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Abstract

The oil sands industry in Canada uses soil-vegetation—atmosphere-transfer (SVAT) water balance models, calibrated against
short-term (<= 10 years) field monitoring data, to evaluate long-term (~60 years) reclamation cover design performance.
These evaluations use long-term historical climate data; however, the effects of climate change should also be incorporated
in these analyses. Although statistical downscaling of global climate change projections is commonly used to obtain local,
site-specific climate, high resolution dynamical downscaling can also be used. The value of this latter approach to obtain
local site-specific projections for mine reclamation covers has not been evaluated previously. This study explored the dif-
ferences in key water balance components of three reclamation covers and three natural sites in northern Alberta, Canada,
under future, site-specific, statistical, and dynamical climate change projections. Historical meteorological records were
used to establish baseline periods. Temperature datasets were used to calculate potential evapotranspiration (PET) using the
Hargreaves—Samani method. Statistical downscaling uses the Long Ashton Research Station Weather Generator (LARS-WG)
and global circulation model (GCM) projections of temperature and precipitation. Dynamical climate change projections were
generated on a 4 km grid using the weather research and forecasting (WRF) model. These climate projections were applied
to a physically-based water balance model (i.e. Hydrus-1D) to simulate actual evapotranspiration (AET) and net percolation
(NP) for the baseline and future periods. The key findings were: (a) LARS-WG outperformed WRF in simulating baseline
temperatures and precipitation; (b) both downscaling methods showed similar directional shifts in the future temperatures
and precipitation; (c) this, in turn, created similar directional shifts in future growing season median AET and NP, although
the increase in future NP for LARS-WG was higher than that for WRF. The relative increases in future NP were much higher
than the relative increases in future AET, particularly for the reclamation covers.
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The design of reclamation covers is currently based on
the use of soil-vegetation—atmosphere-transfer (SVAT)
water balance models calibrated against relatively short-
term (<= 10 years) monitoring undertaken on prototype
covers. These calibrated models are then used along with
long-term (= 60 years) historical climate records to simulate
future cover performance (Boese 2003; Huang et al. 2011a,
b, ¢, 2015a; Keshta et al. 2009; Price et al. 2010; Qualizza
et al. 2004). There is a growing appreciation by industry that
this design approach must begin to incorporate the potential
impacts of climate change.

Historical climate records have indicated that tempera-
ture and precipitation are increasing globally (e.g. Alexan-
der et al. 2006; IPCC 2013; Zhang et al. 2000) with more
frequent extreme weather (e.g. drought, flooding, and heat-
waves; Chen 2013; Held and Soden 2006; Karl et al. 1995;
Lietal. 2017; Liu et al. 2017; Sun 2014; Wood et al. 1997).
In Canada, there has been a 0.3 °C increase in annual mean
temperature and a 5-35% increase in annual precipitation
from 1950 to 1998 (Zhang et al. 2000). The twenty-first
century climate change projections indicate precipitation
increases across Canada including the Canadian prairies
(e.g. Alam and Elshorbagy 2015; Hassanzadeh et al. 2014;
Srivastav et al. 2014; Suncor Energy Inc. 2007; Thompson
et al. 2017).

The primary tool for future climate projections has been
the general circulation models (GCMs; Meehl et al. 2007).
These projections play a vital role in studying the impacts
of climate change and variability (Fowler et al. 2007). The
GCM projections have been coordinated and distributed
by the coupled model intercomparison project (CMIP)
with support from the world climate research programme’s
(WCRP) working group on coupled modelling (WGCM).
Since program inception, five different phases of multi-
model research activity (Meehl et al. 2004, 2007; Taylor
et al. 2012) have been published; these form the central
basis of national and international studies of climate change
(IPCC 2013).

GCMs have coarse spatial resolutions (typically
100-300 km), which limit their value in predicting local (site
specific) and regional (typically 25-50 km) climate change
characteristics since convective cloud processes (a primary
producer of precipitation) are not represented adequately at
these scales (Joubert and Hewitson 1997). The most com-
monly used methods of downscaling GCMs to local and
regional scales has been through statistical or dynamical
downscaling techniques (Fowler et al. 2007; Wilby and
Wigley 1997). Both approaches have certain advantages and
disadvantages. For example, while statistical downscaling is
computationally efficient, dynamic downscaling is able to
produce high resolution climate variables based on physical
processes (Fowler et al. 2007; Wilby and Dawson 2007).
Since northern Alberta is located in the Canadian Prairies,
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the precipitation in this region is mostly contributed by sum-
mer convection; consequently, any downscaling method
must capture these convection-driven effects.

Statistical downscaling is based on the statistical rela-
tionships between the local-scale climate variables (the
predictands) and the global-scale climate variables (the
predictors) to generate site-specific climate change projec-
tions (Wilby et al. 1998). Statistical downscaling approaches
developed over the past 20-30 years include both simple
methods (e.g. delta change) and more sophisticated meth-
ods (e.g. regression models, stochastic weather generators,
weather typing schemes). Each of these methods are based
on a range of theories; however, all of them rely on the
fundamental relationship established between large-scale
atmospheric condition and local-scale features (Fowler et al.
2007). In practice, two or more approaches can be combined
and therefore, many approaches are a hybrid of the basic
methods (Wilby and Wigley 1997).

A potential improvement in downscaling has been the
use of dynamical downscaling by parameterizing physi-
cal atmospheric processes. In a dynamical downscaling
approach, finer resolution information from GCM-based out-
puts is generated by embedding a high-resolution regional
climate model (RCM) within a GCM (Fowler et al. 2007;
Wilby and Dawson 2007). The high resolution projections
explicitly account for underlying surface and local circula-
tion patterns to represent several small-scale characteristics
and atmospheric processes that cannot be captured using
GCMs (Castro et al. 2005; Gao et al. 2012; May 2008).

