates is
lower than in the observations. At the HT gauge station, the simulated flow again shows
relatively less seasonal variations compared to the observations, but the average
annual flow for the simulation and observations are again similar (153.5 m3/s for the
simulation and 157.9 m3/s for the observation). At downstream gauge stations such as
AT and FM, the simulated flows during the low flow season are also slightly
overestimated. However, there is high agreement between the simulated and observed
flow rates. The simulated and mean observed flows during the high flow season are
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986.9 m3/s and 1057.5 m3/s at AT and 1195.8 m3/s and 1369.8 m3/s at FM, respectively;
furthermore, the timing of simulated peak flows also agrees well with observations.

Figure 2 Monthly normal HGS simulation results with CRU datasets. Blue symbols
represent mean observed stream flow rates at each station (JA = Jasper; HT = Hinton;
AT= Athabasca; and FM = Fort McMurray) and upper and lower blue dotted lines
correspond maximum and minimum monthly normal stream flows, respectively, and
red lines represent simulated stream flow rates at the gauge stations.
Based on the calibrated ARB model, the monthly normal water balance analysis of the
ARB model is shown in Figure 3. The water balance components used for the analysis
are potential evapotranspiration (PET), Total precipitation (TP) and liquid precipitation
(LP), and snowmelt (SM). PET ranges from 0.11 to 3.58 mm/d with a peak occurring
in June-July. Similarly, total water flux input (LP + SM) ranges from 0 to 3.22 mm/d with
a peak occurring in July-August. It is noted that the LP + SM rate during the low flow
season from November to March is close to zero because precipitation falls as solid
precipitations such as snow. With the winter process, SM starts to increase from March
to April and decrease to zero around June-July. For the combined component (LP +
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SM), there are two peaks occurring in April-May and July-August, because of the
snowmelt contributions.

Figure 3 Monthly normal water balance analysis of the ARB model

4.2 Simulation results with WRF
Using the WRF forcing datasets (i.e., WRF T and G), the simulated stream flows at the
four gauging stations were compared with observations. The HGS parameter settings
for the surface and subsurface flow domains and evapotranspiration were based on
the case which performed best (Table 1) during model calibration with the CRU data
set presented in Section 4.1.
The stream flow comparisons between the simulations and observations at the four
stations are shown in Figure 4. The simulated flow with WRF T and G at the upstream
areas is slightly overestimated for the low and high flow seasons, but the simulated
seasonal flow tends to be captured better as compared to those with the CRU forcing.
In the downstream areas such as the Athabasca and Fort McMurray stations, the
simulated stream flow rates during the low flow season are also slightly overestimated
but those during the high flow season agree with the observed flow. Both the simulated
and observed stream flow peaks occur between July and August at AT, but the
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simulated peak time at FM is about half month later than the observation. As for the
difference between simulations driven by WRF T and G, there are no significant
differences in the overall flow response, but there are minor differences in the timing of
flow responses. In the upstream area, the WRF G forcing results in slightly higher
stream flow during the low flow season, while the stream flow with WRF T forcing is
slightly higher during the high flow season. In the downstream area, there is almost
negligible difference in the stream flow at AT, but the WRF G forcing case shows
slightly higher peak flow compared to the WRF T forcing during the high flow season.

Figure 4 Monthly normal HGS simulation results with WRF T and G. Blue symbols
represent average observed monthly normal stream flow rates at each station (JA =
Jasper; HT = Hinton; AT= Athabasca; and FM = Fort McMurray), error bars represent
one standard deviation, and upper and lower blue dotted lines correspond maximum
and minimum monthly normal stream flows, respectively. Red solid and dotted lines
represent simulated flow rates at the station locations, driven by WRF T and G forcing,
respectively.
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4.3 Uncertainty analysis with CRU forcing
Based on the calibrated model shown in Section 4.1, we performed a parametric
sensitivity analysis of the ARB model related to topsoil and peatland hydraulic
properties for variably saturated flow and evapotranspiration. To summarize the topsoil
and evapotranspiration parameter sets obtained by Hwang et al. [2018], Table 2 lists
hydraulic parameter values for the mineral soils, peats, highly conductive zones and
riverbeds. It is noted that the parameter values for the snowmelt model are the same
as those obtained from the model calibration. The mineral and peat soils were assigned
based on studies from Huang et al. [2011] and Rezanezhad et al. [2012], respectively.
The hydraulic conductivities for the riverbeds and highly conductive zones, obtained
from the calibration processes, are in ranges of 1.42×10-4 ~ 9.6×10-3 m/s and 1.8×10-3
~ 6.1×10-3 m/s, respectively. The ET zones in the ARB consist of forestlands (mineral
soils), peatlands (peat soils), and water. The soil types in the bracket correspond to the
topsoil zones connected to the ET zones. The ET parameters for the forestlands and
peatlands are assigned based on the studies from Huang et al. [2011] and Ala-aho et
al. [2015], respectively. The transpiration partitioning factors for the forestlands and
peatlands controls the ratio of transpiration to evaporation.
Table 2. Parameter values for variably saturated flow in peat layers and
evapotranspiration [Hwang et al., 2018].
Variably saturated flow
Riverbeds

Peats: top 0.5 m
Peats: below 0.5
(Highly conductive
m (Peat layer)
layer)

1.42×10-4 5)

1.42×10-4
~9.6×10-3

1.8×10-3 ~6.1×10-3

1.98×10-6 6)

𝑆r 1)

0.004

0.004

0.4

0.4 6)

𝜙 2)

0.41

0.41

0.86

0.86 6)

α 3)

4.93

4.93

𝑛 4)

2.767

2.767

Mineral
soils

Parameter

Ksat (m/s)

Water
retention
curve

dual-porosity model 6)

Evapotranspiration
Parameter

Forestlands
(Mineral soils)

Peatlands
(Peats)

Water
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1.0 11)

1.0 12 )

0.1

0.60±0.10

0.50±0.05

0.0

𝑆𝑤𝑝 7)

0.0097

0.35 12)

0.0097

𝑆𝑓𝑐

8)

0.017 11)

0.41 12)

0.017

𝑆𝑜𝑥

9)

0.93 ~ 0.95

0.95 ~ 1.0

1.0

𝑆𝑎𝑜

10)

1.0 11)

1.0 12 )

1.0

Evaporation depth (m)

0.5

0.5

0.5

Evaporation min
limiting
max
saturation (-)

0.20

0.18

0.2

1.0

1.0

1.0

Root depth (m)
Transpiration
partitioning factor (𝑓1 )
Transpiration
limiting
saturation (-)

1)

residual saturation; 2) porosity; 3) van Genuchten parameter; 4) van Genuchten
parameter; 5) averaged value from Huang et al. [2011]; 6) Rezanezhad et al. [2012]; 7)
Wilting point; 8) Field capacity; 9) Oxic limit; 10) Anoxic limit; 11) Huang et al. [2011]; 12) Alaaho et al. [2015]
Hwang et al. [2018] estimated various parameter sets based on a long-term steadystate model of the ARB. Using the parameter sets suggested by Hwang et al. [2018],
parametric uncertainty was investigated by evaluating a total of 103 unique parameter
sets which were applied to the monthly normal simulations, and their results were
evaluated by comparing with the observed monthly normal groundwater heads and
surface flow rates. Figure 5 shows a comparison between simulated and observed
groundwater depth for the monthly normal conditions. A total of 336 simulated
groundwater depths were compared to observed values from groundwater observation
wells located throughout the ARB (see red triangles in Figure 1). According to Hwang
et al. [2018], the groundwater head in the ARB ranges approximately from 200 to 1400
m, which corresponds to a groundwater depth ranging from 0.1 to 100 m. The symbols
in Figure 5 represent mean groundwater depths and the bars represent standard
deviation of simulated (vertical blue) and observed (horizontal green) values. The light
blue area corresponds to the 95% confidence interval of the observed groundwater
depths.
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Figure 5 Comparison of simulated and observed depth to water table. Symbols
correspond the mean groundwater depth for the monthly normal conditions during the
period from 1979 to 1994 and bars represent the standard deviation.
The overall simulation results compared to the observation data are underestimated
with a Pbias of -69.5% and a RMSE of 19.0 m, which indicate relatively large
discrepancy compared to observed groundwater ranges. The poor fit is due to the
observations located in the Fort McMurray area (triangles in Figure 5), where miningrelated activities are dominant and its groundwater system is significantly affected by
the anthropogenic activities. Ignoring these observations, the agreement between the
simulation and observations is slightly improved, with a PBias of -49% and a RMSE of
16.0 m. It is noted that the simulated average groundwater depth in the peatland area
changes from 0 to 3.5 m with a standard deviation ranging from 0.01 to 2.9 m, which
indicates that the groundwater system in peatland areas is relatively stable.
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Figure 6 Monthly normal HGS simulation results with CRU datasets. Blue symbols
represent mean observed stream flow rates at each station (JA = Jasper; HT = Hinton;
AT= Athabasca; and FM = Fort McMurray) and upper and lower blue dotted lines
correspond maximum and minimum monthly normal stream flows, respectively, and
red lines represent simulated stream flow rates at the gauge stations. Each red line
represents a single simulation run out of hundred parameter settings of the ARB model.
Figure 6 shows simulated and observed stream flow rates at four gauging stations
along the Athabasca River. The monthly normal observations were prepared based on
the monthly mean stream flow from 1979 to 1994. In Figure 6, red lines represent
simulated stream flow rates at the gauge stations. Each red line represents a single
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simulation run out of about one-hundred parameter settings of the ARB model. Blue
symbols correspond to observed mean monthly normal flow rates, and upper and lower
blue dotted lines correspond to maximum and minimum monthly normal stream flows,
respectively. The stream flow rates simulated in upstream areas such as Jasper (JA)
and Hinton (HT) are higher than the observations during the low flow season from
October to April, while the simulated flow rates are underestimated during the high flow
season from May to September. Note, however, that these differences in the headwater
region are minor compared to the mean annual discharge of the ARB downstream,
which is approximately 760 m3/s [Hwang et al., 2018]. In the downstream areas such
as Athabasca (AT) and Fort McMurray (FM), the surface flow during the low flow
season is also somewhat overestimated, but during the high flow season the
simulations follow the observations quite well. Some simulation cases with relatively
high streambed conductances result in relatively low stream flow because the surface
water mass in the river tends to preferentially infiltrate into the shallow groundwater
system. Overall, the ARB model can reproduce the seasonal cycle of stream flow along
the Athabasca River well.
Table 3. Evaluation of model performance for monthly average historic monthly normal
flows with CRU forcing.
Station
RMSE (m3/s)
Pbias (%)
1
JA
62.0
-10.7
2
HT
112.6
-10.8
AT 3
198.0
19.1
4
FM
278.9
0.2
Total 5
163.0
-0.6
1
2
3
4
Jasper; Hinton; Athabasca; Fort McMurray; 5 All stations

NSE (-)
0.49
0.51
0.65
0.59
0.56

The performance of the ARB model for monthly normal conditions was evaluated using
three metrics: RMSE, Pbias and NSE, which are listed in Table 3. The performance
metrics are calculated using the simulated average flow rates monitored at JA, HT, AT,
and FM. The difference between the simulated and observed ranges from 62.0 to 278.9
m3/s. The simulated upstream flow is slightly underestimated with a Pbias of
approximately 11%, while the downstream flow at AT is overestimated with a Pbias of
19%. At the FM station, the estimated RMSE is 278.9 m3/s, which is higher than the
upstream stations, but Pbias is less than 1%, which is lower than that of the upstream
stations. NSE values for all the stations are similar each other: 0.5 for the upstream
stations and 0.6 for the downstream stations. Overall, RMSE at all the stations is 163
m3/s, which yields -0.6% for Pbias and 0.6 for NSE. Based on the model performance
evaluation, the overall simulated flow matches well with the observations and the
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monthly normal forcing with various model parameter sets can reproduce the mean
seasonal trends.
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5 MODEL VALIDATION: MONTHLY AVERAGE FORCING
In order to validate the ARB model, historic monthly average flows for 15 years from
1979 to 1994 were applied to the ARB model, which was calibrated based on monthly
normal hydrologic conditions. Similar to the model calibration described in the previous
section, two main types of the climate forcing data (i.e., CRU and WRF) were used to
evaluate the validity of the ARB model for representing the hydrologic and
hydrogeological responses of the ARB.

5.1 Hydrologic responses with CRU
For surface flow conditions, there is close agreement between the simulated and
observed hydrographs at the four stations across the ARB, while the hydrographs at
JA match the seasonal trends, there is a slight overestimation during the low flow
season and underestimation during the high flow season. Additionally, the timings of
the simulated snowmelt runoff and seasonal peak stream flow match well with the
observations during the simulation period. As described in the previous section, the
surface flow sensitivity to different material properties during the low flow season is
relatively low compared to the high flow season. The simulated surface flow at HT also
shows the similar seasonal trends with relatively less variations during the low flow
seasons. In the midstream and downstream areas, the simulated surface flow at AT
and FM shows a more dynamic response in the surface flow, which indicates that the
sensitivity of surface flow to surface/subsurface material properties is relatively high in
the mid- and downstream areas of the basin. During the low flow season, the river flow
at AT is somewhat overestimated (by 30 to 40%), but during high flow season the
simulated flow matches the mean observed flow well.
Table 4 lists the model performance with the uncertainty analysis for the monthly
average forcing. The performance values represent an average for the simulation
results of the parametric uncertainty analysis. The RMSE at JA and HT is 56.9 and
103.8, respectively. In the downstream areas, the values for AT and FM are 265.0 and
292.1, respectively. The RMSE values in the downstream stations are higher than
those in the upstream due to the greater flow rate. The Pbias of the simulated
hydrographs is 6.1% at JA, 4.1% at HT, 41.4% at AT and 17.6% at FM, which indicates
that there is a slight overestimation overall, but the degree of overestimation at AT is
relatively large compared to the other stations. Additionally, NSE for all stations ranges
from 0.48 to 0.61. The NSE values in the upstream stations are less than 0.6, while
those for the downstream area are slightly lower at AT and higher at FM than the
upstream stations.
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Figure 7 Monthly average flow simulation results with CRU forcing. Symbols represent
monthly mean observed stream flow rates at each station (JA = Jasper; HT = Hinton;
AT= Athabasca; and FM = Fort McMurray) and red lines represent simulated flow rates
at the gauge station. Each red line represents one of the ARB model parameter sets.
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It is noted that the NSE values at all stations are less than 0.65, indicating that the ARB
model with the 100 parameter sets are acceptable.
Table 4. Evaluation of model performance for monthly average historic transient flow
with CRU forcing.
Station
RMSE (m3/s)
Pbias (%)
1
JA
53.3
4.3
HT 2
97.7
3.4
3
AT
221.5
40.6
FM 4
229.6
16.9
Total 5
150.5
16.3
1
2
3
4
Jasper; Hinton; Athabasca; Fort McMurray; 5 All stations

