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ABSTRACT

In this study, the Providing Regional Climates for Impacts Studies (PRECIS) and the Regional ClimateModel

(RegCM) systemaswell as theVariable InfiltrationCapacity (VIC)macroscale hydrologicmodel were integrated

into a general framework to investigate impacts of future climates on the hydrologic regime of the Athabasca

River basin. Regional climate models (RCMs) including PRECIS and RegCM were used to develop ensemble

high-resolution climate projections for 1979–2099. RCMs were driven by the boundary conditions from the

Hadley Centre Global Environment Model, version 2 with Earth system configurations (HadGEM2-ES); the

SecondGenerationCanadianEarth SystemModel (CanESM2); and theGeophysical FluidDynamicsLaboratory

Earth System Model with MOM (GFDL-ESM2M) under the representative concentration pathways (RCPs).

The ensemble climate simulations were validated through comparison with observations for 1984–2003. The

RCMs project increases in temperature, precipitation, and wind speed under RCPs across most of the Athabasca

River basin.Meanwhile, VICwas calibrated using theUniversity ofArizona ShuffledComplexEvolutionmethod

(SCE-UA). The performance of the VIC model in replicating the characteristics of the observed streamflow was

validated for 1994–2003. Changes in runoff and streamflowunderRCPswere then simulated by the validatedVIC

model. The validation results demonstrate that the ensemble-RCM-driven VIC model can effectively reproduce

historical climatological and hydrological patterns in theAthabascaRiver basin. The ensemble-RCM-drivenVIC

model shows that monthly streamflow is projected to increase in the 2050s and 2080s under RCPs, with notably

higher flows expected in the spring for the 2080s. This will have substantial impacts on water balance on the

AthabascaRiver basin, thus affecting the surrounding industry and ecosystems. The developed framework can be

applied to other regions for exploration of hydrologic impacts under climate change.

1. Introduction

Climate change has significant implications on water

resources and freshwater ecosystems (Eum et al. 2017;

Özdogan 2011). Regional climate models (RCMs) and

macroscale hydrologic models (MHMs) are common

approaches to investigate the effects of projected cli-

mate changes on local hydrological regimes. RCMs are

able to simulate detailed regional atmospheric and ter-

restrial processes (Denis et al. 2002; Jones et al. 1995),

while MHMs have advantages in representing spatial

variability of water resources. When linked with RCMs,

MHMs can model water resources systems at a fine

spatial resolution (Raje and Krishnan 2012).

The Athabasca River is the longest undammed river

in the Canadian Prairies, and the potential effects of

climate change on its hydrological cycles have been

implicated for water scarcities, wild fires, flooding, and

droughts (Cheng et al. 2017). Further, annual flows of

the Athabasca River have been shown to be linked with

historic climate conditions across this region, a trend

that is expected to continue into the future (Edwards

et al. 2008; Sauchyn et al. 2015; Schindler and Donahue

2006). A better understanding how climate change will

affect the spatial and temporal variability of hydrologic

regimes in prairie river basins, such as the Athabasca,

is needed in order to support proper mitigation and

adaptation strategies (IPCC 2013; Maurer et al. 2007).

Previous studies have attempted to investigate the

potential effects of climate change on hydrologic regimesCorresponding author: Dr. Guohe Huang, huangg@uregina.ca
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using MHMs driven by global climate models (GCMs;

Cheng et al. 2017; Cherkauer and Sinha 2010; Eum

et al. 2017; Nijssen et al. 2001; Rajagopal et al. 2014;

Schnorbus and Cannon 2014; Shrestha et al. 2012,

2014a). For example, Nijssen et al. (2001) employed

climate predictions from four GCMs to analyze hydro-

logic sensitivities and impacts in nine large river basins.

Cherkauer and Sinha (2010) evaluated potential effects

of projected future climate change on the hydrology of

the four American states surrounding Lake Michigan

through the Variable Infiltration Capacity (VIC) mac-

roscale hydrologic model (Liang et al. 1994), which was

driven by statistically downscaled projections from

GCMs. Shrestha et al. (2012) used the VIC hydrologic

model and statistically downscaled outputs from GCMs

to investigate the spatial and temporal variability of

climate-induced hydrologic changes in the Fraser River

basin, British Columbia (BC), Canada. Shrestha et al.

(2014b) applied simulated hydrologic changes by a

downscaled GCM-driven VIC model, and then in-

vestigated potential hydroclimatic change in the Peace

River basin in BC. Schnorbus and Cannon (2014) gen-

erated large ensembles of hydrologic projections for two

watersheds in BC using the VIC and statistical emula-

tion model. Rajagopal et al. (2014) examined the po-

tential impacts of projected climate change by GCMs on

the water balance of the Salt and Verde River basins.