RCMs can provide more resolution of small-scale pro-
cesses than the GCMs; however, RCMs are still at a rela-
tively coarse resolution where convection-dominated pre-
cipitation is poorly represented. A high-resolution weather
forecasting model with convection-permitting scheme
known as weather research and forecasting (WRF; Skama-
rock et al. 2008) model incorporates horizontal grid spac-
ing of less than 4 km. At this grid spacing, WRF begins
to reflect the impact of convective processes, as influenced
by underlying surface topography (Li et al. 2019). Despite
its higher computational costs, high resolution WRF has
demonstrated benefits when used in dynamical downscal-
ing (Done et al. 2004; Fosser et al. 2015; Prein et al. 2017,
Weisman et al. 2008). WRF simulations also add value to
the study of climate change impacts in regions such as west-
ern Canada where small-scale atmospheric processes (e.g.
summer convections) are important (Li et al. 2017, 2019).

However, the outputs of WRF (as well as the outputs
of any RCM) are impacted by a series of procedures con-
nected to climate model uncertainties due to nested mod-
elling. The series of uncertainties (termed as a cascade
of uncertainty by Mitchell and Hulme 1999) has impact
on the outcomes of the subsequent levels. For example,
GCMs outputs are impacted by the uncertainties in the
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assumption of emission scenarios, while the WRF outputs
are impacted by the uncertainties in the simulations of the
driving GCMs. These uncertainties are propagated from
emission scenarios to GCMs toward WRF outputs with
increasing magnitude. It is important to note that these
uncertainties are accounted for in the end projections of
climate change, where these uncertainties are recognized
as inevitable in the process of climate modelling (Foley
2010).

The key components of the water balance for the
design of reclamation soil covers are the actual evapotran-
spiration (AET), reflective of vegetative growth, and net
percolation (NP), reflective of the contribution to ground-
water flow through the underlying mining waste, which
may transport chemical constituents from these depos-
its. Previous studies have shown that increases in future
temperature will result in increases in both AET and NP.
Alam et al. (2017) incorporated climate change projec-
tions from three GCMs (e.g. CanESM2, BCC-CSM1.1,
and IPSL-CM5A-LR) based on three representative con-
centration pathways (RCP2.6, RCP4.5, and RCP8.5) into
a physically-based water balance model (i.e. Hydrus-1D)
to quantify uncertainties in the projected AET and NP of
an oil sands reclamation cover and a natural soil profile.
Alam et al. (2018) used a similar framework to quantify
uncertainties in the projected AET and NP of two rec-
lamation covers and three natural soil profiles using the
fourth generation Canadian GCM (CanESM?2), based on
the three RCPs.

Keshta et al. (2012) studied reclamation cover water
balances using a generic system dynamics water bal-
ance model in which they incorporated climate change
projections. The projections were taken from the third
generation Canadian GCM (i.e. CGCM3) based on two
scenarios from the special report on emission scenarios
(SRES); emission scenarios (A2 and B1, IPCC 2000).
Their study showed that decreases in soil moisture deficit
and increases in AET are associated with the projected
increases in precipitation. They did not evaluate potential
changes in NP.

High-resolution WRFs or RCMs have not been pre-
viously used to evaluate the future water balance per-
formance of mine reclamation soil covers. The overall
objective of this study was to evaluate the relative impact
of using statistically and dynamically downscaled climate
change projections from the GCMs on predictions of the
future water balance performance of three reclamation
soil covers and three natural vegetation sites in northern
Alberta, Canada. These predictions were undertaken in a
manner to also quantify the uncertainties in the projected
AET and NP of the oil sands reclamation covers and natu-
ral soil profiles for each of the downscaling methods.

Materials and Methods
Study Sites, Reclamation Covers, and Natural Sites

The study area is situated within the boreal mixed-wood
ecoregion (Strong and Leggat 1981), ~40-80 km north of
Fort McMurray, Alberta, Canada. The climate is a typi-
cal prairie climate with an average annual precipitation
of 427 mm (1944-2018), approximately two-thirds of
which occurs in the summer months. The mean spring
(March—-May), summer (June—August), fall (Septem-
ber—-November), and winter (December—February) tem-
peratures are 2.0, 15.5, 5.7, and — 15.2 °C, respectively.
The average annual potential evapotranspiration (PET)
in Fort McMurray is 670 mm, based on the Hargreaves-
Samani method and meteorological observations from
the Fort McMurray Airport station over a 75-year period
(1944-2018).

This study focuses on three reclamation soil cover sites
[South Bison Hill (D3), Southwest Sand Tailings Storage
(SWSS), Aurora Capping Study (ACS)] as well as three
monitored natural soil profiles (soil vegetation sites SV10,
SV27, and SV60) located at undisturbed reference sites
(Fig. 1). Two of the reclamation covers (D3 and SWSS)
are located at Syncrude Canada Ltd’s (SCL) Mildred Lake
mine site, while the ACS reclamation cover is located at
the SCL Aurora North mine, ~ 20 km to the north of the
Mildred Lake Mine. The D3 and ACS prototype covers are
~ 1 hectare in size but sit within much larger areas (several
hundred hectares) of reclaimed mine waste.

The reclamation soil profiles at each site are:

e D3 site: 20 cm of a salvaged peat-glacial clay mineral
mixture overlying 80 cm of a glacial clay soil overlying
shale overburden;

e SWSS: 45 cm of peat-glacial clay mineral mixture
overlying tailings sand;

e ACS: 20 cm of cover soil (either salvaged peat or
upland surface litter layer) overlying 100 cm of sal-
vaged sandy subsoil placed over lean oil sands (LOS)
overburden.

The reclamation covers have been monitored since
1999 (D3), 2001 (SWSS), and 2012 (ACS). The monitor-
ing includes meteorology (precipitation, air temperature,
wind speed, net radiation, and relative humidity), as well
as soil monitoring (volumetric water content, suction,
and soil temperature) across the cover profile and into the
underlying mine waste. Details of the instrumentation and
monitoring program can be found in Barbour et al. (2004),
Boese (2003), Huang et al. (2015a), O’Kane Consultants
Inc. (OKC 2001, 2016).
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Fig. 1 a Map of Canada show-
ing the province of Alberta, b
map of Alberta showing the
relevant cities and general study
area, and ¢ map of the study
area showing the site locations
with red squares where ¢ is

the zoom out view of the red
rectangle in (b). Map sources:
Esri, DigitalGlobe, GeoEye,
Earthstar, Geographics, CNES/
Airbus DS, USDA, USGS,
Aerogrid, IGN, and the GIS
User Community

The monitored natural soil profile locations follow: SV10
is at the Mildred Lake Mine site and SV27 and SV60 are
~20 km north of the ACS reclamation cover site. The SV10
and SV27 sites are texturally homogeneous with fine or
medium sands, respectively. SV60 is texturally heterogene-
ous with a fine sand layer (45—84 cm) overlain and underlain
by coarse sand layers. The details of these sites, including
field experiments and measurements of soil properties, can
be found in Huang et al. (2011b) and Zettl et al. (2011).