NSE (-)
0.61
0.60
0.53
0.69
0.61

Based on comparison of results between the simulated and observed stream flows, the
overall simulations with various surface-subsurface parameter sets match well with the
mean observations. However, at the same time, the difference of the seasonal
hydrologic responses between the simulations and observations suggest that seasonal
water balance based on the CRU datasets does not reflect hydrological processes in
the upstream area, specifically in the Rocky Mountains. Intra-annual Freeze-thaw
cycles during the winter period may be required for improving the hydrologic and
hydrogeological responses in the ARB. Additionally, it is also likely that there are biases
and interpolation errors in the CRU datasets over the Rocky Mountains.
5.2

Hydrologic responses with WRF ensembles

The ARB simulations were performed with eight WRF forcing datasets (four G
configuration ensemble members and four T configuration ensemble members). The
simulated hydrographs at four stations were compared to the observations as shown
in Figure 8. Symbols and lines represent monthly average stream flow rates at each
station and polygons represent standard deviations of the monthly stream flow rates at
the gauge station. Blue corresponds to observed and green and red correspond to
simulated stream flows with WRF forcing (WRF T-green, WRF G-red). In the JA and
HT stations, the simulated stream flow with the eight WRF datasets is consistently
overestimated, although the seasonal cycle is reproduced well. This indicates that total
precipitation in WRF over this area may be biased high, resulting in greater than
observed streamflow. The variability of the simulated hydrographs is large compared
to those simulated based on the monthly normal forcing. However, snowmelt and
stream peak timings match well with the observations in the upstream areas. As with
CRU forcing, in the downstream areas, there are overestimations during the low flow
seasons, however, there are also several very large peak values during the high flow
season, which is not seen with CRU forcing periods.
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Figure 8 Historic monthly average flow simulation results with WRF forcing. Symbols
and lines represent monthly average stream flow rates at each station (JA = Jasper;
HT = Hinton; AT= Athabasca; and FM = Fort McMurray) and polygons represent
standard deviations of the monthly stream flow rates at the gauge station. Blue
corresponds to observation and green and red correspond to simulations with WRF
forcing (WRF T-green, WRF G-red).
Specifically, during the low flow seasons the mean observed and simulated flow is 21
and 92 (𝜎 = 12) m3/s at JA, 50 and 166 (𝜎 = 12) m3/s at HT, 186 and 390 (𝜎 = 53) m3/s
at AT, and 306 and 501 (𝜎 = 83) m3/s at FM, respectively. 𝜎 represent the standard
deviations of the simulated flow rates.
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The difference between the simulated and observed stream flows during the low
seasons ranges from 72 to 116 m 3/s in the upstream and from 180 to 204 m 3/s in the
downstream, which is greater than those in the upstream area. During the high flow
seasons, the mean observed and simulated flow is 150 and 244 (𝜎 = 41) m3/s at JA,
282 and 402 (𝜎 = 66) m3/s at HT, 705 and 794 (𝜎 = 205) m3/s at AT, and 993 and 964
(𝜎 = 254) m3/s at FM, respectively. In the upstream area (JA and HT), the absolute
differences between the observed and simulated stream flow are similar to the low flow
season, indicating a systematic bias, whereas in the downstream areas the absolute
differences are smaller during the high flow season. The mean stream flow differences
range from 94 to 123 m3/s in the upstream and from 275 to 299 m 3/s in the downstream.
Both hydrologic trends in the upstream and downstream areas are similar.
Table 5. Evaluation of model performance for monthly average historic transient flow
with WRF T forcing.
Station
RMSE (m3/s)
Pbias (%)
1
JA
97.6
109.5
HT 2
140.2
81.6
3
AT
298.5
48.9
FM 4
339.0
24.4
1
2
3
4
Jasper; Hinton; Athabasca; Fort McMurray

NSE (-)
-0.26
0.19
0.33
0.47

For the WRF G forcing, the model performance values are similar to those of WRF T
due mainly to the large system bias, but the overall performance for the WRF G forcing
is slightly better than the WRF T forcing.
Table 6. Evaluation of model performance for monthly average historic transient flow
with WRF G forcing.
Station
RMSE (m3/s)
Pbias (%)
1
JA
87.6
96.4
2
HT
124.0
69.8
AT 3
288.7
36.8
4
FM
354.6
21.9
1
Jasper; 2 Hinton; 3 Athabasca; 4 Fort McMurray

NSE (-)
-0.02
0.37
0.38
0.42

Tables 5 and 6 list the model performance results of WRF T and G forcing datasets,
respectively. Using the WRF T forcing datasets, the RMSE values for JA and HT are
97.6 and 140.2, respectively. In the downstream areas, for the RMSE for AT and FM
are 298.5 and 339.0, respectively. The RMSE values in the downstream stations are
higher than those in the upstream areas, which is similar to those of the CRU forcing.
The Pbias for the simulations is 109.5% at JA, 81.6% at HT, 48.9% at AT and 24.4%
at FM, which indicates that the upstream flow is overestimated compared to the
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downstream values. The NSE values for the stations ranges from -0.26 to 0.58. The
NSE values for the upstream stations are less than 0.5, which indicates that the model
has difficulty reproducing these flows (due to the large systematic bias).
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6 CHARACTERISTICS OF TRANSIENT FLOW CONDITIONS
Transient surface water and groundwater flow characteristics of the ARB were
analyzed based on the results of the model uncertainty analysis. In this analysis, the
groundwater, surface water, and evapotranspiration systems in the ARB were
investigated with respect to the averages of annual flow and low and high flow seasons.
Additionally, groundwater contributions to the Athabasca River were quantified using
simulated exchange fluxes between the groundwater and surface water flow systems.
This analysis is performed for the historic period for both the CRU climate forcing and
the WRF G and T climate forcings.

6.1 CRU climate forcing
6.1.1 Groundwater system
Figure 9 shows the spatial distributions of the average and standard deviation of depth
to water table for annual (Figures 9a and 9b), low flow season (Figures 9c and 9d), and
high flow season (Figures 9e and 9f). The annual average depth to water table shown
in Figure 9a ranges approximately from 0 to 200 m, with the upstream area having
deeper watertable conditions that the downstream area.
In the Rocky Mountains area, the simulated watertable depth increases up to 200 m
because the topographic relief is high relative to model resolution, which may affect the
calculation of the watertable location. However, the groundwater system in the
mountain valley areas is simulated with average and standard deviation of 20 m. The
standard deviation of the watertable depth in this area ranges approximately from 0 to
2 m (Figure 9b), with the lakes and stream areas having almost static conditions and
hill slope and near-stream areas have relatively large groundwater level changes (𝜎 ≈
2 m). In the midstream area, the average watertable depth in the high elevation is
approximately 150 m, which is similar to that in the upstream area, but the changes in
the water table is relatively low (i.e., 𝜎 ≤ 0.5 m). The stream and near-stream areas in
the midstream region show similar average and standard deviations of watertable
depths. In the downstream areas, the average watertable depths are shallower than
the upstream areas due mainly to the relatively flat topographic relief. Spatially, it is
noted that the average groundwater depths in the peatlands are shallower than those
in other material types such as mineral soils because the hydraulic conductivities of the
peatlands below 0.5 m are relatively lower than those of other materials.
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Figure 9 Average and standard deviation of depth to water tables based on historic
monthly transient flow with CRU forcing: annual average (a and b); low flow season (c
and d); high flow season (e and f).
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Similar to the annual average watertable depth distributions, the simulation results of
the low and high flow seasons show that the average watertable depths in the upstream
and midstream areas and are deeper than the downstream area, which indicates that
the average groundwater depth changes between the low and high flow seasons are
not significant over the simulation periods (Figure 9c and 9e). However, the standard
deviations of the water table show that the groundwater fluctuation during the low flow
season is relatively greater in the upstream and midstream areas because of the
snowmelt effects, which contribute recharge in the groundwater system (Figure 9d and
9f). It is noted that the groundwater depths in the downstream areas are almost the
same as each other across seasons because of the relatively shallow groundwater
system, with the standard deviation of the watertable depth being less than 0.5 m
except for the stream or near stream areas.
6.1.2 Surface water system
The spatial distribution of simulated surface water depths are shown in Figure 10. For
the annual average results (Figure 10a and 10b), average water depths along the
Athabasca River and its branches ranges from 0.1 to 10 m (𝜎 ≤ 1 m). Other areas
where the average water depths are deeper than 0.1 m represent lakes and small
streams. It is noted that lake bathymetry was not included in this study, surface water
depths for the lakes in the ARB model may be less than real measurements. The water
in the outlet of the simulation domain discharges to Lake Athabasca. Since the
hydraulic conductivities of the peatlands areas located north-eastern of the domain are
relatively high, the average surface waters in the areas are less than 10-2 m (𝜎 ≤
10−4 m), which is shallower water depth than their surrounding areas.
Regarding the seasonal changes of the surface water depth, the overall spatial
distributions of the average surface water depth are also similar to the low and high
flow seasons (Figure 10c and 10e). However, the standard deviations of the water
depths for the high flow season are greater than those of the low flow season (Figure
10d and 10f). Specifically, the water depth changes in the ponding areas (> 10-2 m)
during the high flow seasons are greater than 10-2 m, while those of the low flow season
are less than 10-2 m.
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Figure 10 Simulated average and standard deviation of surface water depths based on
historic monthly transient flow with CRU forcing: annual average (a and b); low flow
season (c and d); high flow season (e and f).
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6.1.3 Evapotranspiration system
The simulated average actual evapotranspiration (AET) ranges from approximately 50
to 700 mm/y (Figure 11a). Spatially, relatively low AET (< 100 mm/y) was simulated
around riparian zones along the mid and downstream of of the Athabasca River
because the average groundwater table depths in the areas are relatively deep
compared to the surrounding areas. The standard deviations of the simulated AET are
approximately 50 mm/y (Figure 11b). On the other hand, relatively high AET (> 600
mm/y) was simulated along the the Athabasca River and lakes with standard deviation
of approximately 200 mm/y. Based on the simulated average AET, the river and water
bodies in the ARB have relatively high dynamic responses to the evapotranspiration
system compared to the riparian zones.
For the seasonal changes in the simulated evapotranspiration rates, the average AET
rates during the low flow season range from less than 100 mm/y to higher than 500
mm/y, while those during the high flow season range from less than 100 mm/y to higher
than 900 mm/y. Relatively low AET occurs consistently along the downstream of the
Athabasca River due mainly to the deep water table. Similarly, relatively high AET
occurs mainly around ponding areas where surface water is relatively deep and water
table is close to the ground surface. It is noted that the standard deviations for the low
and high flow seasons are proportional to the average AET.
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Figure 11 Simulated average and standard deviation of AET based on historic monthly
transient flow with CRU forcing: annual average (a and b); low flow season (c and d);
high flow season (e and f).