Recently, Eum et al. (2017) investigated the hydrologic

response of theAthabascaRiver basin inAlberta, Canada,

to the projected changes statistically downscaled from

GCMs using the VIC process-based and distributed hy-

drologic model. However, statistical downscaling is based

on an unverifiable assumption that the statistical relation-

ships between atmospheric variables on large-scale and

local variables of interest should be stationary under var-

ious climatic conditions (Vincent and Gullett 1999; Wilby

et al. 2004; Zhou et al. 2018b). Nevertheless, dynamical

downscaling is consistent with physical mechanisms in

GCMs to resolvemore detailed featureswithinGCMgrids

such as mountain ranges, coastal zones, and details of soil

properties (Feser et al. 2011). However, there have been

no attempts to dynamically investigate hydrologic impacts

on the basis of ensemble RCM projections over the

Athabasca River basin under RCPs, as recommended by

the IPCC in 2013 (IPCC 2013; Van Vuuren et al. 2011).

As the study area of this research is very close to the

Rocky Mountains, where the local climate will be signifi-

cantly affected by the various topography, land use/cover,

and soil types, it is therefore important to use dynamical

downscaling to investigate and quantify how these local

features will influence the local climatology, eventually to

understand how the affected climatology will impact the

local hydrology. This is, in fact, the motivation of our

research.Many recent papers suggest that there are clearly

added values from dynamical downscaling to GCMs in

capturing the local climate variations (Wang et al. 2014,

2015b; Zhou et al. 2018a,b,d). Therefore, in this study, the

Regional Climate Model (RegCM) and Providing Re-

gional Climates for Impacts Studies (PRECIS) are em-

ployed to generate downscaled climate projections from

theHadley Centre Global EnvironmentModel, version 2

with Earth system configurations (HadGEM2-ES), Second

Generation Canadian Earth System Model (CanESM2),

and Geophysical Fluid Dynamics Laboratory Earth

SystemModel with MOM (GFDL-ESM2M) in order to

investigate the impacts of future climate change on the

hydrologic regimes in the Athabasca River basin.

Moreover, the VIC model is employed due to its ad-

vantages in spatially representing physical processes

within RCM grids in the Athabasca River basin.

The objective of this study is to investigate the impacts

of future climates on the hydrologic regimes in the

Athabasca River basin through the use of an integrated

regional climate model and macroscale hydrologic

model. Specifically, the PRECIS and RegCM modeling

systems (Jones et al. 2004) are first used to develop high-

resolution regional climate projections over the Atha-

basca River basin. The performance of the ensemble

RCM simulations is then validated through comparison

with observed temperature, precipitation, and wind data

from the baseline period (1984–2003). Meanwhile, the

macroscale VIC hydrologic model is calibrated for the

period of 1984–93 in the Athabasca River basin using

the University of Arizona Shuffled Complex Evolution

method (SCE-UA; Duan et al. 1994). The performance

of the VICmodel in replicating the characteristics of the

observed streamflow in the Athabasca River basin is

validated against observed streamflow measurements for

the period of 1994–2003. The climate projections from

RCMs are then input to the VIC hydrologic model to

simulate runoff and streamflow due to climate change

under two emissions scenarios. The projected impacts on

daily total runoff and monthly river discharge in the

Athabasca River basin are further developed and in-

vestigated. It is our intention that changes of future cli-

matological and hydrological patterns over theAthabasca

River basin presented here will assist decision-makers in

developing long-term water resources management plans

and watershed-scale climate adaptation strategies.

2. Methods

a. Study area

TheAthabasca River has its headwaters in the Columbia

Icefield of the Rocky Mountains of the province of
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Alberta, Canada (Eum et al. 2014). At 1500km in

length, it is the longest undammed river in Alberta and

drains a total surface area of 156 000 km2 (F1 Fig. 1). The

elevation of the Athabasca River ranges from over

3400m in the Rocky Mountains to 224m where it drains

into Lake Athabasca. The land cover in the Athabasca

River basin is mainly composed of evergreen needleleaf

forest, mixed forest, woodland, wooded grassland,

cropland, deciduous broadleaf forest, grassland, and

shrubland (F2 Fig. 2a). The watershed includes various

topsoil covers such as clay (light), silty clay, loam, sand,

loamy sand, and small areas of sandy loam (Fig. 2b),

while the subsoil cover is dominated by clay (light),

loam, and loamy sand (Fig. 2c).