Data Collection

The reference historical data set for the region was a 60 year
(1956-2015) daily climate monitoring record obtained from
Environment and climate change Canada (ECCC) records

at the Fort McMurray Airport station (syncrude.emline.
ca/Syncrude/Pages/default.aspx). The global scale future

climate change projections (i.e. precipitation and tempera-
ture) for the historical period (1976-2005) and future period
(2086-2100) were obtained from the CMIP5 GCMs (see the
list in supplemental Table S-1), based on the representa-
tive concentration pathways (RCP8.5). The climate change
projections were obtained from the CMIP5 data archive
(https://esgf-node.llnl.gov/search/cmip5/). The WRF-sim-
ulated climate change projections (i.e. hourly precipitation
and temperature) for the baseline (2001-2015) and future
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(2086-2100) periods were obtained through dynamical
downscaling from Li et al. (2017, 2019). All the climate
change projections were obtained for the Fort McMurray
Airport station (56.6488° N, 111.2305° W).

Downscaling Methods

Two approaches to downscaling were used in this study.
The first was statistical downscaling of GCM projections
using the Long Ashton Research Station Weather Generator
(LARS-WG) and the second was dynamical downscaling
based on WRF simulations.

The high computational demands of the WRF model
(=2 years run time using Compute Canada’s resources)
required that this study rely on currently available simulation
time periods. This included 15 years of simulation results
for the 2001-2015 historical period and the 2086—2100
future period. This was further constrained by the long-
term historical and future time horizons for the GCMs used
for the LARS-WG downscaling. These time horizons were
1976-2005 and 2086-2100, respectively. These differing
historical and future time periods for the two downscal-
ing methods were unavoidable and complicate the inter-
comparisons. As a result, the inter-comparisons between
the LARS-WG and WRF models was only possible for the
shorter period of overlap (2001-2005).
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Statistical Downscaling

The statistical downscaling method in this study was the lat-
est version of LARS-WG 5.5 (Racsko et al. 1991; Semenov
2007; Semenov and Barrow 1997). The stochastic weather
generator LARS-WG can generate synthetic weather time-
series (e.g. daily precipitation, and daily minimum and
maximum temperatures) for any duration. LARS-WG com-
putes a set of parameters for the distributions of observed
climate variables as well as correlations between different
observed daily climate variables. Synthetic time series of
climate variables are generated using the set of parameters
by randomly selecting values from the appropriate distribu-
tions. These selected parameter distributions for a given site
are then perturbed by the relative changes as projected by
the GCMs (i.e. climate scenario) to generate a future climate
scenario for the site.

Future climate scenarios were calculated using the syn-
thetic monthly distributions from historic GCM projections,
adjusted to align with historical distributions of these vari-
ables, and then perturbed based on the GCM projections of
future climate change. In this study, the climate scenarios for
LARS-WG simulations were derived from the CMIP5 multi-
model ensemble based on the mean of 17 member GCMs
for RCP8.5 scenario during the future period 2086-2100
relative to the historical period 1976-2005. The list of the
member GCMs from CMIP5 used in LARS-WG simulations
are shown in supplemental Table S-1.

Dynamical Downscaling

The WRF model was used to simulate the regional climate
for the historical baseline and future climate with reanaly-
sis and climate change forcing based on the ensembles of
CMIP5 GCMs (RCP8.5), respectively. The dynamical
downscaling technique relied on simulations undertaken by
Li et al. (2017, 2019) using the WRF version 3.6.1 model
(Skamarock et al. 2008). This WRF model simulated his-
torical (2001-2015) climate and dynamically downscaled
projected climate for a future period (2086-2100) over a
domain covering western Canada from British Columbia
to the Yukon. The WRF model domain was composed of
700 x 640 grid points with a horizontal resolution of 4 km.

The WRF simulations included an initial simulation
[control experiment (CTL)] of the historical baseline cli-
mate by directly forcing 6 h 0.7° ERA-Interim reanalysis
data (Dee et al. 2011). A second simulation, based on a cli-
mate perturbation of sensitivity experiment [pseudo-global
warming (PGW); Rasmussen et al. 2011, 2014)], was used
to simulate future climate change projections using the PGW
forcing derived from climate change signals from a 19-mem-
ber ensemble mean of CMIP5 GCMs, as recommended by
Liu et al. (2017). The PGW simulation for a 15 year period

(2086-2100) was forced with the same ERA-interim rea-
nalysis as in CTL, plus a climate perturbation based on
ensemble of CMIP5 RCP8.5 projections:

PGW — forcing = ERA — Interim + Acyrps repss

where Ayps repss 18 the climate change signals derived
from the CMIP5 multi-model ensemble based on the mean
of 19 member GCMs for RCP8.5 scenario during the
future period 2071-2100 relative to the historical period
1976-2005. For more details on WRF simulations, please
refer to Li et al. (2017, 2019). The list of these member
GCMs from CMIP5 used in WRF simulations are shown in
supplemental Table S-1.

Water Balance Modelling

The physically-based soil water dynamics model, Hydrus-
1D (Simunek et al. 2013), was used to simulate key water
balance components (AET and NP) for each of the study
sites. This modelling approach has been used extensively
to study long-term water balance, soil water dynamics, and
alternative reclamation cover designs for oil sands reclama-
tion covers (e.g. Huang et al. 2011a, b, ¢, 2015a, b; Sigouin
et al. 2016; Zettl et al. 2011).