47

6.1.4 Discussion on historic simulation results
The results of the monthly average transient simulations were analyzed to understand
the interactions between the groundwater and surface systems in the ARB. Hwang et
al. [2018] used the actual aridity index (= liquid precipitation/actual evapotranspiration)
to analyze the water balance of the ARB for a long-term steady-state model and
suggested that the overall water balance in the ARB is in balanced or surplus
conditions. Similarly, in this study, the actual aridity index was computed to understand
transient water balance conditions of the ARB. In addition, the dynamic interactions
between the groundwater and surface water systems were investigated based on the
spatial distribution of exchange fluxes and groundwater contribution along the
Athabasca River.
6.1.4.1 Seasonal water balance analysis
In order to perform a seasonal water balance analysis of the ARB, the aridity index (AI)
and actual aridity index (AAI) were estimated and compared with seasonal water deficit
and surplus conditions. The AI was calculated as the ratio of precipitation to PET, and
the AAI was calculated as the ratio of precipitation to AET. Assuming that precipitation
is the only inflow component (or source) and PET or AET is the only outflow component
(sink) of the basin, a balanced condition would have a value of 1 1.0, with inflow
(precipitation) equaling outflow (PET or AET). Similarly, a surplus condition would have
a value greater than 1.0 and vice versa for a water deficit condition.
The annual average AI shown in Figure 12a ranges from 0.7 in EA to 1.6 in JA, which
are based on the sub-basin average AI. The spatial distribution of AI tends to decrease
with distance downstream of JA with a basin average AI of approximately 0.8. In the
JA and HT sub-basins, the average AI values are higher than 1.2, indicating that these
sub-basins are in wet conditions with precipitation being 20% higher than PET. In the
downstream areas including the WF, AT, FM and EA sub-basins, the water balance
condition changes to drier conditions with the sub-basin average AI being decreasing
from 0.89 in WF to 0.66 in EA. The main reason for this is decreasing of precipitation
and increasing of PET in the downstream area. For the annual average AAI shown in
Figure 12b, the overall basin average AAI is approximately 1.8, which indicates wet
condition is dominant over the ARB. The spatial distribution of AAI values is significantly
different from that of AI because of simulated AET being lower than PET. The JA and
HT sub-basins are in relatively wet conditions with a sub-basin average AAI of higher
than 2.0. Although the downstream regions below HT are partly in drier conditions, the
sub-basin average AI in EA is higher than 1.7, which is the lower than those in its
upstream regions. However, similar to the relative AI distribution, the sub-basin
average AAI tends to decrease in the downstream regions with a range of from 1.8 in
WF to 1.7 in EA. Therefore, the simulated average AET over the ARB is 43% of PET.
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Similarly, the average AI and AAl during the low and high flow seasons were estimated
to characterize the seasonal trends of the water balance conditions over the ARB.
Figures 12c and 12d show the spatial distributions of average AI and AAI during the
flow season, respectively. Because the average precipitation decreases by 30% during
the low flow season, the overall average is 0.7 for AI and 1.6 for AAI, which is 10% and
15% lower than the annual average AI and AAI, respectively. The average AI with
respect to the sub-basins decreases from 1.3 in JA to 0.5 in EA (Figures 12c). The subbasin average AAI decreases also from 2.9 in JA to 1.5 in EA (Figures 12d). It is noted
that the average AAI in downstream areas including AT, FM and EA is about 0.6 to 0.8,
indicating that the downstream sub-basins are in water deficit conditions during the low
flow season. The spatial trends of both AI and AAI during the low flow season are
similar to those of the annual average.
For the high flow season, the average AI and AAI increase by 17% and 15% compared
to the annual average AI and AAI, respectively (Figures 12e and 12f). However, the
spatial distribution of the estimated values are similar to those for the annual and low
flow season results. The sub-basin average AI decreases from 2.0 in JA to 0.8 in EA
with a basin average AI of 0.9 (Figures 12e), and the sub-basin average AAI decrease
from 4.5 in JA to 2.0 in EA with a basin average AAI of 2.1 (Figures 12f). It is noted that
the dry areas in the downstream regions (i.e., AT, FM and EA) during the low flow
season change to a balanced or slightly wet condition because of relatively high
precipitation during the high flow season compared to the annual average precipitation.
Specifically, precipitation during the high flow season increases by 64%, while AET
increases by 43% compared to the annual average value.
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Figure 12 Comparison of aridity index and actual aridity index: annual average (a and
b); low flow season (c and d); high flow season (e and f).
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6.1.4.2 Surface water-groundwater interactions
The interaction between surface water and groundwater, or exchange flux, are shown
in Figure 13. Exchange flux consists of two components: infiltration (negative sign; red)
and exfiltration (positive sign; blue) fluxes, and the strength of each flux is represented
by the darkness of each color. For example, dark red and blue colors represent high
infiltration and exfiltration fluxes compared to light red and blue colors, respectively.
The spatial distribution of annual average exchange fluxes are shown in Figure 13a.
The exfiltration fluxes (blue) from groundwater to surface water are mostly dominant
along the Athabasca river and its branches, while the infiltration fluxes (red) into the
vadose zones are dominant in the other areas such as uplands in the forest areas. In
the hill slope and ponding areas over the domain, the magnitudes of the exfiltration
fluxes are relatively low (light blue) with less than 200 mm/y. Similarly, the infiltration
rates in the vicinity of the low exfiltration areas are relatively low, with an approximate
rate of -200 mm/y (light red). The standard deviations of the exchange fluxes for the
annual average simulations correlate with the magnitudes of the exfiltration and
infiltration rates (Figure 13b). Specifically, the seasonal variations in the vicinity of the
rivers including riparian zones are significantly high (~ 1000 mm/y) due to changes in
infiltration and exfiltration conditions which are strongly affected by the seasonal
changes.
The spatial distributions of the average exchange fluxes for the low (Figure 13c) and
high (Figure 13e) flow seasons are similar to that of the annual average result.
However, there is clear differences in the magnitudes of the average exchange fluxes
between the low and high flow seasons. The average infiltration rates range
approximately from -100 to -300 mm/y during the low flow season and from -500 to 1000 mm/y during the high flow season, which indicates the infiltration during the high
flow season is approximately three times greater than that during the low flow season.
However, although there are slight differences in the magnitudes and spatial
distributions of the exfiltration areas, the average exfiltration rates in the lakes and
ponding areas during the low and high flow seasons range approximately from 50 to
600 mm/y, which suggests that the groundwater seepage to the areas is more or less
constant over the annual cycle compared to the seasonal changes in the infiltration
fluxes. Regarding the seasonal differences in the infiltration fluxes, excess infiltration
during the high flow season generates surface water runoff without contributing to
groundwater recharge. The seasonal variations of the infiltration areas (Figure 13f) for
the high flow season are approximately two to three times greater than those for the
low flow season (Figure 13d). It is worth noting that the large variations in infiltration
can be a result of runoff generated by excess infiltration during the high flow season.
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Figure 13 Simulated average and standard deviation of exchange fluxes based on
historic monthly transient flow with CRU forcing: annual average (a and b); low flow
season (c and d); high flow season (e and f).
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6.1.4.3 Groundwater contribution analysis
Groundwater contribution to surface water flow was analyzed using the exfiltration
fluxes along the Athabasca River. It is noted that exfiltration fluxes at some river nodes
are about one order of magnitude higher than those at their upstream and downstream
river nodes due mainly to the low mesh resolution (i.e., 1 to 5 km) compared to the
average resolution (i.e., 0.5 km). The low resolution can cause drastic changes in
surface elevations between their surrounding nodes (e.g., stream and riparian zones)
and large influential areas that are accounted for the groundwater contributions.
Therefore, in order to avoid drastic changes in the groundwater contributions,
exfiltration fluxes changes between upstream and downstream nodes are greater than
one order of magnitude were excluded from the groundwater contribution analysis.
Figure 14 shows the spatial distributions of stream flow (blue) and groundwater
seepage (red) rates along the Athabasca River. Bold lines represent average flow rates
over all simulations and dotted lines are minimum and maximum rates. The dark and
light blue/red areas correspond to standard deviation and minimum/maximum stream
flow/groundwater seepage rates, respectively. The annual average rates of the stream
flow and groundwater seepage rates are shown in Figure 14a. The simulated annual
average stream flow and groundwater seepage gradually increase as the distance from
the origin increases. At the Athabasca River confluence areas such as near Windfall
and Athabasca and Fort McMurray, both surface flow and groundwater seepage rates
increase drastically due to the inflows from the tributaries such as Berland River,
McLeod River, Pembina River, Horse River, and Clearwater River. The average total
rates for the stream flow and groundwater seepage are 682 (𝜎 = 316) and 286 (𝜎 = 87)
m3/s at the end of the Athabasca River, which the groundwater seepage is 42% of the
average river flow and the annual variation of the groundwater seepage is 28% of that
of the river flow. It is also noted that the minimum stream flow in the mid and
downstream areas is equal or slightly lower than the annual average groundwater
seepage. This indicates that groundwater contribution to the Athabasca River can be
significant during extreme dry conditions.
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Figure 14 Average and standard deviation of surface flow and cumulative groundwater
seepage along the Athabasca River based on historic monthly transient flow with CRU
forcing: a) annual average, b) low flow season, and c) high flow season.
The average surface flow and groundwater seepage rates at the end of the Athabasca
River during the low flow season are 489 (𝜎 = 146) and 247 (𝜎 = 59) m3/s, respectively
(Figure 14b). The average groundwater seepage contribution to the surface flow is 51%
of the average surface flow with 40% of the river flow variations. The groundwater
seepage contribution ratio is relatively high compared to the annual average conditions.
During the high flow season, the average surface flow increases 1067 (𝜎 = 183) m3/s
at the Athabasca River end. The average surface flow is about two times higher, but
its standard deviation is similar to those of the low flow season (Figure 14c). The
groundwater seepage rate at the river end is 364 (𝜎 = 81) m3/s, which is 34% of the
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average surface flow rate. The standard deviation of the groundwater seepage is also
similar to that for the low flow season.
The contribution ratio for groundwater seepage to river flow ranges from 34% for the
high flow season to 51% for the low flow season with an annual average ratio of 42%.
Based on the simulation results, groundwater seepage can be an important water
source for surface flow during extreme dry conditions..

6.2 WRF G and T climate forcing
Monthly transient simulations forced with WRF G and T ensemble datasets were
performed and the results for the integrated flow system were analyzed for each
forcing.
6.2.1 Groundwater system
Figure 15 shows the spatial distribution of average groundwater depth for annual
average conditions as well as low and high flow seasons. Annual average groundwater
depths for both WRF G (Figure 15a) and T (Figure 15b) forcing cases show similar
groundwater depth distributions: deeper water table in the upstream than in the
downstream area. Compared to the WRF G forcing, the water table simulated with the
WRF T forcing tends to be shallower in the downstream areas. Although there are
minor differences (< 1.0 m in the downstream) in the water table for the seasonal
changes, this trend is also similar in the low and high flow seasons: relatively small
difference in the peatland areas (< 0.1 m).
6.2.2 Surface water system
The surface water system simulated with the WRF G and T datasets are shown in
Figure 16. The spatial distribution of the annual average surface water depth for both
the WRF G (Figure 16a) and T (Figure 16b) forcing are similar to each other: the spatial
distribution of simulated ponds and lakes in the ARB are almost identical. The seasonal
change in the surface water distribution for each dataset are also similar, but the
average surface water depths during the high flow seasons (16e and 16f) are slightly
deeper than those during the low flow seasons (16c and 16d).
6.2.3 Evapotranspiration system
Simulated AET rates for the WRF G and T datasets are shown in Figure 17. The annual
average AET simulated with WRF G ranges from approximately 10 to 600 mm/y, with
the upstream areas such as Jasper having lower values and mid and downstream
areas having higher values. The main reason for the spatial differences is that PET
rates simulated by WRF are lower in the upstream areas and higher in the downstream
areas. However, the riparian zones in the mid and downstream along the rivers in the
domain have also relatively low AET because of relatively low groundwater table along
55

the rivers. Simulated annual AET rates with WRF G are slightly lower compared to
those with WRF T.
Seasonal changes in simulated AET are shown in Figures 17c and 17d (low flow
season) and Figures 17e and 17f (high flow season). For the low flow season, overall
average AET over the basin is approximately 170 mm/y for WRF G (Figure 17c) and
212 mm/y for WRF T (Figure 17d). Spatially, the simulated AET ranges from
approximately 40 (upstream) to 180 (mid and downstream) mm/y for WRF G and from
60 (upstream) to 230 (mid and downstream) mm/y for WRF T. The average AET for for
WRF T during the low flow season is approximately 24% higher than that for the WRF
G configuration. In addition, in the upstream areas, the simulated AET is 40% higher
for the WRF T configuration. During the high flow season, the simulated AET ranges
from 250 (most upstream) to 620 (most downstream) mm/y for WRF G (Figure 17e)
and from 340 (most upstream) to 730 (most downstream) mm/y for WRF T (Figure 17f).
The overall basin-wise averages for WRF G and T are 560 and 680 mm/y, respectively.
Similar to low flow season, the simulation results with the WRF T configuration has an
AET that is 20% higher than the WRF G configuration.
There are significant changes in the simulated AET between the low and high flow
seasons. Specifically, the overall average AET during the high flow season increase
by 3.2 times compared to that during the low flow season. The change ratio increases
to 5.8 times in the upstream areas such as the Jasper and Hinton sub-basins, which
indicates that the AET related factors such as soil saturations and PET are relatively
more dynamic conditions compared to those in the mid and downstream areas.
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Figure 15 Simulated average depth to water table based on historic monthly transient
flow with WRF G and T forcing: annual average (a for WRF G and b for WRF T); low
flow season (c for WRF G and d for WRF T); high flow season (e for WRF G and f for
WRF T).
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Figure 16 Simulated average surface water depths based on historic monthly transient
flow with WRF G and T forcing: annual average (a for WRF G and b for WRF T); low
flow season (c for WRF G and d for WRF T); high flow season (e for WRF G and f for
WRF T).
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Figure 17 Simulated average AET based on historic monthly transient flow with WRF
G and T forcing: annual average (a for WRF G and b for WRF T); low flow season (c
for WRF G and d for WRF T); high flow season (e for WRF G and f for WRF T).
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6.2.4 Exchange flux
Figure 18 shows the spatial distribution of simulated exchange fluxes for the annual
average, and low and high flow seasons with the WRF G and T configurations. The
exchange fluxes consist of two components: infiltration and exfiltration. Infiltration
fluxes (red area and negative value in Figure 18) represent the flux from surface to
subsurface domains and vice versa for the exfiltration fluxes (blue area and positive
value in Figure 18). Overall, infiltration occurs mostly in the inland areas (away from
rivers), which is about 90% of total basin, while exfiltration is dominant along the rivers
in the domain.
For the annual average exchange fluxes for both WRF G and T (Figure 18a and b), the
overall infiltration rates (negative values) over the ARB are -1860 m3/s for WRF G
(Figure 18a) and -2200 m3/s for WRF T (Figure 18b). The overall exfiltration rates
(positive values) over the domain are approximately 630 m 3/s for WRF G and 590 m3/s
for WRF T. The ratio of exfiltration to infiltration over the basin is 34% for WRF G and
27% for WRF T, indicating that the overall infiltration rate is about 3 times higher than
the exfiltration. However, since exfiltration is focused along the rivers, which represent
about 10% of the total area in the model, the average exfiltration flux rate is 2.6 times
higher than the average infiltration flux: -400 mm/y for infiltration flux and 1060 mm/y
for exfiltration flux.
The ratio of sub-basin average infiltration to total infiltration ranges from 14% in
upstream regions to 56% in downstream regions. The infiltration contribution in the
downstream areas is about 4 times greater than that in the upstream because of
surface and subsurface conditions that increases the infiltration contributions: relatively
flat topography, thin soil layers, and higher hydraulic conductivities in the downstream
regions compared to those in the upstream regions. However, the contribution ratio for
the exfiltration with the respect to the sub-basins ranges from 27% in the downstream
to 36% in the midstream regions, and the exfiltration contributions are more or less
similar over the basin. It is noted that although the exfiltration contribution in the
upstream is similar to the mid and downstream areas, the average exfiltration flux is
approximately 2 times higher than those in the mid and downstream.
The average infiltration and exfiltration rates for low flow (Figure 18c and d) and high
flow (Figure 18e and f) seasons show slightly different patterns, which the average
infiltration fluxes during the high flow season is relatively high compared to that during
the low flow season, while the average exfiltration fluxes for both seasons are similar
each other. Specifically, compared to the annual average results, the average
infiltration decreases approximately 30% during the low flow season and increases
approximately 50% during the high flow season for both WRF G and T (Figure 18c and
d). The changes in the average exfiltration rates compared to the annual average rates
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are less than 10%, of which there is an approximately 5% decrease during the low flow
season and 10% increase during the high flow season. The reason for the relatively
large changes in the infiltration rates are mainly resulted from the seasonal precipitation
changes. In addition, the relatively small changes in the exfiltration rates indicate that
the groundwater contributions to the surface flow system are stable over the seasons.
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Figure 18 Simulated average exchange fluxes based on historic monthly transient flow
with WRF G and T forcing: annual average (a for WRF G and b for WRF T); low flow
season (c for WRF G and d for WRF T); high flow season (e for WRF G and f for WRF
T).
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6.2.5 Comparison of simulation results with WRF T and G forcing
Since the two climate physics configurations, WRF G and T, produce slightly different
climate conditions, the differences in the hydrologic responses in the ARB between
WRF G and T were analyzed. Figure 19 shows the differences of the ARB simulation
results obtained by WRF G compared to those obtained by WRF T.
For annual average groundwater table depth differences (Figure 19a), the simulation
results with WRF G show a deeper (red) groundwater system in the upstream areas
compared to those with WRF T. The difference in watertable depth is mostly less than
10 m. In the downstream areas, the groundwater table depths with WRF G are
shallower (blue) than those with WRG T. The groundwater depth differences in the
downstream areas are mostly less than 1.0 m. The watertable depth differences in the
peatland areas (light blue) are relatively minor compared to their surrounding areas
with a difference of less than 0.1 m, which indicates that the groundwater system in the
peatland areas is relatively stable.
The spatial differences of annual average surface water depths between WRF G and
T show a similar spatial patten with those of the groundwater system (Figure 19b). In
the upstream areas, the surface water depths simulated with WRF G are relatively
shallow (blue) compared to those with WRF T. The simulated surface water depths are
relatively deeper (red) in the downstream areas. The magnitude of the difference is
less than 1.0 m in most areas, and the difference in the peat land areas is close to zero.
The simulated annual average AET differences between WRF G and T shows that the
simulated AET with WRF G is lower (or negative AET values) than that with WRF T for
most areas of the ARB (Figure 19c). The average difference ranges from -41 mm/y in
the most upstream areas, to 85 mm/y in the mid-upstream areas. In the mid and
downstream areas, the average AET difference is approximately -70 mm/y.
Annual average exchange fluxes with the WRF G configuration have lower infiltration
in inland areas and exfiltration along rivers (Figure 19d). The annual average infiltration
differences range from -308 mm/y in the downstream to 42 mm/y in the upstream. It is
indicated that the annual average infiltration rates simulated with WRF G are slightly
high in the most upstream area, but for most of the ARB is relatively low compared to
those with WRF T with an average difference of -141 mm/y over the basin. For the
differences in the exfiltration rates along the rivers, although there are several areas
where the exfiltration is relatively high (red in Figure 19d), the average exfiltration with
WRF G is mostly lower than that with WRF T with a range from -360 mm/y in the
upstream to -44 mm/y in the midstream of the ARB, which the highest differences
occuring in the upstream area. The average exfiltration difference over the basin is
approximately -60 mm/y. It is noted that there are areas where exchange flux switches
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direction (i.e., infiltration to exfiltration, or vice versa) between the simulations with WRF
G and T. In Figure 19d, green circles represent that infiltration occurs for the
simulations with WRF G while exfiltration occurs for those with WRF T. Similarly, yellow
squares correspond to the areas where exfiltration occurs with WRF G and infiltration
occurs with WRF T. In overall, the opposite exchange fluxes are mostly dominant along
the riparian zones (exfiltration for WRF G and infiltration for WRF T) and relatively lowlying areas (infiltration for WRF G and exfiltration for WRF T).
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Figure 19 Difference of annual average simulation results between WRF T and G (WRF
G – WRF T): (a) depth to water table; (b) surface water depth; (c) AET; (d) exchange
flux.
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7 PROJECTED MID- AND END-CENTURY CONDITIONS
The projected changes in the climate of western Canada due anthropogenic
greenhouse gas emissions, based on the two WRF initial condition ensembles are
detailed in Erler and Peltier [2017] and Erler [2015]. The relevant climatic changes
affecting the ARB will be summarized first, before the hydrological impacts will be
discussed.