The upper watershed is mainly formed of mountain-

ous topography and cryosphere-dominated hydrologic

regimes, the middle watershed is composed of three

major tributaries (McLeod, Pembina, and Lesser Slave),

and the lower watershed consists of several smaller

tributaries. The climate in the Athabasca River basin is

affected by the climatic patterns in both the Rocky

Mountains and the Arctic. It is recognized that climate

change will have significant impacts on water availabil-

ity, wildfires, flooding frequencies, drought durations,

and energy demands (Cheng et al. 2017). In the period

of 1983–2003, the average daily maximum tempera-

ture varied between 218 and 108C, while the average

daily minimum temperature ranged from288 to228C

(Hutchinson et al. 2009). The mean daily total pre-

cipitation changed from 1.01 to 2.95mm over the same

period (Hutchinson et al. 2009). The highest mean daily

total precipitation occurs in the upper watershed and is

an important contributor to the water resources avail-

ability throughout the watershed.

Various industrial activities in northern Alberta, in-

cluding electrical power generation, mining, and bitumen

production/extraction, are significantly dependent on wa-

ter from the Athabasca River (Cheng et al. 2017; Eum

et al. 2017). Surface water consumption is dominated by

the oil sands mining activities, threatening the health of

aquatic habitats and downstream wetlands (Cheng et al.

2017). It is unclear how climate change will alter the

FIG. 1. Location and elevation of the Athabasca River basin.

Fig(s). 1 live 4/C
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hydrologic regime of the Athabasca River and impact

the long-term management of water resources within its

basin (Sauchyn et al. 2015).

b. Data collection

To calibrate and subsequently validate the PRECIS,

RegCM, and VIC models, precipitation and tempera-

ture data for the Athabasca River basin were extracted

from a 10-km gridded climate dataset obtained from the

National Land and Water Information Service (NLWIS),

Agriculture andAgri-Food, Canada (NLWIS 2008).Wind

data were obtained from the National Centers for Envi-

ronmental Prediction–National Center for Atmospheric

Research (NCEP–NCAR) reanalysis (Mesinger et al.

2006). In this study, daily maximum and minimum tem-

perature, daily total precipitation, and daily mean wind

speed for the period of 1984–2003 were used to represent

the historical climate observations within the study area.

FIG. 2. (a)–(c) Land and soil cover classifications in the Athabasca River basin (FAO/IIASA/ISRIC/ISSCAS/JRC

2012; Hansen et al. 1998; Xiao et al. 2014).

Fig(s). 2 live 4/C
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The vegetation parameters and leaf area index (LAI)

values were obtained from the AVHRR Global Land

Cover Classification produced by the Department of

Geography, University ofMaryland (Hansen et al. 1998;

Xiao et al. 2014). The soil parameters were retrieved

from the Harmonized World Soil Database developed by

the United Nations Food and Agriculture Organization

(FAO/IIASA/ISRIC/ISSCAS/JRC 2012). The eleva-

tion datasets were obtained from the HydroSHEDS

(Hydrological Data and Maps based on Shuttle Eleva-

tion Derivatives at Multiple Scales) database developed

by the Conservation Science Program of the World

Wildlife Fund (Lehner et al. 2006).

c. Regional climate modeling using RCM

PRECIS2.0 is the latest version of the regional climate

modeling system developed by the Met Office Hadley

Centre for Climate Science and Services, while the

RegCM modeling system is version 4.6.0 from the In-

ternational Center for Theoretical Physics (ICTP). They

were employed to develop high-resolution, physically-

based climate projections over the Athabasca River

basin. Detailed parameterizations of PRECIS and

RegCM are described by Zhou et al. (2018b) and Qin

and Xie (2016), respectively. The PRECIS and RegCM

model are designed to provide detailed regional climate

change projections for impact studies in the Athabasca

River basin.

In this study, RCM ensemble simulations were imple-

mented at a horizontal resolution of 0.228 3 0.228 (i.e.,

approximately 25 km) driven by boundary data from the

HadGEM2-ES, CanESM2, and GFDL-ESM2M histor-

ical experiments to reproduce the baseline climate

conditions. RCMs require a spatial domain of at least

1003 100 grid cells to produce stable results.We ran our

model extending out from the Athabasca River basin,

spanning an area covering parts of the Prairie Provinces of

Alberta, Saskatchewan, and Manitoba (108 longitude 3

128 latitude grid points). The performance of RCMs in

hindcasting the historical climatology was validated

through comparisons with the NLWIS gridded dataset.