The model is based on the solution of Richard’s equation
for transient water flow through unsaturated soil including
soil-atmosphere transfers (i.e. evaporation and transpira-
tion) using the method proposed by Feddes et al. (1974).
In this method, actual evaporation and actual transpiration
are calculated based on prescribed vegetation characteris-
tics, such as leaf area index (LAI) and root length density.
Details of the models including the material properties, the
vegetation (i.e. LAI), and root densities were presented in
previous papers (Alam et al. 2017, 2018; Huang et al. 2011b,
¢, 2015a). Typical particle size distributions, water reten-
tion curves (WRCs), and distributions of saturated hydraulic
conductivity (Ks) are shown in supplemental Figs. S-1, S-2,
and S-3).

The Hydrus-1D model was previously calibrated and vali-
dated against field monitoring data at the study sites includ-
ing: D3 (Huang et al. 2015a), SWSS (Alam et al. 2018), ACS
(Alam et al. 2020), and three natural sites (SV10, SV27, and
SV60; Huang et al. 2011b, ¢). The model domains used for
each site were:

e D3: three layers (i.e., peat-mineral soil mixture, second-
ary clay layer, and underlying overburden shale);

e SWSS: two layers (i.e., peat-mineral mixture and tailings
sand);

e ACS: three layers (i.e., peat cover soil, coarse-textured
subsoil, and lean oil sand substrate);
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e Natural profiles: the texturally variable natural sand pro-
files required 14, 20, and 18 layers of varying texture and
bulk density at SV10, SV27, and SV60, respectively.

A lower free drainage (i.e. unit vertical gradient) bound-
ary condition was used in all of the models, consistent with
the deep water table at all sites. This allows the surface soil
water balance to be decoupled from the deeper hydrogeo-
logic system (Dobchuk et al. 2013).

The simulated growing season precipitation and the cal-
culated PET using Hargreaves-Samani method were used
to represent the upper boundary condition in Hydrus-1D
model. The Hargreaves equation (Hargreaves and Samani
1985) was used to calculate PET (mm/day), based on the
daily temperature values:

PET = 0.0023R (T, + 17.8) (T = Tpuin)

Tmean

where: Ra=water equivalent of extraterrestrial radia-
tion (mm/day); 7,,.,, =mean daily air temperature (°C);
T,,.x =mean daily maximum air temperature (°C); and
T,,in=mean daily minimum air temperature (°C). The cal-
culated daily PET during the growing season was applied as
input in the water balance model.

The daily precipitation during the winter (typically
November—March) from both WRF and LARS-WG were
accumulated within a snowpack if the mean temperature in
a day was less than 0 °C. The accumulated snowpack was
then released into the soil domain over an assumed 2-week
snowmelt period (typically in the first 2 weeks of April).
The volume of snowpack melt over the winter period was
calculated when the mean temperature in a day exceeded
0 °C using the degree-day method as outlined by Carrera-
Hernandez et al. (2011). A similar approach was used by
Alam et al. (2018). The details are not repeated here for
brevity. In brief, the calculated volume of melted snowpack
was added to the precipitation amounts that occurred during
the winter melt period and to any stored profile water within
the soil profile at the beginning of the growing season.

The near surface hydraulic conductivity at all the
sites was higher than that of the underlying soil layers
(i.e.>1x107° m/s or 86 mm/day). The cover soils typi-
cally have a hydraulic conductivity > 1 x 10 m/s, while
the underlying soils have a typical hydraulic conductivity
of < 1 x 107% m/s. The reclamation covers were constructed
with an average slope less than 10%, while the natural soil
vegetation sites were flat. The higher surface hydraulic con-
ductivity and the flat-lying topography (Alam et al. 2018;
Bockstette 2018; Huang et al. 2011b; Meiers et al. 2011)
enabled us to simplify the models by assuming there was no
runoff. Infiltrated water in excess of available storage reports
as net percolation, which now defines the total water release
(i.e. water yield) from the reclamation covers.
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Results and Discussion

The simulated climate change projections from the two
downscaling methods (WRF and LARS-WG) are com-
pared with historic observational data as well as for future
time periods. The climate projections from both downs-
caling methods are also applied to the physically-based
model to simulate both historic and future key water bal-
ance components (i.e. AET and NP) for three reclamation
covers and three natural soil profiles.

Downscaled Climate Change Projections

Comparison of LARS-WG and WRF Models with Historical
Observations

The range of daily temperatures (Tmin, Tmax, and Tmean)
and total precipitation each month from the LARS-WG
and WRF-CTL simulations are compared with observa-
tions from the Fort McMurray Airport Station in Fig. 2.

The LARS-WG reproduces the overall seasonal varia-
tions in precipitation and temperature (i.e. Tmin, Tmax,
and Tmean) reasonably well with relatively small over-
or under-estimates of precipitation and temperature in
some months. In this study, the overall performance of
LARS-WG was acceptable with relative errors of less than
10% between the observed and simulated median precipi-
tation and temperature values in most months. Similar
results were obtained in previous studies (e.g. Alam and
Elshorbagy 2015; Alam et al. 2018; Chun et al. 2013;
Nazemi et al. 2011).

WREF is able to reproduce the mid-summer through fall
monthly temperature variability with similar peak values
of temperature and precipitation occurring in July, consist-
ent with the observed dataset. The simulated temperatures
were lower in all months, while the WRF-simulated pre-
cipitation was higher in most months than the observed
dataset. The overall relative error was 69.5% between the
observed and simulated median precipitation and tempera-
ture values, considering all months.

Both downscaling models were better able to replicate
the observed variability of precipitation than that of tem-
perature in most months. The WRF-simulated temperature
and precipitation were systematically under- and over-esti-
mated, respectively, for most months, while LARS-WG
outperformed WRF (Fig. 2). The underestimated tem-
perature was due to the cold biases (particularly between
March and July), while the overestimated precipitation was
due to the wet biases for all seasons and more pronounced
biases in the extreme precipitation amounts, as explained
by Li et al. (2019). The July simulated values from WREF,
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Fig.2 Comparison between the month-wise temperature and precipi-
tation for the observed ECCC time series, and the time series gener-
ated by a LARS-WG during the historical baseline period 1976-2005
and b WRF-CTL during the historical baseline period 2001-2015 at

as compared to the observations, are illustrative of the
cold and wet biases of the WRF model. The simulated
Tmin, Tmax, and Tmean in July were 8.43, 22.3, and
15.4 °C, respectively, while the observations were 10.5,
24.3, and 17.3 °C, respectively, and the median monthly
precipitation in July was 115 mm for WRF, compared to
the observed value of 61.5 mm.