Figure 20 Ensemble average precipitation changes the end of the 21st century in
summer (top row) and winter (bottom row), based on the global CESM ensemble
(left) and the two regional WRF ensembles (WRF G middle, WRF T right). Relative
changes with respect to the corresponding historical ensemble are show. Also shown
are the outlines of the Fraser and Athabasca river basins, as well as coast lines and
major lakes. (Figure 5 from Erler and Peltier, 2017; note that therein the WRF G
ensemble is referred to as “1st WRF Ensemble” and WRF T as the “Alternative WRF
Ensemble”.)
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7.1 Projected Climate Change over the ARB based on the WRF ensemble
simulations
Based on the CESM and WRF ensembles, projected warming in western Canada at
end-century under the RCP 8.5 scenario ranges from 4.8 °C in WRF to 5.2 °C in CESM;
warming at mid-century is 2.4 °C in CESM and 2.6 °C and 2.8 C in the WRF G & T
ensembles. Projected changes in precipitation are 5% in CESM and 9% and 7% in
WRF G &T at mid-century, and 9% , 17% and 14% at end-century.
In all cases, increases in precipitation are largest in spring and comparatively smaller
in summer, with CESM even showing a decrease in summer. Note, however, that these
numbers are averaged over the entire inner domain, which encompasses Alberta and
British Columbia. Figure 20 shows the spatial pattern of relative precipitation changes
from the CESM and the two WRF ensembles at end-century for summer and winter. It
is evident that, while in winter there is a relatively consistent increase (with amplification
in the lee of the Rocky Mountains), a clear latitudinal dependence emerges in summer:
in the southern part of the domain, a decrease in precipitation is observed, while at
higher latitudes an increase in precipitation is evident. However, the latitude of
transition between a drier or wetter future climate is not consistent, with CESM placing
the transition at about 55 deg. N and the two WRF ensembles placing it further south,
at about 50 deg. N. The location of the transition in CESM is consistent with other
CMIP5 models, as reported in the 5th Assessment Report of the IPCC (2013, Chapter
14), however, the projections of the WRF ensembles are more in line with recent highresolution regional simulations [Endo et al., 2012; Šeparović et al., 2013]. The location
of this transition line has major implications for projected hydro-climate changes in the
ARB, as the majority of precipitation falls in summer. Since the regional topography
and orographic precipitation patterns are significantly better resolved in the highresolution WRF model and both configurations agree on the transition latitude, a
decision was made to only consider the WRF projections (CESM does not even resolve
the rain shadow over the Interior Plateau). It is also worth noting that the clear transition
latitude evident in Figure 20 only clearly emerges in the ensemble average; if, for
example, a 15-year average over a single ensemble member is considered, the
patterns is barely visible and masked by natural variability. In this context, a detailed
discussion of natural variability can be found in Erler et al. [2015] and Erler and Peltier
[2016].
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Figure 21 Basin-averaged, monthly normal, ensemble average climate forcing after
bias correction. WRF G (left column) and T (right column) for the historical, mid- and
end-century period are shown (line styles), along with observations from the CRU
dataset as well as a merged dataset based on PRISM and GPCC precipitation data.
The top row shows total and convective precipitation as well as snowmelt; the bottom
row shows potential evapotranspiration (PET) and liquid water flux (LWF), which
together constitute the atmospheric forcing for HGS.
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Figure 21 shows the bias-corrected normal monthly seasonal cycle of several relevant
climate variables averaged over the ARB for the two WRF configurations and CRU
observations (where available). The historical (solid), as well as the two projection
periods (dashed and dotted) are shown on each panel; results for the WRF G ensemble
are shown in the left column and WRF on the right. The top panels show total
precipitation (green), convective precipitation (magenta) and snowmelt (Orange).
Convective precipitation is generated by the convection scheme employed in WRF
(which is different in each configuration), as opposed to the micro-physics scheme; it
can be interpreted as the precipitation contributed by local thunderstorms, as opposed
to large-scale frontal precipitation (which dominates in winter).
It is evident that precipitation over the ARB is projected to increase in all seasons
except fall, with the largest increase seen in late spring and summer. This increase is
primarily driven by an increase in convective precipitation, which is evident in both WRF
configurations, despite employing different sub-grid-scale convection schemes. It is
important to note again in this context that the seasonal cycle shown in Figure 21 has
been bias-correct, and that the bias correction has been performed in such a way, as
to adjust the relative magnitude of convective and grid-scale precipitation (mainly in
summer). Without this type of bias-correction, convective precipitation in the WRF G
ensemble is about lower 25% lower and the resulting precipitation increase due to
climate change in summer is less that 10% (as opposed to almost 25%). The WRF T
ensemble, on the other hand, which employs a different convection scheme, shows the
same behavior in this regard, with or without bias-correction. Snowmelt is projected to
peak earlier in the year, but the total amount appears to remain stable. In the bottom
panels liquid water flux (LWF) and potential evapotranspiration (PET) are shown. LWF
is simply the sum of liquid precipitation and snowmelt, while PET is a measure of
evaporative capacity of the atmosphere, based on available energy and wind transport;
PET is computed within WRF according to the Penman-Monteith method and was biascorrected against observational estimates; LWF was bias-corrected based on
convective and grid-scale precipitation (see Section 3.3 for details). Both, LWF and
PET are used directly to force HGS. In Figure 21 it is shown that LWF is projected to
increase by about 30% by end-century, predominantly in winter and summer (the
reduction in snowmelt in spring is compensated by an increase in precipitation); at the
same time, PET is projected to increase as well, but by less than 20%, suggesting an
overall increase in water availability (this is true for both WRF configurations). It is
noteworthy that PET in WRF rises later than in observations, due to a cold bias in
spring, which in turn is likely related to a bias in snow cover. Note, however, that the
higher peak in summer is primarily a consequence of bias-correction, since the entire
seasonal cycle has been scaled, so that the annual average matches the observations.
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7.2 Projections of Streamflow Changes at Mid- and End-Century
As discussed before, a parameter set has been selected from the suite of sensitivity
tests described in previous sections, which has been used for a validation run with
monthly transient forcing derived from CRU data. Monthly normal forcing has been
employed for the sensitivity tests, so as to ensure that the simulations reach a quasiequilibrium state. Furthermore, the quasi-equilibrium state of the corresponding
parameter set has also been used to initialize the monthly transient simulation. In the
following sections, hydrologic simulations based on the same parameter set will be
employed for the analysis of climate change impacts on the hydrology of the ARB. The
analysis presented here will be based on fully transient simulations, driven by monthly
averaged, bias-corrected climate data from the two WRF ensembles. To initialize the
transient simulations, a set of quasi-equilibrium simulations (based on monthly normal
forcing) has been generated for each of the projection periods and both WRF
ensembles. The transient simulations were conducted separately for each of the four
members of each WRF configuration ensemble, resulting in 15 x 4 x 2 = 120 years of
simulation for each period (historical, mid- and end-century). However, it is important
to note that differences between members within each of the two ensembles are
essentially random and are in nature equivalent to natural interannual and decadal
variability. Therefore, for the purpose of analysis, all simulation years of all for members
of each WRF ensemble will be averaged into an average seasonal cycle, and displayed
in the same way as monthly normals. Different projection periods and WRF
configurations will be kept separate, since they represent physical differences in
forcing. This means that each hydrograph shown in this section is in fact an average of
60 simulation years.
Figure 22 shows the average seasonal hydrographs for the WRF G ensemble at the
four previously used gauging station locations (Jasper, Hinton, Athabasca, and Fort
McMurray). Simulated hydrographs for the historical (blue), mid- (purple) and endcentury (red) periods are shown, alongside the observed monthly normal hydrographs
(gray). For clarity, interannual variability is only indicated for historical hydrographs. As
in Figure 22, long-term annual averages are shown in the bar on the right-hand side of
each panel (same scale).
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Figure 22 HGS simulation results based on monthly transient climate projections from
the WRF G ensemble. The hydrographs have been aggregated into monthly normals
at the 4 previously shown stations. Observed streamflow (WSC; gray) as well as
historical (blue), mid-century (purple) and end-century (red) simulation results are
shown. Error bars/bands indicate the standard deviation of interannual variability. The
bars to the right of each panel show the annual average (same colors); y-axis is shared
in each show.
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Figure 23 HGS simulation results based on monthly transient climate projections from
the WRF G ensemble. The hydrographs have been aggregated into monthly normals
at the 4 previously shown stations. Observed streamflow (WSC; gray) as well as
historical (blue), mid-century (purple) and end-century (red) simulation results are
shown. Error bars/bands indicate the standard deviation of interannual variability. The
bars to the right of each panel show the annual average (same colors); y-axis is shared
in each show.
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The simulated hydrographs based on the WRF T ensemble are shown in Figure 23
(layout and annotation identical to Figure 22). The biases of the simulations driven by
transient CRU forcing compared to observed hydrographs have been discussed in
Section 7.1; it is evident from Figures 22 and 23 that the same biases are also present
in the downstream region of the simulations forced by WRF data, and they are carried
over into the projection periods. Biases in the upstream region, however, are notably
different in the WRF simulations, showing a high flow bias, also in summer. The reason
for this is a somewhat different distribution of precipitation in WRF compared to the
CRU observations: WRF exhibits stronger orographic precipitation, especially in the
alpine head water regions, which is clearly evident when comparing Figures 22 and 23
with Figure 2 in Section 4.1. This bias is present, because only the basin-average has
been corrected. Employing a spatially distributed form of bias-correction may have
corrected this bias, but in consideration of the uncertainties surrounding precipitation
measurement in alpine regions and bias-correction in general, a choice was made to
not correct this bias (note for example that the use of CRU precipitation leads to a low
flow bias in summer in the same region).
The simulations based on the WRF G and WRF T ensembles exhibit very similar
behavior, both, during the historical period, as well as for the projection periods. Winter
streamflow is projected to increase at all gauge locations and for all scenarios, with
mid-century changes at about half the magnitude of end-century changes. Summer
streamflow, on the other hand, does not appear to change significantly in the upstream
regions (Jasper and Hinton) and only shows significant changes at the downstream
gauges (Athabasca and Fort McMurray) during the end-century period. In this context,
summer most appropriately refers to the period of July to September (one month later
than usual); streamflow in June is in general projected to increase. It is also worth
noting that interannual variability is significantly larger in summer, and while projected
changes in summer can be quite large in magnitude, they do not in general exceed the
range of interannual variability. Projected changes in winter, on the other hand, even if
smaller in magnitude, almost always exceed the range of variability and are thus in a
relative, as well as a statistical sense much more significant.
The wetter climate seen in the mid- and end-century simulations is consistent with the
changes in liquid water forcing shown in Figure 21: LWF is projected to increase by
about 30%, while PET is projected to only increase by about 15% at end-century.
Furthermore, the increase in LWF seen in winter far exceeds this amount, reaching up
to a 3-fold increase in some month (at a time when PET changes are insignificant). The
reason for this significant change is the simultaneous increase in total precipitation, the
decrease in the fraction of snow and more frequent occurrence of melt events during
winter. The reasons for the quite modest increase in streamflow during the mid-century
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period, compared to the large increase seen at the end of the century, are complex,
but related to a notable increase in PET in spring at mid-century (likely due to receding
snow cover and consequent stronger warming), combined with a relatively smaller
change in summer precipitation (compared to end-century). Both effects are more
pronounced in the WRF G ensemble.

7.3 Transient Daily Forcing
The simulations presented so far, have been forced with monthly averaged climate
data (normal or transient). This was done in order to allow the HGS model to run at a
longer (adaptive) time-step, which in turn significantly decreases model run-time.
However, averaging climate data over a month, removes the intermittent character of
precipitation and snowmelt, so that the model tends to see a persistent “drizzle”, as
opposed to shorter precipitation events followed by dry periods. As discussed in Erler
et al. [2019], this can have a significant impact on basin hydrology, in particular in
regions where PET exceeds precipitation and AET.
A set of transient simulations with daily forcing intervals has been performed, which will
be employed to investigate the effect of this approximation and the biases that may
have been introduced. Due to the computational cost of the resulting smaller time-step
only two 14-year transient simulations have been conducted. The two simulations are
based on the second and third member of the WRF G ensemble. In addition, for the
purpose of extreme event analysis, a set of 10 three-year simulations with daily forcing
intervals has been completed as well, which will be discussed in Section 9.2.