PRECIS and RegCM were used to forecast future

climates for two different representative concentra-

tion pathway (RCP) climate change scenarios. The

RCP4.5 scenario is one where global efforts to stabilize

greenhouse gas (GHG) emissions, population growth,

and land use conversions are successful over the next

80 years (Clarke et al. 2007; Smith and Wigley 2006;

Wise et al. 2009). Alternatively, RCP8.5 describes a

worst-case future scenario of unabated GHG emissions

resulting from growing global population and minimal

efforts at controlling energy demands (Riahi et al. 2007,

2011). These scenarios were chosen to demonstrate the

range of possible hydrologic outcomes that can be ex-

pected for the Athabasca watershed.

d. Hydrologic modeling using VIC

We employed the VIC model to simulate the hydro-

logic response in the Athabasca River basin to climate

inputs from RCMs (Liang et al. 1994). The VIC model

has been employed extensively to assess impacts of cli-

mate change on hydrologic regimes for various water-

sheds in a variety of studies (Eum et al. 2017; Rajagopal

et al. 2014; Schnorbus and Cannon 2014; Shrestha et al.

2014a). It was originally developed to couple with GCM

simulations (Liang et al. 1994, 1996). Variable infiltration

curves are used to represent the spatial heterogeneity of

surface runoff generation (Naz et al. 2016). The model is

able to represent subgrid variability of topography,

vegetation, and precipitation, as well as soil moisture

processes in three soil layers (Naz et al. 2016). The runoff

field of the Athabasca River basin is derived by using

an offline routing model, which is based on a linearized

Saint-Venant equation (Lohmann et al. 1996). A more

detailed description of the VIC model is presented by

Liang et al. (1994, 1996).

In this study, we used the VIC model to calculate

water and energy balances separately for each grid cell

so that the regional spatial variability of present and

future hydrologic responses in the Athabasca River

basin could be evaluated. The VIC model for the

Athabasca River basin was set up at 0.228 3 0.228 to

match the horizontal resolution of RCMs. To examine

the effects of the initial soil moisture, we extracted the

moisture content of each soil layer in a large number of

points, which are spatially distributed across the Atha-

basca River basin. We find that a 3-yr spinup period is

long enough to establish a stable moisture content of

each soil layer. Therefore, following a 3-yr spinup period

from 1981 to 1983 (Demirel and Moradkhani 2014;

Murdock 2017; Shrestha et al. 2014a), the VIC hydro-

logic model for the Athabasca watershed was calibrated

and validated in the periods 1984–93 and 1994–2003,

respectively. The mean values and standard deviations

of daily maximum and minimum temperature, daily

total precipitation, and daily mean wind speed over the

Athabasca River basin for validation periods are similar

to the datasets in the calibration periods.

The SCE-UA (Duan et al. 1994) was employed to

calibrate the VIC model for the Athabasca River basin.

The SCE-UA has been shown to be an effective global

optimization method for calibrating hydrologic models

(Muttil and Jayawardena 2008). Specifically, a set of

six soil parameters, including the variable infiltration

curve parameter Bi (0–1), the fraction of maximum soil

moisture Ws (0–1), the maximum velocity of base flow
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Dsmax (0–30), the fraction of Dsmax (Ds; 0–1), and the

second and third soil layer depths d2 and d3 (0.1–1.5 and

0.1–2, respectively), were considered for the calibration.

For each parameter set tested, all the grid cells in the

Athabasca River basin are first modeled through VIC,

and then the fluxes are collected and routed downstream

by the offline routing model to calculate the objective

function. Moreover, the detailed parameterization of

the SCE-UA is set as follows: maximum number of

iterations m (m 5 10 000), number of points in each

complex n (n 5 14), number of points in a subcomplex

s (s 5 10), and number of complexes p (p 5 10).

The performance of the calibrated parameters was

evaluated through comparison of the simulated streamflow

to the monthly discharge data by using five hydrologi-

cal metrics, including the Nash–Sutcliffe coefficient of

efficiency (NSE), the normalized root-mean-square er-

ror (NRMSE), the normalized root-mean-square error

of log-transformed streamflow (LRMSE), the RMSE–

observations standard deviation ratio (RSR), and the

percent bias (PBIAS). LRMSE puts more concern on

the low flow, while NSE emphasizes the peak flow (Eum

et al. 2017; Wagener et al. 2009). According to previous

studies (Eum et al. 2017; Moriasi et al. 2007; Wagener

et al. 2009), these hydrological metrics are defined in the

following equations:

NSE5 12 �
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where Qobs,t and Qsim,t are the tth observed and simu-

lated streamflow, respectively; Qobs is the mean of ob-

servations; and T is the total number of time steps.