These biases in temperature and precipitation would
result in biases in the calculated PET and simulated water

EZOO

=180+ : T Il simulated -
2160 ! | [observed
% 140 ¢ L .

5120 | |

© 100 | - LT

o g0 HI L

S 60 T Q g .

o) B, . 1
=40 .- B ED' 11 ‘H g .2
> - | | T -

S ﬁﬁ?éaéléllil TR
S "55g23385355533595585554%

w
[$)]

= N
(S )]
HH
H-
HH
HH
(mig
H

Daily Tmax (°C)
[$)]

.....................

Il Simulated -
[Jobserved

S 140
120

-
o
o

[ i sy B
May [+ - B - -~

- ----—
Jun - - - - .- - - - -

N B O
[=NeNoNe)

o
Jan [ HI-+"
Jan [~ W~

Feb [HD-+

Feb M-~

Aug [+ - - — BN - - - - -

Monthly total precipit
Mar [ HI3-+

Mar — @- -

Apr -

Apr [+ Hl- -~

May
Jun

w
a

-~ N

o o
o
HI-1
HI-
HIH
v
IS

Daily Tmax (°C)
h oo

|||||||||||||||

Fort McMurray Airport station. The boxplots represent the inter quar-
tile range (IQR) values with median shown as black thick line, with
whiskers showing values within 1.5 IQR extending from both ends of
the boxes

balance components, which are described in the follow-
ing sections. Results with biases relative to the historical
observed values will be used in the subsequent interpreta-
tions; therefore, the directions of change in the future water
balance components relative to the baseline values from
WREF simulations will be the basis of comparison with the
LARS-WG simulations.

The observed annual median daily Tmin, Tmax,
Tmean, and total precipitation are —2.2, 9.1, and 3.6 °C,
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and 421.1 mm, respectively, during the 1976-2005 time
period and —2.3, 9.0, and 3.2 °C, and 374.2 mm, respec-
tively, during the 2001-2015 time period. The statistics
associated with these two different historical time periods
are not significantly different and consequently provide a
valid comparison to the downscaled model projections. The
median daily T,;,, Ta Tmean» @and total precipitation from
the LARS-WG projections were —2.3, 9.0, and 3.4 °C, and
424.2 mm, respectively for 1976-2005. The WREF projec-
tions were —4.7, 1.3, and — 1.4 °C, and 584.5 mm, respec-
tively, for 2001-2015.

Comparison of LARS-WG and WRF in Future Periods

Changes in the monthly median temperature and precipita-
tion from the baseline to future period predictions for the
two downscaling methods are shown in Table 1. Overall,
both models show increases in temperature and precipitation
in nearly all months (the exceptions being June and Septem-
ber precipitation changes for WRF and the August changes
in precipitation for LARS). The maximum temperature and
precipitation for both models occurs in July with the mini-
mum temperature and precipitation in February for both the
baseline and future periods. Both models show a similar
shift in all monthly temperatures from baseline to future time
periods of ~3.2-8.9 °C (average monthly change of 5.0 °C
for LARS and 5.5 °C for WRF). They also show a consist-
ent shift in monthly precipitation of ~ 8.0 mm decrease to
22.9 mm increase (average monthly change of 3.4 mm for
LARS and 5.8 mm for WRF). The increases in temperature
in both the spring and fall highlight a potential increased

Table 1 The median daily future T,

mean

and total precipitation during the baseline and future periods, and changes in median daily future T,

growing season and a shorter winter period during which
the snowpack might accumulate.

Both methods predict similar shifts in temperature and
precipitation for most months with a decrease in precipita-
tion in a few months (June, August, and September) during
the growing season. The decrease in precipitation in some
months might potentially affect water availability for vegeta-
tion growth in some years. However, increases in the spring
and fall precipitation, when evapotranspiration demand
might be quite low, can potentially lead to higher NP rates.

In general, the baseline and future temperature from WRF
shows higher variability than those from LARS-WG. The
average CV values for LARS-WG during baseline and future
periods were 13.8% and 18.8%, respectively, while the cor-
responding CV values for WRF were 93.2% and 58.9%. In
contrast, the baseline and future precipitation from LARS-
WG shows greater variability than that predicted by WRF.
The average CV values for LARS-WG during baseline and
future periods were 52.3% and 53.6%, respectively, while the
corresponding CV values for WRF were 42.3% and 40.8%.
Supplemental Table S-2 shows the monthly CV values from
the baseline to future period predictions for the two down-
scaling methods.

Since the LARS-WG predictions are based on adjusting
the predicted precipitation probability distributions to the
local scale observations, the impact of local scale convec-
tive precipitation events is implicitly reflected within these
adjustments. Generally, GCMs are unable to represent the
convective processes and are expected to show less variabil-
ity than WRF, while both raw GCMs and WRF simulations
are expected to show less variability than the site-specific
LARS-WG simulations. In this way, extreme convective

mean

and total precipitation relative to the corresponding baseline periods during each month for two downscaling methods

Month LARS-WG

WRF

Trnean (°C) Precipitation (mm)

Trnean (°C) Precipitation (mm)

Baseline Future Change (°C) Baseline Future Change (mm) Baseline Future Change (°C) Baseline Future Change (mm)

Jan -173 =102 7.1 16.5 19.5 3.0
Feb -14.0 =77 63 13.8 17.2 3.4
Mar -5.8 1.1 47 16.4 19.9 3.5
Apr 33 6.5 3.2 18.1 21.5 3.5
May 9.8 140 4.2 34.7 41.2 6.5
Jun 14.4 189 4.5 61.8 67.1 53
Jul 16.8 21.8 5.0 71.8 8.7 6.9
Aug 15.0 204 54 59.6 55.1 -4.5
Sep 9.6 146 5.0 41.5 44.4 2.9
Oct 2.8 6.4 3.6 26.9 31.7 4.8
Nov =75 -3.0 45 18.7 21.8 3.1
Dec —15.1 -83 6.8 16.8 19.4 2.6
Overall 1.0 6.0 5.0 33.1 36.5 3.4