73

Figure 24 Daily normal streamflow at Hinton (left) and Fort McMurray (right) for
simulations driven by daily transient forcing (red) and corresponding monthly transient
forcing (blue). Observed monthly normal streamflow (1950 - 2010) is shown in gray;
semi-transparent bands and error bars show the interannual standard deviation;
vertical bars to the right-hand side show the annual average.
The average (normal) seasonal cycle of the 28 years of daily transient simulation (in
red) along with the corresponding years of monthly transient simulation (in blue) are
shown in Figure 24; observed monthly normal streamflow is shown in gray (as usual),
and semi-transparent bands/error bars indicate the standard deviation of interannual
variability. Note that, because only 28 years of the WRF G ensemble are show, there
are slight differences to the ensemble means shown in Figure 22. It is evident that the
flow in winter is virtually identical; this is not surprising, since LWF in winter is very
small and and there are typically no short-duration, high-intensity events. In spring and
summer, however, there are major differences. In the upstream regions (Hinton), daily
forcing leads to much larger runoff, which is likely due to high-intensity events leading
to significantly more surface runoff (as opposed to infiltration) on steep topography. In
the downstream regions, the differences are more in the timing than the magnitude of
the flow peak – or, peaks, rather: while the main peak in summer is somewhat higher
and occurs about one month earlier (reducing the timing bias), the largest difference
between daily and monthly forcing can be observed in May. The reason for this is that,
with daily forcing, an early spring freshet peak emerges that precedes the main peak
by 1-2 month. The peak is not clearly visible in the normals, due to interannual timing
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differences, however, it is clearly evident in a sharp increase in interannual variability
in spring. In individual years the early peak is often quite distinct and can lead to excess
magnitudes (over monthly forcing) of over 500 m 3/s, but it does not always occur. The
simulations driven by monthly transient forcing do not show this, even though they
exhibit even slightly larger interannual variability in summer. The reason for the latter
is likely increased sensitivity to PET, due to higher infiltration ratios with monthly
forcing.
In summary, we conclude that the implications for the climate change response
discussed in this section are likely minor, since the aspects that appear to be most
sensitive to forcing frequency, namely summer flow in the headwaters region and peak
flow timing in the downstream regions, are not projected to change significantly.
However, it is possible that the delayed peak flow seen in the historical simulations can
be explained by the use of monthly average forcing, which may lead to higher infiltration
and less direct runoff generation. Finally, it is encouraging to see that with daily forcing
the model is capable of generating an early spring freshet peak. An early freshet peak
of similar magnitude and timing has been observed in gauge data as well, and is
associated with snowmelt in the downstream regions, while snowmelt in the alpine
headwaters primarily contributes to summer peak flow [Kerkhoven and Gan, 2011].
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8 CLIMATE CHANGE IMPACT ANALYSIS
The primary focus of the hydrological analysis is on changes in streamflow, baseflow
and total water supply in the ARB. Specific consideration is given to the sensitivity of
the projected climate change impacts to climate model configuration and resolution, as
well as bias correction and natural variability. In this context the interannual variability
of streamflow and total water supply and expected changes therein was evaluated
based on the transient simulations. Furthermore, changes in depth to the groundwater
table and spatially distributed groundwater recharge was also considered.

8.1 Ground water system
Changes in groundwater water depth between the historic and mid-century simulation
results were estimated with respect to the WRF G and T configurations (Figure 25).
Shallower groundwater system (red) represents the simulated groundwater table
increases in the mid and end-century periods compared to that in the historic period
and vice versa for deeper groundwater system (blue).
In the mid-century predictions for both WRF G (Figure 25a) and T (Figure 25b) cases,
increase in the groundwater table is over the entire basin while groundwater table in
downstream areas for WRF T is slightly deeper than that of the historic results. In the
upstream areas including JA, HT, and WF, average groundwater table increase in the
midcentury period is 0.7 m for WRF G and 1.1 m for WRF T. In the midstream areas
including AT and FM, average groundwater table increase is 0.1 m for WRF G and 0.2
m for WRF T. The increase in groundwater table is less significant compared to that in
the upstream, but most of the upstream and downstream areas for WRF G and T
exhibit relatively shallow groundwater tables in the midcentury. The downstream areas
such as EA, groundwater table increases about 0.1 m for WRF G and 0.04 m for WRF
T. The average increases are similar or slightly lower than those in the midstream.
However, for the WRF T case, relatively deep water table occurs in the areas near the
streams and the areas cover about 40% of the sub-basin, but decrease in the
groundwater table is about -0.08 m.
Changes in water table in end-century predictions are shown in Figure 25c for WRF G
and Figure 25d for WRF T. Similar to the results of the mid-century period, a shallower
groundwater system over the entire basin is predicted in the end-century period
because of consistently wet atmospheric conditions. However, the magnitude of
increased groundwater table in the upstream areas is approximately 2 m for both the
WRF G and T cases, which is 2.3 times for WRF G and 1.6 times for WRF T compared
to that in the mid-century results. In the mid-stream areas, the water table increases
0.3 m.
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Figure 25 Difference of annual average water table between historic and future
simulations: (a) mid-century for WRF G; (b) mid-century for WRF T; (c) end-century for
WRF G; (d) end-century for WRF T.
The increase is relatively minor compared to that in the upstream areas, but the
increased rates compared to the mid-century results are similar, 2.5 times higher for
WRF G and 1.6 times higher for WRF T. In the downstream area, changes in watertable
position show that water table increase is also dominant with an average increase of
0.2 m for the WRF G and T cases. Regarding the groundwater changes with WRF T,
the groundwater table simulated with WRF T (Figure 25d) changes to shallower
conditions at end-century from deeper conditions at mid-century. However, it should
also be noted that the variability in the sign of changes at mid-century is likely does to
natural internal variability, rather than a meaningful physical signal. It merely illustrates
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that at mid-century the signal-to-noise ratio is such that opposing trends can still occur
at a sub-regional level.

8.2 Surface water system
Similar to the changes in the groundwater system of the ARB, the annual average
surface water depth changes between the historic and mid-century simulation results
were estimated with respect to the WRF G and T configurations (Figure 26). Deeper
surface water depth (red) represents the simulated surface water depth increases in
the mid and end-century periods compared to that in the historic period and vice versa
for shallower surface water depths (blue).
In the mid-century period, the annual average surface water over the basin increases
approximately 10-2 m compared to the historic results. The increase in the surface
water depth occurs mostly in the major rivers and lakes. In the upstream areas such
as JA and HT, the average changes in the surface water depths for both simulations
with WRF G (Figure 26a) and T (Figure 26b) are less than 10-2 m, but the average
increase in the surface water depth is relatively greater than those in the downstream
areas because there are many lakes in the JA and HT sub-basins. In the midstream
and downstream areas, the annual average surface water depths in lakes and major
rivers are also increased approximately 5×10-3 m, which is relatively lower than the
increase in the upstream areas. The surface water depth increase in the other inland
areas is less than 10-5 m.
There are also similar trends with regard to surface water depth increase in the endcentury simulation results. The simulation results with WRF G (Figure 26c) and T
(Figure 26d) show that the surface water depths in the lakes and rivers in the basin are
relatively large compared to those in the inland areas. However, the average increase
in the surface water depths over the domain is approximately 10-2 m for both the WRF
G and T cases, which the average water depth increase is about 50% greater than the
mid-century result.
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Figure 26 Difference of annual average surface water depth between historic and future
simulations: (a) mid-century for WRF G; (b) mid-century for WRF T; (c) end-century for
WRF G; (d) end-century for WRF T.

8.3 Evapotranspiration
The simulated AET for historic and future results were compared to estimate changes
in mid- and end-century periods with respect to the climate physics configurations
(Figure 27). Stronger AET (red in Figure 27) represents the annual average AET
simulated for mid- and end-century periods is higher than that for the historic period
and vice versa for weaker AET (blue).
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Figure 27 Difference of annual average AET between historic and future simulations:
(a) mid-century for WRF G; (b) mid-century for WRF T; (c) end-century for WRF G; (d)
end-century for WRF T.
For the annual average AET changes in the mid-century, the basin average AET
increases approximately 30 mm/y for both WRF G (Figure 27a) and T (Figure 27b).
The increase is approximately 10% of the annual average historic AET. The AET
changes between the sub-basins range from 24 (WF) to 27 (HT) mm/y for WRF G and
from 24 (WF) to 34 (JA) mm/y for WRF T. Although the upstream sub-basin has
relatively large changes in the simulated AET for WRF T, the AET difference between
the sub-basins for both WRF G and T is less than 3% of the annual average historic
AET and thus, there is no significant change in the sub-basin average AET. However,
it is noted that the AET in the peatlands located in FM and EA along the Athabasca
River is relatively greater than its surrounding areas because the watertable depth in
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the peatlands is relatively shallow compared to that in non-peatland areas in these subbasins.
Regarding the end-century simulation results for WRF G (Figure 27c)and T (Figure
27d), the overall simulated AET increases by 50 mm/y for WRF G and 54 mm/y for
WRF T compared to the historic simulation results. The increase of the AET simulated
in the end-century is 17% for WRF G and 15% for WRF T, which is about 10% higher
than the mid-century results. There are slight changes in sub-basin-wise average AET.
The increase in the average AET of the upstream areas including JA and HT is
approximately 50 mm/y for WRF G and 60 mm/y for WRF T, which corresponds to an
AET increase of 18% and 14%, respectively. The downstream areas below the HT subbasin show similar increase in the AET, which the average increase is 50 mm/y for
WRF G and 54 mm/y for WRF T. The ratios of the simulated average AET increase
are less than 5% for both cases. Because the average AET tends to higher toward
downstream, the increase ratios are relatively low compared to those in upstream area.

8.4 Exchange flux
To evaluate changes in exchange fluxes simulated with the mid- and end-century
projections, the future results were compared to those of the historic simulations. Figure
28 shows the differences of exchange fluxes between historic and prediction results
with respect to the WRF G and T cases. Each comparison shows changes in the
absolute magnitude of both infiltration and exfiltration fluxes between the historic and
future results. It is noted that infiltration is dominant in the inland areas and exfiltration
is dominant in the river areas of the ARB. In Figure 28, stronger exchange fluxes (red)
represent cases where infiltration and exfiltration fluxes simulated in the future are
greater than those of the historic simulations, for both inland and river areas. Essentially
higher exchange fluxes (red) indicate a more active groundwater system. Symbols in
Figure 28 represents exchange flux direction change locations; yellow squires illustrate
a case where infiltration fluxes simulated during the historic period change to exfiltration
fluxes in the future simulations, and vice versa for green circles.
For the mid-century results, the exchange fluxes over the basin tend to be stronger
than the historic results for both WRF G (Figure 28a) and T (Figure 28b) cases. The
average increase in the exchange fluxes with the WRF G forcing is approximately 50
mm/y (13%) for infiltration and 80 mm/y (7%) for exfiltration. Numbers in the brackets
correspond to increase ratio compared to the historic results. Similarly, the average
increase with the WRF T forcing is approximately 90 mm/y (23%) for infiltration and 70
mm/y (6%) for exfiltration. Compared to the WRF T case, the increase for the WRF G
case is slightly lower for infiltration and higher for exfiltration, but the differences of the
exchange fluxes between the WRF G and T cases are less than 10% of the historic
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results. For the exchange flux direction changes, the flux changes from exfiltration in
the historic period to infiltration at mid-century are relatively dominant over the basin
for both cases. These changes occurs mostly near the rivers such as riparian areas.
On the other hand, the flux changes from infiltration in the historic period to exfiltration
at mid-century occur at relatively low elevation areas. The total amount of the changes
in the exchange flux directions is relatively minor compared to the total exchange flux
change at mid-century.
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Figure 28 Difference of annual average exchange fluxes between historic and future
simulations: (a) mid-century for WRF T; (b) mid-century for WRF G; (c) end-century for
WRF T; (d) end-century for WRF G.
Regarding the average exchange flux changes at end-century, there are also general
trends of stronger infiltration and exfiltration over the domain; stronger infiltration occurs
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in the inland areas and stronger exfiltration occurs along the rivers over the domain. It
is noted that there are slightly weaker or balanced exchange fluxes in the downstream
areas of the FM and EA sub-basins due to saturtion excess in the areas, but the
magnitudes of the weaker exchange fluxes are relatively minor. The average infiltration
over the basin increases by 160 mm/y and 120 mm/y for the WRF G (Figure 28c) and
T (Figure 28d) ensembles, respectively. Similarly, the basin-average exfiltration
increases by 60 mm/y and 90 mm/y for the WRF G and T scenarios, respectively. The
increases in the average exchange flux over the ARB range from 15 to 23% for
infiltration and from 11 to 15% for exfiltration. The differences between the WRF G and
T scenarios are also less than 10% of the total exchange fluxes estimated in the historic
period. It is notable that the areas where the exchange flux direction changes are
greater than those at the mid-century. The flux direction changes from exfiltration to
infiltration occur dominantly along the riparian zone of the rivers.

8.5 Groundwater contribution to surface water system
Based on the simulated exfiltration, the groundwater seepage to the surface water
system along the main rivers in the ARB was estimated for mid- and end-century
periods. Figure 29 shows the average and standard deviation of groundwater seepage
rates along the Athabasca River for historic, mid-century, and end-century periods. In
this comparison, the simulated exfiltration fluxes with both WRF G and T ensembles
were accounted. The overall average seepage rates (bold lines in Figure 29) along the
Athabasca River increase gradually from upstream (0 km) to downstream (~ 1200 km),
but there are stepwise increases because of groundwater seepage contributions from
the tributaries of the Athabasca River. The standard deviations (vertical bars in Figure
29) of the groundwater seepage for all periods increase consistently from upstream to
downstream.
For the annual average groundwater seepage rates shown in Figure 29a, the
estimation results for the mid- (blue) and end-century (green) periods are consistently
greater than that for the historic period (red) along the Athabasca River. Additionally,
the average groundwater seepage rates at end-century are greater than those at midcentury. In the mid-century period, the average groundwater seepage rate increases
by 5% in the upstream and 10% in the downstream areas. The standard deviations of
the groundwater seepage tend to be relatively high compared to those in the historic
period with a maximum increase by 12% at Athabasca. In the end-century period, the
groundwater seepage increases further by 9% at Jasper to 27% at Fort McMurray. It is
noted that the standard deviations of the groundwater seepage rates are 5 m3/s at
Jasper and 11 m3/s at Hinton, which are approximately 20% lower than those estimated
from the historic results. This indicates that the annual average groundwater seepage
rates in the upstream areas tend to increase with reduced standard deviations in the
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end-century results. The annual averages of groundwater contribution to the surface
flow system in the downstream areas below Hinton increase with increasing their
standard deviations.
Similar to the annual average results, the seasonal trends in the groundwater seepage
rates increase at mid- and end-century. For the low flow season shown in Figure 29b,
the average groundwater seepage rates estimated at mid-century increase by 6% at
Jasper and 9% at Fort McMurray. In the end-century period, the increase rates of
average groundwater seepage are 13% at Jasper and 25% at Fort McMurray. It is also
noted that the standard deviation in the upstream area including Jasper and Hinton
decrease by 12%, while those at the downstream below Hinton increase by from 3%
(Windfall) to 14% (Athabasca) at end-century. For the high flow season shown in Figure
29c, the overall groundwater seepage increase rates are similar to the annual trends.
The average increase rates compared to the historic results range from 2% (Jasper) to
11% (Athabasca) at mid-century and from 2% (Hinton) to 31% (Fort McMurray) at endcentury.
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Figure 29 Comparison of groundwater seepage rates between historic, mid-century,
and end-century: (a) annual average; (b) low flow season; (c) high flow season.