The validated VIC model was then employed to re-

produce the baseline streamflow (i.e., 1984–2003) for the

Athabasca River basin driven by the historical PRECIS

and RegCM simulations of daily maximum and

minimum temperature, daily total precipitation,

and daily mean wind speed. The projected ensemble

streamflows for the Athabasca River basin under the

RCP4.5 and RCP8.5 climate change scenarios for

the period 2006–99 were then developed through the

validated VIC model using ensemble temperature,

precipitation, and wind speed projections.

3. Results

a. Validation of ensemble RCM simulations

To assess the performance of RCMs in hindcasting

historical climate in the context of the Athabasca River

basin, daily maximum temperature, daily minimum tem-

perature, and daily accumulated precipitation during the

baseline periodwere extracted from theRCMsimulations.

These data were then used to calculate the average daily

total precipitation, daily maximum temperature, daily

minimum temperature, and daily mean wind speed in

the historical period of 1984–2003, which could be em-

ployed to validate the performance of RCMs in re-

producing historical annual cycles within the Athabasca

River basin. The validation results of the daily total

precipitation, maximum temperature, minimum tem-

perature, and mean wind speed are presented in F3Fig. 3.

Although there is a small warming bias in the PRECIS

simulation driven by HadGEM2-ES (hereinafter referred

as HA-PRECIS) over the middle of the Athabasca

River watershed, the daily maximum temperature from

theNLWIS dataset was well captured by theHA-PRECIS

simulation. The overall difference over the watershed

was11.68C.However, theperformanceof theHA-PRECIS

simulation in hindcasting the observed means in daily

minimum temperature was not as effective as that for

daily maximum temperature, with a bias of 13.18C.

The daily total precipitation simulated by the HA-PRECIS

model overestimated the NLWIS data by 0.03mm

overall, with higher variability in the glaciated regions

accounting for most of the differences. However, the

daily mean wind speed was underestimated by 0.5m s21

relative to the NARR observations. Given that the

magnitudes of these overestimates and underestimates

were all within the ranges of root-mean-square errors of

the NLWIS and NARR data (Hutchinson et al. 2009;

Mesinger et al. 2006), the performance of PRECIS in

hindcasting the historical climatology was affirmed.

However, the performance of RegCM simulations

driven by CanESM2 (hereinafter referred as CA-RegCM)

andGFDL-ESM2M (hereinafter referred as GF-RegCM)

are not effective as PRECIS in reproducing the observer

means for the four variables. For example, it can be

found that CA-RegCM tends to overestimate the daily
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maximum temperature and daily minimum temperature,

while they are underestimated from GF-RegCM. The

two RegCM simulations can reasonably well reproduce

the daily total precipitation except for a small wet bias in

southwestern sections of the watershed. Moreover, they

simulate much lower daily mean wind speed with an

averaged bias of 2.4m s21.

Moreover, the dynamical downscaling approach is

compared to the bias-corrected spatial disaggregation

(BCSD), which is an efficient statistical downscaling and

spatial disaggregation method (Eum et al. 2017; Eum

andCannon 2017). It can be seen that BCSD simulations

driven byHadGEM2-ES, CanESM2, andGFDL-ESM2M

well reproduced the daily maximum temperature, daily

minimum temperature, and daily total precipitation,

with a slight cold bias in temperature and a slight wet

bias in precipitation ( F4Fig. 4 AU1). However, the magnitude

and spatial pattern of daily wind mean speed are not

simulated well from the BCSD method.

To further investigate the performance of dynamical

downscaling and statistical downscaling models, two

precipitation extreme indices (i.e., CDDandR95pTOT)

derived from the Expert Team on Climate Change

Detection and Indices are employed in this study. CDD

is defined as annual maximum number of consecutive

days with precipitation less than 1mm, while R95pTOT

is the annual total precipitation when precipitation

is larger than the 95th percentile of precipitation

FIG. 3.AU7 Validation of temperature and precipitation for 1984–2003 from HA-PRECIS (i.e., PRECIS driven by HadGEM2-ES),

CA-RegCM (i.e., RegCM driven by CanESM2), GF-RegCM (i.e., RegCM driven by GFDL-ESM2M), and observations.

Fig(s). 3 live 4/C
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(Zhou et al. 2018c). As shown inF5 Fig. 5, we find that

dynamical downscaling outperforms the BCSD method

with respect to the magnitudes and spatial patterns of

the two selected precipitation extremes. This is mainly

because the two selected precipitation extremes are not

directly calibrated by the BCSD methods. In contrast,

dynamical downscaling based on physical mechanisms

similar to GCMs to resolve more local detailed features

can be more skillful to reproduce the precipitation and

temperature extremes.