-179 -12.1 58 28.2 38.3  10.1
-170 -11.7 53 21.7 26.1 4.4
-124 -5.8 6.6 32.8 48.1 153
-4.6 1.3 59 34.9 39.7 4.8
2.0 95 75 49.2 72.1 229
13.1 16.5 3.4 79.4 72.8 -6.6
15.4 19.0 3.6 114.5 114.9 0.4
13.6 17.6 4.0 68.0 73.4 5.4
7.5 11.5 4.0 573 493 -8.0
1.4 56 42 32.7 37.2 4.5
-9.6 =25 71 26.3 31.8 55
-179 -9.0 89 28.2 393 111
-22 33 55 47.8 53.6 5.8
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events are more realistically captured by LARS-WG or
WRF than GCMs simulations. The calculated CV values
for the future daily precipitation for raw GCMs, WRF, and
LARS-WG were 213, 219, and 242%, respectively, while
the maximum daily precipitation amounts simulated by the
GCMs, WRF, and LARS-WG were 61, 101, and 101 mm,
respectively. However, it should be kept in mind that the
WREF results are affected by the inherited biases from the
driving GCMs.

Both downscaling methods predict increased growing
season precipitation and PET in the future (2086-2100),
relative to their baseline (1976-2005 for LARS-WG and
2001-2015 for WRF), as shown in Fig. 3. The median
growing season precipitation measured at the Fort McMur-
ray Airport station was 387 and 362 mm during 1976-2005
and 2001-2015, respectively. These values were well esti-
mated by LARS-WG (387 mm) but overestimated by WRF
(523 mm) due to a wet bias in the WRF model inherited
from the driving GCMs. The median growing season PET
values estimated using the Hargreaves-Samani method for
1976-2005 and 2001-2015 were 638 and 653 mm, respec-
tively. The LARS-WG simulation was able to replicate this
PET value for the corresponding baseline period (638 mm);
however, WRF (541 mm) underestimated the PET value due
to a cold bias.

Despite these differences, the overall relative shift (mag-
nitude and direction) from the baseline to the future period
for both growing season precipitation and PET were similar

for both models. For example, the increase in median grow-
ing season precipitation for LARS-WG was 22.7%, while
WREF predicted an increase of 11.5%. The increase in
median growing season PET was 19.6% for LARS-WG and
19.4% increase for WRF. The uncertainty associated with
growing season precipitation was larger for LARS-WG than
WREF, while the same associated with PET was larger for
WREF than LARS-WG, as evident in the distribution of the
corresponding boxplots (Fig. 3) and CV values (not shown).

A probability density function (PDF) of growing sea-
son daily precipitation events can be used to compare the
individual models and associated observations in a manner
that highlights extreme precipitation events (Fig. 4). The
comparison periods are 1976-2005 for LARS-WG, and
2001-2015 for WREF. It is apparent that the WRF simula-
tions overestimate the magnitude of precipitation events
at all frequencies but increasingly so for high precipitation
events. The LARS-WG simulations are consistent with
the observed distribution, with the exception of the most
extreme event.

Figure 4 also includes the distribution of daily growing
season precipitation events for future periods: 2086-2100
for LARS-WG (Fig. 4a), and 2086-2100 for WRF (Fig. 4b).
It is expected that an increase in extreme daily precipitation
events would lead to increases in runoff. The differences
in the shift of the PDF from the baseline to future predic-
tions for the two models is quite striking. LARS-WG pre-
dicts a modest increase in daily precipitation at nearly all

Fig. 3 Distributions of a 900 w T T 900 w
growing season precipitation (a) (b)
and b growing season PET
based on 100 rgalization.s from 800 T 800 e
LARS-WG during baseline - i E
(1976-2005) and future e ! 1
(2086-2100) periods as well £ | I —_ |
as based on WRF simulations c 700 - E 700 . 0
for baseline (2001-2015) and g : N = L _$ _______________ N
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Fort McMurray Airport station. % 600 - : : o 600r T
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Fig.4 Probability density (a) (b)
function of daily precipitation 102 : ‘ ' : ‘ 102 ‘ ‘ ' ‘

—0Observed —Observed

during the growing season

(i.e. April-October) at Fort
McMurray Airport Station as

a observed during 1976-2005,
statistically downscaled by
LARS-WG for the baseline
(1976-2005) and future (2086—
2100) periods and b observed
during 2001-2015, dynamically
downscaled by WREF for the
baseline (2001-2015) and future
(2086-2100) periods

Frequency (%)

—Simulated baseline
=—Simulated future

—Simulated baseline
—Simulated future

Frequency (%)

frequencies, while the WRF predictions show similar mag-
nitudes of precipitation events for both baseline and future
predictions at frequencies greater than 0.5% but nearly dou-
ble the magnitude of events in the future from the baseline
at frequencies smaller than 0.05%. These more pronounced
extreme events by WRF might be due to the overestimated
distribution of baseline daily extreme precipitation relative
to the historical observed amounts in the case of WRF. The
shifted distribution of future daily extreme precipitation
amounts relative to the baseline amounts demonstrates that
these extreme precipitation events could be more prevalent
in a changing climate condition.

Simulated Water Balance Components

The baseline historical climate projections for LARS-WG
(1976-2005) and WRF (2001-2015) as well as the future
projections (2086-2100) for both models were used as cli-
matic inputs to the Hydrus water balance modeling of each
of the three reclamation cover sites (D3, SWSS, and ACS)
and the three natural soil profile sites (SV10, SV27, and
SV60).

Figure 5 presents the simulated AET for the three rec-
lamation covers and natural soil profiles. The AET for the
reclamation covers are higher than for the natural soil pro-
files in all cases due to the finer texture of the reclamation
covers (Alam et al. 2018). The magnitude and direction of
change in the future median growing season AET, relative to

@ Springer
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the corresponding baseline AET using the two downscaling
methods are similar for all of the study sites.