8.6 Aridity index and actual aridity index
The aridity index (AI) and actual aridity index (AAI) were estimated based on the historic
and future simulation results to evaluate the overall water balance conditions in the
ARB (Figure 30). The AI is defined as the ratio of precipitation to PET and the AAI is
determined as the ratio of precipitation to AET. Generally, the AI and AAI values of 1.0
represents a balanced condition that precipitation is equal to potential and AET,
respectively. It is in relatively dry condition if the index values are less than 1.0, and
vice versa for a relatively wet condition.
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Figure 30 Comparison of aridity index and actual aridity index: historic period (a and
b); mid-century period (c and d); end-century period (e and f).
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In the historic period, the spatial distribution of the AI is shown in Figure 30a. the areal
average AI in the upstream areas including JA and HT are higher than 1.6, which
indicates that the precipitation is at least 1.6 times greater than the PET, and thus the
upstream areas are dominated by a wet condition. However, although AI in large lakes
and ponds is higher than 1.0, the downstream areas below HT are mostly lower than
1.0, meaning a drier condition is dominant. There is a spatial trend in the areal average
of AI with decreases in downstream areas from 0.84 in WF to 0.61 in EA as a result of
decreasing precipitation and increasing PET. Regarding the spatial distribution of AAI
shown in Figure 30b, the AAI values in the upstream sub-basins such as JA and HT
are higher than 1.9, which is similar to the AI results, but those below HT ranges from
1.2 in EA to 1.6 in WF. The overall spatial trend of AAI downstream of HT is significantly
different from that of AI because the simulated AET is approximately 50% lower than
the PET values. It is noted that the AAI in the mid- and downstream areas including
AT, FM, and EA are partly in drier conditions, but the average AAI over the sub-basin
is 1.45 for AT, 1.30 for FM, 1.22 for EA.
In the mid-century period, the spatial trends of AI (Figure 30c) and AAI (Figure 30d)
are similar to those estimated for the historic period, but the overall estimates of both
AI and AAI are slightly higher than the historic results due mainly to increased
precipitation at midcentury. Specifically, the increase rates of precipitation and AET
over the basin are approximately 13% and 8%, respectively. The increase rate of
precipitation is therefore higher than AET, and this results in relatively wet condition
compared to the historic results. The spatial distributions of AI (Figure 30e) and AAI
(Figure 30f) at end-century show that relatively drier conditions are dominant for AI and
balanced or slightly wetter conditions are dominant for AAI in the downstream areas.
The overall analysis results are similar to those at mid-century, but both AI and AAI
values over the mid- and downstream areas tend to increase by 11% and 8%,
respectively. The increase in AI and AAI is mainly because the increased rate of
precipitation at end-century is relatively higher than those of PET and AET, which are
17% and 14%, respectively.
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9 EXTREME EVENT AND DROUGHT ANALYSIS
The impact of climate change in hydro-climatic extremes is of great interest and will be
discussed here. Two types of analyses have been performed: statistical analysis of
precipitation extremes and high-resolution simulation of selected extreme events. The
former is entirely based on the RCM simulations (not involving hydrological modeling),
and will be discussed first. The latter is based on hydrologic simulations with a highresolution model of the Alberta Oil-Sands (AOS) region. The event-selection for the
AOS simulations, which was based on the RCM simulations and the transient ARB
simulations, will be discussed after the precipitation extremes.

9.1 Changes in Precipitation Extremes
An analysis of projected changes in precipitation extremes, based on the regional
climate model projections alone has been conducted. This analysis closely follows the
methodology laid out in Erler and Peltier [2016], with the main difference that only
stations in the vicinity of the ARB have been considered, whereas Erler and Peltier
[2016] analyzed all stations in BC and Alberta South of 55 deg. N. Furthermore, no
station clustering has been performed, since it was shown that stations in Alberta
outside the Rocky Mountains have sufficiently similar characteristics that they would
fall into the same cluster. Therefore, a cut-off elevation of 1000 m was chosen and
stations below that elevation were pooled directly, so as to increase the sample size
for statistical analysis. The approach of pooling data from different station is similar to
regional frequency analysis (RFA; Hosking and Wallis, 1997; Cooley, 2009), with the
main difference that the stations are sufficiently similar, that no amplitude normalization
is necessary.
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Figure 31 The locations of ECCC stations used for the extreme value analysis. Stations
shown in blue were already considered in Erler and Peltier [2016]; stations in red have
not. The outline of the ARB and some major lakes is shown in black; the BC-Alberta
border (along the continental divide) is shown in gray; color shading indicates
topography.
The station dataset that was employed to validate the representation of extreme
precipitation in the WRF simulations was obtained from Environment and Climate
Change Canada and is quality controlled and corrected for undercatch; it is described
in detail in Mekis and Vincent [2011]. In order to provide a similar length or record as
the simulation ensemble (4 x 15 = 60 years), station data for the time period from 1952
to 2012 have been employed (rather than just the simulation period of 1979 to 1994).
With a total of 14 stations, this amounts to 840 station-years for each WRF ensemble;
however, due to incomplete records, only 748 station-years of observations are
available for the summer month (July – August) and 759 for the winter month
(December – February). A map of the station locations is shown in Figure 31.
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Following Erler and Peltier [2016], a block-maximum approach has been employed
here, so that the distribution of samples can be expected to follow a Generalized
Extreme Value distribution (GEV; von Storch and Zwiers, 2002). This approach
involves dividing the timeseries into N equal blocks of time and selecting the highest
value X for each block; the conventional block size is one year and X represents daily
accumulated precipitation. We follow this convention with the difference that for each
analysis only values from a specific season (e.g. June – August or December –
February) will be considered. This is to ensure that the extremes are drawn from the
same distribution, since precipitation characteristics in Alberta are highly seasonal. 14
stations and 60 years per station result in N = 840, to which a a 3-parameter GEV
distribution is fitted using the maximum likelihood method. The non-parametric
Kolmogorov-Smirnov Test (K-S test; Smirnov, 1939) is used to assess both, the
goodness-of-fit of the estimated GEV distribution to the underlying data, as well as the
statistical significance of differences between the modeled and observed distributions
and the historical and projected distributions (i.e. validation and climate change
impacts).
We note that this approach is different from the better-known peak-over-threshold
approach, which is based in the Generalized Pareto Distribution and requires an a priori
threshold to be set [Katz, 2010]. For reference, since the block-size employed here is
three month, the precipitation extremes considered here correspond to the 98.9
percentile.
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Figure 32 The distribution of historical precipitation extremes at the selected stations
in summer (top row) and winter (bottom row). Simulated historical distributions for the
WRF G (left) and WRF T ensemble (right) are shown in blue and station observations
in black. Simulated distributions that have been rescaled to have the same mean as
the observations are shown as dashed lines. See text for further explanation.
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Figure 33 The distribution of projected precipitation extremes at the selected stations
in summer (top row) and winter (bottom row). Simulated mid-century and end-century
distributions for the WRF G (left) and WRF T ensemble (right) are shown in purple and
red, respectively, and historical distributions in blue. Simulated distributions that have
been rescaled (bias-corrected) are shown as dashed lines. See text for further
explanation.
The distribution of historical precipitation extremes at station locations along with
simulated extremes from the WRF G & T ensembles is shown in Figure 32. The title
line for each panel indicates the number of stations and the actual number of available
station-years for the observations. For each distribution, the fitted GEV function is
shown as a colored line and a histogram of the underlying data is shown in the
92

background using the same color. The semi-transparent bands show the 95%
confidence intervals, based on bootstrapping (100 sets; same color as line). The text
columns in the upper-right corner display the fit statistics. The first paragraph shows
the quality of fit, while the second measures differences between the reference
distribution (listed first) and the other distributions shown in the graph. The first column
shows the p-value associated with the K-S statistic; the second shows the ratio of the
distribution mean to the mean of the reference distribution (listed first).
The reference distribution in Figure 32 are the observations. The quality of fit is
acceptable (not perfect, though), but it is evident that there are significant differences
between the simulated and observed distribution in summer. The magnitude of
simulated extremes is only 55% of the observed extremes. The reason for this is likely
the smoothing effect of 10 km grid cells, compared to point measurements at stations
[Maraun et al., 2010]. Following Erler and Peltier [2016] we rescaled the simulated
values so that they have the same mean as the observed values. The resulting biascorrected distributions show no statistically significant difference to the observations in
winter (p > 5%), but during the summer month, significant differences exist. This
indicates that precipitation extremes in winter are simulated well by WRF, which is
consistent with the results of Erler and Peltier [2016]. In summer, however, the results
indicate that precipitation extremes over the ARB are not captured as well in WRF. This
is in contrast to Erler and Peltier [2016] who found very good agreement over the
Prairies in summer (apart from a similar scaling factor).
It is unclear why this discrepancy exists, but it is possible that convection at high
latitudes is not well represented by either convection scheme employed here. In
particular, we note that the GEV distribution suggested by both WRF ensembles is
systematically too heavy-tailed, i.e. WRF simulates too many events of very high
magnitude and not enough closer to the mean of the block-maxima. This is also the
reason the ratio of distribution means is not the same, even after bias-correction: the
distribution shape is systematically different. An interesting consideration is, whether
higher-resolution convection-resolving simulations would yield better agreement with
observations. For example, Liu et al. [2017] show that large-domain WRF simulations
at 4 km resolution yield precipitation patterns that are virtually indistinguishable from
observations; unpublished work of, among others, the authors of this report, also
suggests better representation of convective precipitation at convection-permitting
scales (3 km resolution in this case). However, the computation cost of such
simulations does, at this point, not allow for an ensemble size comparable to the one
employed here, so that statistical comparisons would remain relatively weak.
Figure 33 shows the model projected distribution of daily precipitation extremes for the
mid-century and end-century period, alongside the historical distribution for reference.
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Annotation, histograms and confidence intervals are the same as in Figure 33. Biascorrected (rescaled) distributions are shown as dashed lines; distributions for projection
periods have been rescaled with the same factor as the corresponding historical
distribution. It is clearly evident that in all cases a statistically significant increase in
precipitation extremes at end-century is projected. In winter, the increase is between
10 – 20% at mid-century and almost 30% at end-century in both WRF ensembles. In
summer, on the other hand, the WRF T ensemble shows a significantly higher increase
in precipitation extremes (14% and 22% at mid- and end-century), compared to the
WRF G ensemble (2% and 10%); in the case of WRF G at mid-century, the changes
are not even statistically significant.
In this context it is important to note that the daily accumulations that are sampled here
typically represent combinations of grid-scale and convective precipitation within the
same event. However, unlike the monthly precipitation totals shown in Figure 21, the
bias-correction applied here is just a simple scaling factor that does not account for the
difference in convective fraction. As a consequence, the increase in convective
precipitation projected in both WRF ensembles does not factor in as heavily in the WRF
G configuration, due to the lower fraction of convective precipitation. Overall, the
projected increase in precipitation extremes are in line with the projected changes in
the means for the respective season and WRF configuration.
Erler and Peltier [2016] report evidence for a fattening of the tail, i.e. a
disproportionately larger increase of heavier extremes, for summer precipitation in the
Prairies, but only in the WRF G ensemble and the signal is only marginally statistically
significant. Considering that only about half the number of station-years are available
here, it would not be possible to detect a similar trend here.

9.2 Extreme Event Selection
Based on the available set of of monthly transient ARB simulations and the direct output
from the WRF ensembles, a set of five historical and five end-century periods have
been selected for the simulation of extreme events.
Each period consists of one year of interest, where extreme events are expected to
occur, preceded by a two year spin-up period. The climate variables that were
considered for potential drought events are: monthly precipitation, runoff and PET;
runoff in this context is the sum of surface runoff and subsurface drainage generated
by the Noah land surface model (LSM) used in WRF. Furthermore, total discharge from
the monthly transient ARB simulations at Fort McMurray and Hinton were considered.
The use of monthly averages for drought conditions was deemed appropriate, since
drought conditions depend on antecedent conditions and develop over time. Flood
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events, on the other hand, while also affected by antecedent conditions, occur over
much shorter time-scales, so that events may not be adequately captured by monthly
averages. Therefore, a 5-day (pentad) maximum approach has been adopted. This is
similar to the approach employed in Section 9.1, where the largest daily accumulation
has been selected for each season. Only, in this case, the largest 5-day average has
been selected for each month, and then plotted as a monthly time series, next to total
discharge from the monthly transient ARB simulations. The variables that have been
considered for flood events are 5-day maximum precipitation, net water flux, and runoff.
Net water flux is defined as liquid precipitation + snowmelt – total evapotranspiration
(ET), where ET is computed by the Noah LSM; runoff is defined as above. Net water
flux can be viewed as the totality of the short-term atmospheric forcing, while runoff
also includes antecedent conditions of soil moisture (but limited to the upper 2 m of the
soil column).

Figure 34 Time series of monthly average PET, total precipitation and total runoff from
WRF along with monthly discharge at Fort McMurray for the 4 ensemble members of
the WRF T ensemble for the historical period. The climate variables have been
integrated over the entire ARB and all variables have been centered at the respective
ensemble mean and normalized by their ensemble standard deviation for ease of
comparison (i.e. unitless).
The variables have been computed as monthly time series for each ensemble member
and time period. A sample of drought-index time series for the historical WRF T
ensemble is shown in Figure 34, and a sample of flood-index time series for the endcentury WRF T ensemble is shown in Figure 35. It is interesting to note that monthly
runoff and precipitation exhibit a correlation of about 0.6 with monthly discharge.
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However, the correlation with precipitation is likely spurious and due to the similarity in
the seasonal cycle, without a direct physical link. At the same time it is evident from
Figure 34 that total runoff from the Noah LSM tends to precede total discharge, which
may be due to stream routing. Furthermore, both, monthly mean precipitation and
runoff, exhibit a correlation in excess of 0.9 with their respective 1-day and 5-day
maxima (on a monthly basis), but no significant correlation between each other.