Overall, the evaluation results indicate that the range

bounded by the maximum and minimum of ensemble

RCM simulations can capture the historical climatological

patterns of daily total precipitation, daily maximum

temperature, daily minimum temperature, and daily

mean wind speed reasonably well. It can also demon-

strate that the ensemble RCM simulations can be more

skillful in reproducing the two selected precipitation

extremes, which can be expected in simulating tem-

perature and wind extremes. This can be attributed to

more detailed topography, land use/cover, and soil

types in the ensemble RCM simulations that are based

on physical mechanisms. Therefore, in this study, we

choose RCMs to generate ensemble downscaled cli-

mate projections from HadGEM2-ES, CanESM2, and

GFDL-ESM2M in order to investigate the impacts of

future climate change on the hydrologic regimes in

the Athabasca River basin.

FIG. 4. Validation of temperature and precipitation for 1984–2003 from BCSD driven by HA (i.e., HadGEM2-ES), CA (i.e., CanESM2),

GF (i.e., GFDL-ESM2M), and observations.
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b. VIC hydrologic model validation for the

Athabasca River basin

To validate the ability of the VIC model in replicat-

ing the characteristic of the observed streamflow in

the Athabasca River basin, the modeled outputs at

Ft. McMurray were compared to the monthly mean ob-

servations (F6 Fig. 6). The results show good agreement be-

tween the observed and simulated streamflow, with the

monthly discharge peaks well captured by the VIC model.

Thepeakflows during the validationperiodwere simulated

very well, but there were slight difficulties in reproducing

peakflows during the calibration period. TheVICmodeled

streamflow can simulate low flows in the winter period

from November to February reasonably well.

Table 1T1 presents the evaluation results for the per-

formance of the VIC model during the calibration and

validation period. For example, the NSE values for the

calibration and validation periods were 0.845 and 0.800,

respectively. As shown in the table, the RSR values are

less than 0.50 and the PBIAS values are less than620%,

while the NSE coefficients are larger than 0.75, thus

affirming the good performance of the VICmodel in the

Athabasca River basin for both calibration and valida-

tion periods (Moriasi et al. 2007). Moreover, as seen

from relatively low values of LRMSE (i.e., 0.063 and

0.082), low flows are reasonably reproduced during the

calibration and verification period.

Overall, the results showed that the VIC model was

able to well replicate the dynamics and seasonality of the

observed streamflow for both calibration and valida-

tion periods, and hence the validated VIC model was

employed to project hydrologic conditions driven by the

FIG. 5. Validation of precipitation extremes for 1984–2003 from the dynamical and statistical downscaling approach as well as

observations.
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ensemble RCM simulations under different RCP cli-

mate scenarios.

c. Projected changes in temperature and precipitation

The validated RCMs were used to develop ensemble

climate projections driven by HadGEM2-ES, CanESM2,

and GFDL-ESM2M for 2006–99 under the RCP4.5

and RCP8.5 scenarios. To understand how climate will

change, the projections were divided into two 20-yr pe-

riods: 2050s (2046–65) and 2080s (2076–95). Mean value

and standard deviation of changes in daily maximum

temperature, daily minimum temperature, daily total

precipitation, and daily mean wind speed relative the

baseline period (i.e., 1984–2003) were calculated and

analyzed under the two RCPs.

The projected changes in daily maximum temperature

for the two future periods (i.e., the 2050s and 2080s)

under both RCP4.5 and RCP8.5 reveal a consistently

increasing trend in the ensemble RCM simulations un-

der RCPs for two future periods over the entirety of the

Athabasca River basin (F7 Fig. 7). The range of projected

mean values for changes in daily maximum temperature

for the 2050s under RCP4.5 is 2.18–2.78C, while the

range for the 2080s is 2.58–3.58C. These increases are

expected to be higher in the lower reach of the water-

shed. As seen from much higher standard devia-

tions, there are larger uncertainties associated with the

upper reaches for two future periods under the RCPs.

The ensemble RCM simulations also show that the

daily maximum temperatures are expected to be 18–38C

higher in RCP8.5 climates than in RCP4.5 scenarios.

This is indicative of the increased sensitivity of future

projections to higher GHG concentrations.