Figure 6 presents the simulated NP using the LARS-
WG and WREF projections. All simulations show that NP is
higher for the three natural soil profiles than the reclamation
covers, as expected given their coarser texture (Alam et al.
2018). The direction of change in future NP, relative to the
corresponding baseline NP are similar for both downscal-
ing methods with similar directions of change in the future
growing season NP for all of the study sites, although the
shifts in future NP are greater for WRF than for LARS-WG.

The relative change in the simulated future AET rela-
tive to the baseline periods for the LARS-WG and WRF
simulations are presented in Fig. 7. The median change in
the future AET for both the WRF simulations and LARS-
WG simulations are similar (boxes overlap in Fig. 7) to each
other and similar for all cover types to the end of the twenty-
first century. However, Fig. 7 also highlights that LARS-WG
based simulations have a greater degree of variability in the
projected changes in AET than the WRF simulations. WRF
climate projections capture more variability in monthly
temperatures, while LARS-WG capture more variability in
monthly precipitation. The variability in future AET and
corresponding % changes appear to be controlled by vari-
ability in future precipitation rather than variability in future
PET, with the result that higher variability in future precipi-
tation leads to higher variability in future AET.

This is also true for the occurrence of extreme high and
low AET values. The prevalence of extreme AET events, in
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Fig.5 Distributions of growing season AET for 100 realizations of
climate change projections from LARS-WG during 1976-2005 (i.e.
Baseline) and climate change projections from WRF during 2001-
2015 (i.e. Baseline) as well as during 2086-2100 (i.e. Future). The
results are shown for three reclamation covers (D3, SWSS, and ACS)

the case of LARS-WG, reflects more extremely wet or dry
years toward the end of the twenty-first century compared to
the WRF simulations. This would suggest a potential shift in
optimal vegetation/tree selection for reclamation covers to
adapt to more variability in AET, if LARS-WG simulations
are used for reclamation cover design.

Figure 8 shows the percent change in the simulated future
NP. The median % change in NP for both downscaling meth-
ods are once again similar (boxes overlap in Fig. 8); how-
ever, both LARS-WG and WRF show higher % changes in
future NP for the reclamation covers (48-95%) than the three
natural soil profiles (21-89%). Once again, the percentage
change in NP exhibits more variability for the LARS-WG
based simulations than for WREF, including a greater change
in the percentage of extreme annual NP values.

Similar to the % changes in future AET, the variability
in future NP appears to be controlled by the variability in
future precipitation. The prevalence of extreme NP events,
in the case of LARS-WG, reflects either more extreme wet
or dry years toward the end of the twenty-first century com-
pared to the WRF simulations. This might suggest that water

and three natural soil profiles (SV10, SV27, and SV60). The hori-
zontal dashed lines show median growing season AET based on the
observed monitoring data at Fort McMurray Airport station during
1976-2005. Description of boxplots is given in Fig. 2

yield from the reclaimed mine waste may be more variable
if LARS-WG simulations are considered for the design of
mine closure landscapes.

The relative magnitudes of the simulated precipitation
for LARS-WG and WRF models seems to be reflected in the
simulated water balance components (AET and NP) during
the end of the twenty-first century. In particular, precipita-
tion is the dominant climate variable in the predictions of
the two key water balance components.

The range of the predicted changes in the future growing
season AET and NP relative to the baseline periods is higher
for LARS-WG than WREF, even though WRF predictions
might be expected to capture more variability due to regional
scale convective precipitation events. We mentioned earlier
that LARS-WG showed higher variability in future pre-
cipitation than that shown by WRF and precipitation is the
dominant variable in simulating AET and NP. It is important
to note, however, that convective events generally last for
only an hour in most cases. As a result, daily water balance
modelling, as undertaken in this study, does not capture the
potential impact of these events in triggering runoff events.
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Fig.6 Distributions of growing season NP for 100 realizations of
climate change projections from LARS-WG during 1976-2005 (i.e.
Baseline) and climate change projections from WRF during 2001-
2015 (i.e. Baseline) as well as during 2086-2100 (i.e. Future). The
results are shown for three reclamation covers (D3, SWSS, and ACS)

The impact of these convective events is further diminished
when the results are accumulated into monthly and/or grow-
ing season amounts.

The key growing season water balance components (i.e.
AET and NP) for all sites are summarized in Table 2. The
median growing season AET values from LARS-WG for
the baseline period were comparable to the values reported
by Alam et al. (2018) for all sites, except ACS. This was
despite the baseline periods being different (19762005 in
this study and 1961-1990 in Alam et al. 2018). The baseline
period AET of the ACS site was less (377 mm) than in the
previous study (402 mm; Alam et al. 2020), due to the dif-
ference in the median growing season precipitation used in
the model simulations for the two baseline periods (387 mm
from 1976 to 2005 in this study; 407 mm from 1961 to 1990
for Alam et al. 2018), while Alam et al. (2020) used a value
of 426 mm for the baseline period 1954-2013. Zhang et al.
(2018) showed that the selection of baseline period is a
likely source of uncertainty in studying the impacts of cli-
mate change.
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and three natural soil profiles (SV10, SV27, and SV60). The hori-
zontal dashed lines show median growing season NP based on the
observed monitoring data at Fort McMurray Airport station during
1976-2005. Description of boxplots is given in Fig. 2