Figure 35 Time series of 5-day (pentad) maxima of precipitation, net water flux and
total runoff from WRF along with monthly discharge at Fort McMurray for the 4
ensemble members of the WRF T ensemble for the end-century period. The climate
variables have been integrated over the entire ARB and all variables have been
centered at the respective ensemble mean and normalized by their ensemble standard
deviation for ease of comparison (i.e. unitless).
9.2.1 Extreme event and drought scenarios
The events that have been selected for high-resolution simulation are listed in Table 7,
along with a short description. A total of 10 scenarios were developed based on the
analysis of extreme events and drought conditions. Five historic and five end-century
scenarios have been selected. The hydrologic conditions of the scenarios selected for
each period generally consist of two high flow (scenarios 1 & 2 and 6 & 7, respectively),
one intermediate (3 and 8) and two low flow scenarios (3 & 5 and 9 & 10). The first of
the high-flow scenarios (1 and 6) was chosen for an early peak in net total water forcing,
while the second high flow scenario (2 and 7) was chosen primarily for high flow in
summer, combined with high precipitation extremes. Scenario 3 and 8 represent more
intermediate flow regimes, combined with strong precipitation extremes in summer;
note, however, that scenario 8 (at end-century) exhibits significantly higher flow rates,
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so that scenario 3 and 8 are not directly comparable. The first of the two low flow
conditions (4 and 9, respectively) were selected for relatively dry conditions, combined
with moderate precipitation extremes, while the second of the low flow conditions (5
and 10) was selected for prolonged drought without significant precipitation at all. The
simulations themselves will be discussed in Section 9.3.3. It should be noted, though,
that these scenarios were selected on the basis of climate forcing and the results from
a low-resolution regional model, and it is therefore possible that the response of the
high-resolution AOS model deviates from the expected behavior.
Table 7. List of years selected for high-resolution extreme event simulation
Scenario

Ensemble
Member

Historical Period
1
WRF G Ctrl

Year

Note

15

Very high peak flow and forcing, especially in
spring

2

WRF T Ens-A

4

Very high peak flow and precipitation extremes

3

WRF T Ens-C

7

Moderate flow, but high precipitation extremes

4

WRF G Ens-A

14

Low flow, but some precipitation extremes

5

WRF T Ens-B

7

Very low flow for 3 years, no precipitation
extremes

End of 21st Century
6
WRF G Ctrl
7
WRF T Ens-A
8
WRF T Ens-B

15
2
4

Very high peak flow and forcing, mainly in summer
High peak flow and forcing, mainly in spring
Sustained high flow, medium forcing and
extremes
Very low flow, with some precipitation extremes
Very dry, especially in summer, no precipitation
extremes

9
10

WRF G Ens-A
WRF T Ens-C

13
9

9.3 Modelling of Extreme Event and Drought in Alberta Oil Sand regions
Based on the extreme value analysis of the monthly transient simulations, ten
representative high and low flow events were selected to analyze the effect of flooding
and drought on the oil sand mining regions in more detail. Additionally, the details of
the effects in the regions were investigated using a high-resolution oil sand regional
model based on a telescopic mesh refinement method, in which the subsurface
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geology from the larger model was preserved, but topographic detail and spatial
resolution was increased to allow for more resolved representations of the flood and
drought events.
9.3.1 High-resolution Alberta Oil Sand model
The Alberta Oil Sand region is located in the downstream of the ARB. Figure 36a shows
the locations of oil sand projects in the oil sands region from 1985 to 2015 [Alberta
Environment and Parks, 2019]. There are about 140 oil sand projects in this region
covering approximately 19,000 km2 [Alberta Environment and Parks, 2019]. The area
of each project varies from 0.6 (Poplar Creek project) to 1,840 (Birch project) km2.
There are several large oil sand projects that are located outside of the ARB model.
These projects are located in the northern and southern part of the ARB such as Birch
(1,840 km2), Grosmont (910 km2), Primrose, Wolf and Burnt Lakes (760 km2), Cold
Lake Operations (688 km2), and Foster Creek (283 km2). Numbers in the brackets
represent the areas of the oil sand projects.
In order to analyze the extreme event analysis, the Alberta Oil Sand (AOS) model was
constructed based on the locations of the oil sand projects, which are located in the
outline of the ARB (red polyline in Figure 36a). The extent of the AOS model covers
about 87 projects (approximately 13,200 km2) and the most upstream boundary of the
AOS model is close to the Brintnell and May River projects (Figure 36b). The AOS
model contains about 73% of the total oil sand region.

a

b

Figure 36 The Alberta Oil Sand region (green polygons) in the Athabasca River Basin
(red outline).
In order to analyze the impact of extreme event and drought conditions on the Alberta
Oil Sand regions, the AOS model was constructed based on the ARB model, which is
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a regional model of 0.5 to 3.0 km resolutions. Figure 37 shows the AOS mesh
extraction and refinement processes. The AOS mesh was extracted from the ARB
model to cover the AOS regions in the ARB. The upstream boundary of the AOS model
is located at approximately 100 km upstream from Fort McMurray, and its downstream
boundary is the same as that of the ARB model. The mesh of the AOS model was
refined with a resolution of higher than 2.5 km. The number of nodes and elements for
the 2D AOS mesh is 33,523 and 65,834, respectively, which is approximately two times
higher resolution compared to those before the mesh refinement. With the higher
resolution meshes, the topographic relief of the AOS model is also relatively high
compared to that of the ARB model.

Figure 37 Process of the Alberta Oil Sand model construction: mesh extraction and
refinement.
After mapping the surface and subsurface material types from the ARB model, the 2D
surface and 3D subsurface zones of the AOS model are compared to those of the
regional model as shown in Figure 37. The mapped porous media zones are compared
to those of the ARB model in the first column. The spatial distributions of the mapped
zones match well those of the ARB model. It is noted that there are minor differences
in the sizes of the mapped zones because of mesh resolution differences between the
ARB and AOS models. Similarly, the surface flow zones mapped onto the AOS model
agree well with those of the ARB model. Specifically, boreal mixed wood (zone 4,
green) and water (zone 5, red) areas in both regional and sub-basin models match well
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with each other. The evapotranspiration zones mapped onto the AOS model show that
there is a high agreement with those of the ARB model.

Figure 38 Comparisons of porous medium, surface, and evapotranspiration zones
between the Athabasca River Basin (ARB) and the Alberta Oil Sand (AOS) models.
Upper row represents zones of the ARB model and lower row represents those of the
AOS model. Porous medium, surface and evapotranspiration zones are represented
in the left, mid, and right column, respectively.
9.3.2 Extreme event and drought modelling
Extreme event and drought simulations of the AOS model were performed based on
the results of the extreme event and drought analysis. The initial and boundary
conditions assigned to the AOS simulations were also obtained from the ARB model.
Specifically, a total of ten ARB simulations with each scenario were performed and then
the initial and boundary conditions were also mapped using the ARB simulation results.
Since initial conditions affect to the simulation results of the climate scenarios, all the
simulations were performed with 2 years ahead of their corresponding starting
simulation times to reduce the initial condition effects. Regarding the surface flow
boundary condition, a specified flux nodal boundary condition with a daily resolution
was assigned at the inlet of the AOS model. The flux nodal boundary condition for each
scenario corresponds to surface flow rates obtained from ARB simulations with their
respective scenarios. Similarly, the subsurface boundary conditions for the AOS model
were also obtained from the ARB simulations. The subsurface head results for each
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ARB simulation case were mapped onto the AOS model. Using the mapping results,
time-varying specified head boundary conditions were applied to the outline boundary
of the AOS model from its bottom to top layers. It is noted that the temporal resolution
of the subsurface boundary condition has monthly resolution because the response of
the subsurface flow system to the climate conditions is relatively slow compared to the
surface flow system.
9.3.3 Simulation results
The simulation results of the extreme event and drought scenarios were analyzed using
relative comparison between the scenarios. In this analysis, simulated stream flows at
the Fort McMurray gauge station and total water balances in the AOS region with
respect to the scenario were applied to characterize the extreme hydrological
conditions.
9.3.3.1 Stream flow conditions
The simulated stream flow monitoring at the Fort McMurray station is plotted in Figure
39. The results of the stream flows are compared based on two simulation periods:
historic (Figure 39a) and end-century (Figure 39b) periods. Scenarios 1 to 5 represent
the simulation results based on the ensemble members during the historic period and
scenarios 6 to 10 correspond to those base on the end-century projection results.
The stream flow rates simulated with the scenarios during the historic period range
from 300 (scenario 5: no precipitation extremes) to 3300 m3/s (scenario 2: precipitation
extremes), which approximately 3000 m3/s difference between the precipitation
extremes (Figure 39a). The peaks of the stream flows for scenarios 1 and 2 are
approximately two times higher than those for scenarios 3 to 5 (Figure 39a). In addition,
there are two flow peaks in scenarios 1 and 2. The first peak occurring around 0.6 years
(or spring) is derived from the snowmelt contributions, and the second peak is mainly
driven by the precipitation extreme. On contrary to scenarios 1 and 2, the peak stream
flow rates simulated based on scenarios 3 to 5 are approximately 1,500 m3/s, which
are similar to the long-term monthly average stream flow rates [Hwang et al., 2018].
However, the low flow conditions around 0.6 and 1.25 years are significantly lower than
those of scenarios 1 and 2. Specifically, the stream flow for scenario 5 is the lowest
during the simulation period and the reduced stream flow is mainly caused by no
precipitation extreme. It is noted that the simulated stream flow rates for all the
scenarios are almost the same each other until 0.4 years, which indicates that the
stream flow is significantly affected by the precipitation extremes.
For the projected end-century hydrographs at the Fort McMurray station, simulated
stream flow ranges from 400 to 3,500 m3/s (Figure 39b), which are similar to the historic
scenario results. Scenarios 6 to 8 show relatively high flow conditions compared to
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scenarios 9 and 10. Similar to the results of the historic scenarios, the high flow rates
are mainly occurred by precipitation extremes. The overall stream flows for scenarios
7 and 8 are similar each other, but that for scenario 6 is noticeably different with respect
to the magnitude and temporal changes of the hydrograph. Specifically, the overall
stream flow for scenario 6 is relatively low with an average flow rate of 1,700 m 3/s.
Additionally, relatively high flow condition (over 1,500 m3/s) is sustained throughout the
simulation period. For the low flow and dry conditions such as scenarios 9 and 10, the
simulated stream flows range from 400 to 1,000 m3/s, which the minimum flow is
slightly high, but the maximum flow is relatively low compared to those for the historic
results. It is noted that there is no high flow peak during the high flow season due mainly
to no precipitation extreme conditions.

a

b

Figure 39 Simulated stream flows of the extreme event and drought scenarios: a)
Historic and b) End-century periods.
9.3.3.2 Water balance in AOS region
Simulated precipitation, AET, and exchange flux were used for analyzing water balance
over the oil sand region with respect to the scenarios. In order to estimate water surplus
and deficit conditions, spatially-averaged net precipitation rates (precipitation – AET)
and exchange fluxes were compared to the scenarios. Figure 40 shows the results of
the water balance analysis for historic period and Figure 41 shows those for endcentury period. The estimated exchange fluxes are represented by two components:
infiltration (negative exchange flux) and exfiltration (positive exchange flux).
For the historic simulation results shown in Figure 40, the average net precipitation
rates for all the scenarios are similar to each other during the early simulation time
period (0.3 years) (Figure 40a). The spatial average exchange flux during the early
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simulation time shows that the average infiltration is close to zero, while the average
exfiltration is approximately 500 mm/y (Figure 40b). The net precipitation rates for
scenarios 1 and 5 are approximately 1,000 mm/y, but those for scenario 2 are close to
zero during the period from 0.3 to 0.5 years. Similarly, the infiltration rates for scenarios
1 and 5 are close to the net precipitation, while those for scenario 2 are almost zero. It
is noted that the exfiltration rate for scenario 5 are about 1000 mm/y, which is similar
to the infiltration. During the period from 0.5 to 0.75 years, the net precipitation
increases drastically to 2,500 mm/y for scenario 1, which is the high precipitation
extreme, and those for other scenarios are mostly below zero, which indicates AET
exceeds precipitation. The responses of the exchange flux during this period are
different, that the infiltration rates for scenarios 1 and 2 increases to 2,000 and 1,000
mm/y, respectively. The exfiltration rates increase to 1,000 mm/y for scenarios 3,4, and
5 and 500 mm/y for scenario 2. For the simulation period from 0.75 to 1.0 year, the net
precipitation rate for scenario 3 increases drastically to 3,600 mm/y. The infiltration rate
during this period increases to 3,600 mm/y in response to the increase in the net
precipitation. Because of water deficit conditions (i.e., negative net precipitation rates)
during the antecedent period, this drastic increase in the net precipitation does not
affect the stream flow as much as the increase in the infiltration rate. The exfiltration
rate for scenario 2 is almost constantly maintained to be 500 mm/y. The rest of the
simulation period shows almost zero net precipitation and infiltration. However, the
exfiltration rates for all scenarios are in a rage from 200 (scenario 2) to 800 mm/y
(scenario 4).

a

b

Figure 40 Water balance over the oil sand region for extreme scenarios of historic
period: a) spatial average net precipitation rates and b) spatial average exchange flux
(exfiltration = positive; infiltration=negative).
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The water balance and exchange flux estimation results for the end-century scenarios
6 to 10 are shown in Figures 41a and 41b, respectively. The overall trends of both net
precipitation and exchange flux are different from those of the scenarios in the historic
period because there are many drastic changes in the net precipitation rates.
Specifically, the net precipitation rates for all scenarios during the early simulation
period (~ 0.5 years) vary from -200 to 800 mm/y (Figure 41a), which are almost zero
for the historic scenarios. The increase in the net precipitation rates results in
increasing the infiltration rates in the oil sand region (Figure 41b). For the simulation
period after 0.5 years, the net precipitation rates for all scenarios at that time are less
than 0.0 mm/y and then show many spiky peaks, which increase to 1,000 mm/y
(scenarios 6) and 4,000 mm/y (scenarios 8) at 0.75 years and 1,000 mm/y (scenario 6)
and 2,400 mm/y (scenario 9) at 1 year. These trends in the net precipitation lead to
drastic increase in the infiltration rates. The exfiltration rates shown in Figure 41b
gradually increase to about 1,400 mm/y until 0.75 years. The results are similar to those
for the scenarios during the historic period. At the end of simulations from 1 to 1.25
years, the exfiltration rates tend to decrease to a range of 200 to 500 mm/y except for
scenario 7, which can be an overall base flow contribution from the oil sand region in
the model.