F8Figure 8 shows the projected changes in the average

daily minimum temperature in the Athabasca River

basin for the 2050s and 2080s. Daily minimum temper-

atures under the RCP4.5 climate scenario are expected

to increase by more than 2.88C for the 2050s and 3.58C

for the 2080s, with higher increases at the northern end

of the watershed. A similar pattern is evident for the

RCP8.5 scenario, except with even bigger changes. For

instance, the largest increase in daily minimum tem-

perature under RCP8.5 for the 2050s is projected to be

3.98C, while the projected largest increase for the 2080s

is 6.78C in the northern Athabasca River. Moreover,

RCM simulations project larger uncertainties in the

upper and lower reaches, suggesting that there is a

substantial intermodel variability in the ensemble RCM

simulations under both RCP4.5 and RCP8.5.

The ensemble RCM simulations project increases in

the daily total precipitation over the majority of the

Athabasca River basin under both RCP climate sce-

narios for the 2050s and 2080s ( F9Fig. 9). Decreases are

evident in the southwestern sections of the watershed

under RCP4.5 for the 2050s and 2080s. For instance,

the daily total precipitation over the majority of the

FIG. 6. Simulated and observed monthly streamflow at Ft. McMurray (568430N, 1118220W).

TABLE 1. Evaluations of the VIC model for the calibration and validation periods.

Period NSE NRMSE LRMSE RSR PBIAS

Calibration 0.845 0.247 0.063 0.394 27.842

Verification 0.800 0.281 0.082 0.447 218.506
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FIG. 7. Projected changes in daily maximum temperature for the 2050s and 2080s under different RCP

climate scenarios.
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FIG. 8. Projected changes in daily minimum temperature for the 2050s and 2080s under different RCP

climate scenarios.

Fig(s). 8 live 4/C
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FIG. 9. Projected changes in daily total precipitation for the 2050s and 2080s under different RCP climate

scenarios.

Fig(s). 9 live 4/C
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Athabasca River basin is projected to be an increase of

asmuch as 0.21mmunderRCP8.5 for the 2050s, which is

expected to occur in the upper watershed. Nevertheless,

the projected decrease in daily total precipitation will be

as low 0.03mm, which is projected in the southern basin.

This reveals that the RCM simulations tend to project

the highest increases in the upper and lower watersheds,

while the largest decrease is also projected in the upper

watershed of the Athabasca River basin. The projected

change in daily total precipitation also demonstrates

larger uncertainties in the upper watershed than the

projected increase in the middle and lower watersheds.

F10 Figure 10 shows the projected changes in daily mean

wind speed for the two future periods under both RCP

climate scenarios. The results indicate that there is a

consistently increasing trend in the magnitudes of the

projectedwind speed over themajority of theAthabasca

River basin, with a maximum increase of 0.13m s21 in

the lower reach. These increases are projected to be

slightly higher in the middle and lower reaches of the

watershed. Moreover, the projected decreases in daily

wind speed under RCP8.5 for the 2080s are augmented,

implying that climate change under RCP8.5 for the

2080s is more unpredictable than that under RCP4.5 for

the 2050s (Deser et al. 2012; Wang et al. 2015a). Larger

levels of uncertainties are projected in the upper and

lower reaches under RCPs for two future time periods.

d. Hydrologic effects of climate change

The results of the ensemble RCMmodeling driven by

HadGEM2-ES, CanESM2, and GFDL-ESM2M for the

two RCP climate scenarios were input to the VICmodel

and used to examine the hydrologic effects of climate

change on water resources in the Athabasca River basin

for the period 2006–99. To provide a better under-

standing of possible changes in runoff and streamflow

under the RCP scenarios, the analysis was split into two

20-yr periods: 2050s (2046–65) and 2080s (2076–95).

F11 Figure 11 shows the spatial variability of projected

changes in daily total runoff relative to the baseline

conditions (1984–2003). A general increase in daily total

runoff is forecast. For example, the daily total runoff

under RCP4.5 is projected to increase by as much as

0.10mm in the 2050s, and 0.13mm in the 2080s. Small

areas of the upper watershed are projected to experi-

ence decreases in runoff under both RCP scenarios,

essentially driven by similar decreases in the projected

precipitation patterns. However, similar relationships

between projected runoff and future maximum and

minimum temperature were not evident. This suggests

that there is a strong agreement between the projected

changes in daily total precipitation and runoff in the

AthabascaRiver basin. The results also indicate that larger

levels of uncertainties from different boundary inputs and

regional climate models exist in the upper reach.