The simulated growing season NP in this study are also
different from those in the previous studies because of the
differences in growing season precipitation from the differ-
ent baseline periods, which in turn directly affect the grow-
ing season AET and NP values, as shown by LARS-WG
simulations. Considering all sites, the increases in AET
are ~ 11.4-13.1% for LARS-WG and 9.6-12.6% for WREF,
while the increases in NP are ~20.8-95.0% for LARS-WG
and 21.9-64.5% for WREF. In particular, reclamation covers
and natural soil sites show a similar range of increase in
AET; however, the percentage increases in NP are more
pronounced for the reclamation covers than the natural
sites. The increased future AET might be expected to pro-
duce a change in overall productivity of these sites but may
also result in a shift in the vegetative regime that is estab-
lished. The increased future NP could lead to increased
water release from these reclaimed mine waste landforms
with a concomitant increase in chemical loading due to
flushing of these deposits by recharge waters.
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Fig.7 Distributions of growing season AET based on an ensemble of
17 GCMs based on RCP8.5 from CMIP5 and downscaled by LARS-
WG (red boxes) and based on the climate change projections down-
scaled by WRF (blue boxes) during the end of the twenty-first cen-
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tury. The results are shown for three reclamation covers (D3, SWSS,
and ACS) and three natural soil profiles (SV10, SV27, and SV60).
Description of boxplots is given in Fig. 2
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Fig.8 Distributions of growing season NP based on an ensemble of
17 GCMs based on RCP8.5 from CMIP5 and downscaled by LARS-
WG (red boxes) and based on the climate change projections down-
scaled by WRF (blue boxes) during the end of the twenty-first cen-
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tury. The results are shown for three reclamation covers (D3, SWSS,
and ACS) and three natural soil profiles (SV10, SV27, and SV60).
Description of boxplots is given in Fig. 2
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Table 2 Growing season median precipitation, AET, and NP for the baseline and future periods based on the LARS-WG and WRF simulations

@ Springer

NP (mm)

AET (mm)

Precipitation (mm)

WRF

LARS-WG

WRF

LARS-WG

WRF

LARS-WG

Future Baseline Future Baseline Future Baseline Future Baseline Future Baseline Future

Baseline

(2086-2100) (1976-2005) (2086-2100) (2001-2015) (2086-2100) (1976-2005) (2086-2100) (2001-2015) (2086-2100)

583 (11.5%)

(1976-2005) (2086-2100) (2001-2015)

Site

D3

148 (52.0%)
136 (47.2%)

21.9 (53.9%) 97.3

14.2
11.2
8.5
119

74.3

474 (11.6%)

425
425
436
291

427 (13.1%)

377
375
377
266
312
369

523
523
523
523
523
523

474 (22.7%)

387

21.9 (94.7%) 92.2

477 (12.2%)
487 (11.5%)
319 (9.6%)

421 (12.2%)
425 (12.6%)
299 (12.2%)
347 (11.4%)

583 (11.5%)

474 (22.7%)

SWSS 387
ACS

129 (64.5%)
282 (21.9%)

16.5 (95.0%) 78.2

144 (20.8%)
96.6 (30.1%)

583 (11.5%)

474 (22.7%)

387
387
387
387

231

583 (11.5%)

474 (22.7%)

SV10

239 (40.7%)

170

378 (11.6%)

339
412

583 (11.5%)

474 (22.7%)

Sv27

155 (62.8%)

28.5(88.9%) 95.3

15.1

583 (11.5%) 414 (12.1%) 464 (12.6%)

474 (22.7%)

SV60

The percentage increases in the future median precipitation, AET and NP relative to the baseline median precipitation, AET and NP are shown in parentheses

Conclusion

The impact of climate change projections on the long-term
water balances of reclamation covers, as well as natural
soil profiles, was evaluated using a physically-based water
balance model and future climate change predictions from
different downscaling methods. The use of both dynamical
(WRF) and statistical (LARS-WG) downscaling methods
provides a novel approach for comparing the long-term
future performances of reclamation covers compared to
those of natural soil profiles.

When comparing the simulated temperature and precip-
itation from the downscaling models to the observational
data, it is clear that the statistical downscaling method
(LARS-WG) outperformed the dynamical downscaling
method (WRF). In most months, WRF predictions sys-
tematically underestimated temperature and overestimated
precipitation. In addition, the computational demand for
WREF simulations was much higher than that for LARS-
WG. The directional shifts in the monthly future temper-
ature and precipitation from the baseline periods were,
however, similar for both downscaling methods. Both
downscaling methods also showed similar directional
shifts in the future median growing season AET and NP
from the baseline periods.

The magnitude of increase in growing season median
AET and NP using the WRF climate predictions were not
significantly different from those using the LARS-WG
climate predictions, although LARS-WG showed more
variability in these water balance components. Overall,
the increases (%) in future NP were significantly higher
than increases (%) in future AET, particularly for the rec-
lamation covers. LARS-WG based projections had more
extreme (high and low) AET and NP values than the WRF
model. Although the two downscaling methods are based
on different approaches, both methods indicate similar
relative changes in the growing season water balance com-
ponents (i.e. AET and NP) by the end of the twenty-first
century. Overall, the changes in the future key water bal-
ance components for LARS-WG show greater variability
than those of the WRF model.

The systematic under- and over-estimation of tempera-
ture and precipitation, respectively, during the baseline
period (2001-2015) by WRF was explained by Li et al.
(2019) as being due to cold and wet biases, respectively.
These biases are expected to carry into the future projec-
tions and the resulting future growing season water bal-
ance components. This allows the relative changes in the
water balance components arising due to climate change to
be evaluated, but not the absolute values. The WRF model
would require bias correction to generate realistic absolute
water balance components.
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Both downscaling methods have advantages and limita-
tions, although further comparisons for aligned modelling
time frames will be required to guide policy makers and
industry on how to best make reliable decisions on cover
performance. It is likely that a multi-model approach (multi-
ple GCM, RCPs, and downscaling methods) will be required
to fully explore the potential impact of future climate
changes on reclamation cover performance and ultimately
on mine closure strategies.

Since the LARS-WG and WRF showed similar directions
of shifts in the future water balance components from the
baseline periods using an ensemble of GCMs from CMIP5,
future extensions of this study will re-evaluate the shifts in
future water balance components from LARS-WG and WRF
using the newly released ensemble of GCMs from CMIP6.
The CMIP6 includes more GCMs and newly developed
socio-economic emission scenarios (Eyring et al. 2016).
Further evaluation will be expanded to the full range of rec-
lamation covers and mine waste types currently being used
by the oil sands industry (e.g. reclamation covers over over-
burden, lean oil sands, coke, and treated fine tailings). The
relative contributions of spatial and temporal variability in
the soil hydraulic properties and future climate variability to
the total variability in the water balance components will be
investigated using the full range of reclamation covers being
monitored over many years and climate change projections
from the downscaling methods.
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