a

b

Figure 41 Water balance over the oil sand region for extreme scenarios of end-century
period: a) spatial average net precipitation rates and b) spatial average exchange flux
(exfiltration = positive; infiltration=negative).
9.3.3.3 Hydrologic characteristics under extreme conditions
Figure 42 shows spatial distributions of surface water depth for the scenarios of the
high and low flow extremes in historic and end-century. For the historic scenarios,
Figure 42a shows the surface water depth simulated based on scenario 1 at 0.58 years,
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which is the very high peak flow and forcing condition. The average water depth over
the oil sand region ranges from 10-3 (northern area) to 5 m (southern area) with an
average water depth of 0.108 m. Because of the extreme forcing condition, the
simulated water depth in most of the oil sand area is greater than 0.01 m. On the
contrary, because scenario 5 is the very low flow and no precipitation extreme condition,
the results show that the simulated water depth range in the oil sand region is similar
to that for scenario 1, but the average water depth over the region is approximately
0.087 m (Figure 42b). Regarding the changes in the surface water quantity in this
region, the difference of the amount of surface water between these extreme conditions
is approximately 3.36x108 m3. For the end-century simulation results shown in Figures
42c and 42d, the overall spatial distributions of the water depth are similar to those for
the historic period. The simulated average water depths for scenarios 8 (medium
extreme) and 10 (no extreme) are 0.111 m and 0.085 m, respectively. Compared to
the results of the extreme conditions for the historic periods, the average surface water
depth is relatively high for scenario 8 and relatively low for scenario 10.

a

b
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Figure 42 Spatial distributions of surface water depth during precipitation extremes: a)
scenario 1 (0.58 years), b) scenario 5 (0.83 years), c) scenario 8 (0.66 years), and d)
scenario 10 (1.24 years). White polygons represent the oil sand regions
The spatial distributions of simulated soil saturation with respect to the extreme
scenarios are shown in Figure 43. The simulated soil saturation over the oil sand area
for scenario 1 varies from 0.2 to 1.0, but most of the region is under high saturation
conditions (Figure 43a). In the southern and northern parts of the oil sand region is
mostly saturated because the project sites are located near streams where the
topographic relief is relatively small and groundwater seepage is relatively dominant.
In the middle and north western parts of the oil sand sites, saturations are in a range
from 0.2 to 0.4 becuase the sites are located in relatively high elevation areas where
the grondwater recharge is relatively strong. For the dry condition scenario shown in
Figure 43b, the simulation results in the southern and northern parts are under full
saturation conditions due mainly to groundwater seepage. Saturations in most of the
middle and north western sites are close to the residual saturation. For the end-century
scenarios shown in Figures 43c and 43d, the spatial soil saturation distributions are
mostly similar to those of the historic period. Saturations in low-lying areas and downhill
areas are relatively high for wet and dry conditions because of groundwater seepage,
while those in relatively high land areas are dependent on the hydrologic conditions.
Therefore, this comparison indicates that the impact of climate chane on soil
saturations in project sites located in highland areas is relatively significant compared
to those located in the downhill or low-lying areas.
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Figure 43 Spatial distributions of saturation during precipitation extremes: a) scenario
1 (0.58 years), b) scenario 5 (0.83 years), c) scenario 8 (0.66 years), and d) scenario
10 (1.24 years). White polygons represent the oil sand regions
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10SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
10.1 Summary and Conclusions
In this project, coupled climate-integrated hydrologic simulations in the ARB were used
to assess the potential impact of climate change on water resources within the ARB
and to predict long-term surface water and groundwater flows within the basin. Based
on the analyses of simulation results, a summary of conclusions is provided as follows:
•

The ARB, covering approximately 160,000 km2, was discretized at a resolution
of 0.5 to 3 km. The conceptual geologic model consists of 13 layers; a soil layer
was assigned on top of the model and the bottom of the model is bounded by
the Devonian Elk Point Group. In the conceptual land cover model, the forest
land class covers about 88.2 %, the water bodies class covers 6.5 %, and the
agricultural area class occupies 4.9 % of the total area.

•

The ARB model was calibrated based on monthly normal transient flow
conditions with observed groundwater depths and surface flow rates, which
were set as calibration targets. The climate forcing data applied to this study are
CRU and WRF G and T configurations. Additionally, a total of 103 parameter
sets obtained from a previous study related to a steady-state ARB model were
applied to examine model parameter uncertainty. The simulations with the CRU
underestimate stream flow during the high flow seasons in the upstream stations,
while those with the WRF configurations overestimate stream flow at these
stations. However, the overall water balance with the CRU and WRF climate
datasets fits well with the observations.

•

Based on the calibration results, the validation of the ARB model was performed
with historic monthly average flows for 15 years from 1979 to 1994. For the
results of the model validation with the CRU datasets, there is close agreement
between the simulated and observed hydrographs at the four stations across
the ARB. For the model validation with the WRF ensemble members, the
variability of the simulated hydrographs is relatively large compared to those
simulated based on the monthly normal forcing. However, snowmelt and stream
peak timings match well the observations in the upstream areas.

•

Bias-correction was applied to the WRF datasets based on the seasonal cycle
and was performed to adjust the relative magnitude of convective and grid-scale
precipitation (mainly in summer). Bias-corrected liquid water flux and potential
evapotranspiration are projected to increase by about 30% and 15% by endcentury, respectively. The simulations based on the WRF G and T ensemble
members exhibit very similar behavior, both, during the historical period, as well
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as for the projection periods. Winter streamflow is projected to increase at all
gauge locations and for all scenarios, with mid-century changes at about half
the magnitude of end-century changes.
•

Impact of climate change on surface water and groundwater resources was
estimated. The simulation results suggest that hydrologically wetter conditions
are projected. For the groundwater system, shallower groundwater system over
the entire basin is predicted in the end-century period because of consistently
wet atmospheric conditions. The magnitude of increased groundwater table over
the ARB ranges from 0.2 (downstream) to 2 m (upstream) for both the WRF G
and T cases. For the evapotranspiration system, the overall simulated AET
increases by 50 mm/y for WRF G and 54 mm/y for WRF T compared to the
historic simulation results. The increase ratio of the simulated AET in the endcentury is 17% for WRF G and 15% for WRF T. Regarding the average
exchange flux changes at end-century, there are also general trends of stronger
infiltration and exfiltration over the domain; stronger infiltration occurs in the
inland areas and stronger exfiltration occurs along the rivers. The increases in
the average exchange flux over the ARB range from 15 to 23% for infiltration
and from 11 to 15% for exfiltration.

•

In order to characterize the hydro-climatic extremes, we performed statistical
analysis of precipitation extremes and high-resolution simulation of selected
extreme events. A total of ten extreme event scenarios for the historic and endcentury periods was selected based on the statistical analysis of precipitation
extremes. High-resolution simulations with the selected scenarios were
performed to estimate hydrologic conditions over the Alberta Oil Sand region.

10.2 Limitations of Hydrologic and Climate Models
10.2.1 Integrated Hydrologic Model
Although the integrated surface-subsurface flow model of the ARB has been calibrated
and validated with monthly normal and monthly average transient flow conditions with
various climate datasets such as CRU and WRF, the simulation results presented in
this report have several limitations related to the model representation, observation
data, and freeze-thaw process:
1) The objective of the ARB model is to represent basin scale (165,600 km2) hydrologic
processes, which necessitates the use of a relatively coarse finite element mesh. As
such, it cannot be expected to capture detailed local scale processes (i.e., flow in
stream and tributaries, the location of groundwater seepage, the formation of small
wetlands, surface water depths in lakes and ponds, etc). Additionally, since future
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anthropogenic activities are unknown, this analysis has been conducted using an
undisturbed or natural conditions representation of the system for both historic and
future periods. This means that anthropogenic activities such as irrigation, dam
operations, and water taking related to oil sands mining are not reflected in the
simulation results.
2) There are many sources of uncertainty that need to be acknowledged when
constructing a numerical model of this scale, including: uncertainty in the observation
datasets used for the model calibration and validation. The observed groundwater
levels and stream flow rates were collected from open public sources, but groundwater
levels in upstream and midstream areas do not fully cover the historic simulation
periods. With this reason, all the observed groundwater levels were applied to the
model calibration with an assumption that the groundwater levels changes within the
variations computed based on the available datasets. It is also noted that there is
considerable uncertainty in observed stream flows (i.e., HYDAT) and historic climate
datasets (i.e., CRU).
3) It is noted that the simulated stream flow does not account the soil freeze-thaw
process and thus, there are notable differences between the simulated and observed
stream flow in the upstream stations. Specifically, in the upstream areas near the Rocky
Mountains, the results suggest that the freeze-thaw cycles during the winder period in
the area may be required for improving the hydrologic and hydrogeological responses
such as temporal and physical flow conditions.
10.2.2 Climate Model
There are three primary limitations that all climate projections face: grid resolution,
process representation, and natural variability; a fourth limitation is scenario uncertainty
with respect to greenhouse gas emissions, which will not be addressed here. Natural
variability has been addressed here by employing an initial condition ensemble that
effectively yields 60 year worth of statistics for each scenario. This is generally
considered sufficient to capture changes in the mean climate and interannual variability
at the basin scale [Schindler et al., 2015; Erler and Peltier, 2017], but is still less than
ideal for extreme value analysis [Cooley, 2009; Katz, 2010; Erler and Peltier, 2016].
Grid resolution and the associated representation of topography on the computational
grid are a major limitation for GCMs in regions with complex topography, such as
western Canada; RCMs mitigate this limitation to a large extend, but do not overcome
it entirely [Laprise et al., 1998; Giorgi, 2007; Erler et al., 2015; Torma et al., 2015]. At
10 km resolution, which is the resolution that has been employed here, most major
topographic features, such as major lakes and mountain ranges are resolved, including
Vancouver Island, the Coast Mountains, the Interior Plateau, the Columbia and Rocky
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Mountains, Lake Athabasca, and even the Rocky Mountain Trench; this resolution is
also more than sufficient to resolve synoptic-scale weather systems [Skamarock et al.,
2014]; however, individual mountain peaks and summer convective systems
(thunderstorms) remain unresolved.
Finally, simplifying assumptions in the representation of unresolved processes and
physical processes outside the scope of atmospheric dynamics can often have a large
impact on the simulated climate and climate change response seen in both, regional
and global climate models [e.g. d'Orgeville et al., 2014; Erler et al., 2019]. Two such
process representations (parameterizations) that are of specific relevance here are
land surface processes, especially the snow model, and the representation of
unresolved moist convection. The latter has been identified by several authors as a
major uncertainty in climate projection [d'Orgeville et al., 2014; Erler et al., 2019] and
at the moment efforts are under way to explicitly resolve moist convection in regional
climate models [Prein et al., 2015; Liu et al., 2017], so as to not require convection
schemes. This is also the reason, two WRF configurations have been employed for
this study, which differ in their choice of convective parameterization. However, in this
case, the climate change response of convective precipitation in both configurations
appears to be consistent, so that we conclude that the uncertainty associated with
convective precipitation is limited, despite the fact that the two configurations appear
to yield inconsistent climate change signals in other parts of North America [e.g. the
Great Lakes region; Erler et al., 2019].
The uncertainty associated with snow processes, on the other hand has not been
quantified to the same extend; preliminary experiments with a different land surface
model (which has a more sophisticated snow model) suggest that the temperature bias
in spring can be attributed to a positive bias in snow cover in late spring. However,
snow cover also strongly interacts with grid resolution (elevation) and at this point it is
not clear whether the climate change signal in either snowmelt or spring
temperature/PET is affected by this bias.
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12 SCOPE OF REPORT
SCOPE OF REPORT
This report has been prepared by Aquanty Inc., for the exclusive use of Canada’s Oil Sands Innovation Alliance
(COSIA)., and its authorized agents (collectively, “COSIA”) in connection with certain professional
hydrogeological modelling services. COSIA acknowledges that the information contained in this report, including,
without limitation, the factual information, descriptions, interpretations, plans, specifications, calculations, notes,
electronic files and similar material, comments, conclusions and recommendations contained herein with respect
to the hydrogeological model are based on the hydrogeological investigations specific to the project described in
this report and do not apply to any other project or site. COSIA further acknowledges and understands that this
report is to be kept confidential and not to be disclosed, published or disseminated to any other party without the
prior written consent of Aquanty Inc.
The professional hydrogeological modelling services performed as described in this report were conducted in a
manner consistent with the level of care and skill normally exercised by members of the engineering and science
professions currently practising under similar conditions, subject to the quantity and quality of available data, the
time limits and financial and physical constraints applicable to the services. Unless otherwise specified, the results
of previous or simultaneous work provided by sources other than Aquanty Inc., and quoted and/or used herein are
considered as having been obtained according to recognised and accepted professional rules and practices, and
therefore deemed valid. This model provides a predictive scientific tool to evaluate the impacts on a real
hydrogeological system of specified hydrological stresses and/or to compare various scenarios in a decisionmaking process.
This report must be read in its entirety as some sections could be falsely interpreted when taken individually or
out-of-context. As well, the final version of this report and its content supersedes any other text, opinion or
preliminary version produced by Aquanty Inc.

LIMITATIONS OF LIABILITY
Aquanty Inc. does not guarantee or warrant the accuracy, reliability, completeness or consistency of this report as
hydrogeological investigations and hydrogeological modelling are inexact sciences, and therefore, errors and
omissions are excepted. Actual results may vary at any time and from time to time due to continual development
of new techniques to evaluate these items, constantly fluctuating or unknown surface and subsurface conditions
and lack of complete information both spatially and temporally about the geological and hydrogeological
conditions, the amount of data available relative to the degree of complexity of the geologic formations, the site
hydrogeology, and on the quality and degree of accuracy of the data entered. Therefore, every hydrogeological
model is a simplification of reality and the model described in this report is not an exception. If additional
information is discovered in future assessments or investigations, or Aquanty Inc. has been notified of any
occurrence, activity, information or discovery, past or future, susceptible of modifying the conditions described
herein, Aquanty Inc. shall have had the opportunity of revising its interpretations, comments and recommendations,
and will not be held responsible for the conclusions presented in the findings.
THIS REPORT IS PROVIDED “AS IS” WITHOUT ANY REPRESENTATIONS, WARRANTIES, OR
CONDITIONS OF ANY KIND, EXPRESS OR IMPLIED. IN NO EVENT SHALL AQUANTY INC. BE
RESPONSIBLE TO SUNCOR OR ANY OTHER PERSON OR ENTITY, BE IT GOVERNMENT,
CORPORATE, STAKEHOLDER OR OTHER, FOR ANY DIRECT, SPECIAL, CONSEQUENTIAL,
INCIDENTAL, OR INDIRECT DAMAGES, LIABILITIES, LOSSES (INCLUDING LOST PROFITS), COSTS
(INCLUDING LEGAL FEES AND DISBURSEMENTS), EXPENSES, CLAIMS, FINES, PENALTIES,
DEMANDS, SUITS, ACTIONS, PROCEEDINGS OR JUDGEMENTS, HOWEVER CAUSED.
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