F12Figure 12 shows the projected changes in average

monthly streamflow at Ft. McMurray driven by

HadGEM2-ES, CanESM2, and GFDL-ESM2M under

the RCP4.5 and RCP8.5 climate scenarios for the two

future periods. Increases are expected for all pro-

jections, except June–September for the 2080s. This is

consistent with the projected changes in daily total

runoff for the entire Athabasca River basin. Moreover,

the results also indicate that larger increases are ex-

pected in the winter season (i.e., December–February)

for the 2080s under the RCPs. This is mainly because of

the compound effects of increased total precipitation

combined with earlier snowmelt, due to the projected

increases in maximum and minimum temperatures by

RCMs. Increases in the spring streamflow as well as

larger uncertainties in response to global warming are

anticipated, since most of the flow at this time is from

snowmelt in the upper reaches of the watershed.

4. Conclusions

In this study, an ensemble-RCM-driven VIC model

has been developed to investigate climate change im-

pacts on hydrologic regimes in the Athabasca River

basin. The PRECIS and RegCMmodel were first used to

develop ensemble high-resolution regional climate pro-

jections for the period of 1979–2099 over the Canadian

Prairies, driven by the boundary conditions from

HadGEM2-ES, CanESM2, and GFDL-ESM2M under

two different RCP climate scenarios. The performance

of ensemble RCM simulations was then validated through

comparison with observed temperature and precipita-

tion over the baseline period (1984–2003). Meanwhile,

the macroscale VIC hydrologic model was calibrated for

the period of 1984–93 in the Athabasca River basin us-

ing the SCE-UA method. The performance of the VIC

model in replicating the characteristic of the observed

streamflow in the Athabasca River basin was then vali-

dated for the period of 1994–2003. The validated VIC

model was then employed to simulate runoff and

streamflow for the period of 1979–2099 in theAthabasca

River basin. Future climate changes and their impacts on

daily total runoff and monthly river discharge in the

Athabasca River basin were also investigated.

On the basis of the analysis of projected changes in

temperature and precipitation under the RCPs, in-

creasing trends over the entirety of the Athabasca River

basin are anticipated for two future time periods, in the

2050s and 2080s. The largest increases in temperature

are projected to occur in the northeast reaches of the

watershed. The ensemble RCM simulations projected a
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FIG. 10. Projected changes in daily mean wind speed for the 2050s and 2080s under different RCP climate

scenarios.
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FIG. 11. Projected changes in daily total runoff for the 2050s and 2080s under different RCP climate

scenarios.

Fig(s). 11 live 4/C
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larger increase in daily minimum temperature than in

daily maximum temperature. The daily total precipita-

tion is also expected to be higher over the upper and

lower sections of the Athabasca River basin. The upper

reaches of the watershed are projected to experience a

decrease in precipitation in the future. There is a con-

sistently increasing trend in the magnitudes of the pro-

jected wind speed over the majority of the Athabasca

River basin, with a maximum increase of 0.13m s21 in

the lower reaches. Moreover, the results indicate that

larger levels of uncertainties from different boundary in-

puts and regional climate models exist in the upper reach.

Analyses of the projected effects of climate change on

the hydrologic regimes of the Athabasca River basin us-

ing the validated VIC model revealed that a general in-

crease in daily total runoff could be expected in the

upcoming decades. Monthly streamflow is projected to

increase in the 2050s and 2080s for both RCP climate

scenarios analyzed, with notably higher flows expected in

the spring for the 2080s. Meanwhile, larger uncertainties

associated with the spring streamflows for the 2080s in

response to global warming are projected, since most of

the flow at this time is from snowmelt in the upper reaches

of the watershed.

This study proposed the ensemble-RCM-driven VIC

model for assessing projected climate change impacts on

local hydrologic regimes of the Athabasca River basin.

The validation results demonstrate that the ensemble-

RCM-driven VIC model can effectively reproduce

historical climatological and hydrological patterns of

this watershed. We also find that the ensemble RCM

simulations can be more skillful in reproducing the two

selected precipitation extremes compared to BCSD,

which can be expected in simulating temperature and

wind extremes. The projected changes in temperature,

precipitation, wind, runoff, and streamflow modeled

here can be used to evaluate detailed regional impacts

on aquatic habitat and downstream wetlands. To fully

explore the uncertainties associated with the projected

runoff, it is necessary to consider ensemble climate

FIG. 12. Projected changes in monthly runoff at Ft. McMurray (568430N ,1118220W) under different RCP climate

scenarios. The monthly streamflow means are displayed as round points, and the range bounded by the maximum

and minimum of streamflow driven by the ensemble RCM simulations is indicated by the linear bar.
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projections by employing multiple RCMs to downscale

more GCMs, which would deserve future research

efforts. Moreover, RCMs could be further coupled with

statistical downscaling such as the BCSD method

(Shrestha et al. 2014b). To reduce the computational

time, a sparse grid calibration technique (Troy et al.

2008AU2 ) could be employed in future studies.
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