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Abstract. Climate change is anticipated to impact the hy-
drology of the Saskatchewan River, which originates in the
Canadian Rockies mountain range. To better understand the
climate change impacts in the mountain headwaters of this
basin, a physically based hydrological model was developed
for this basin using the Cold Regions Hydrological Mod-
elling platform (CRHM) for Marmot Creek Research Basin
(∼ 9.4 km2), located in the Front Ranges of the Canadian
Rockies. Marmot Creek is composed of ecozones ranging
from montane forests to alpine tundra and alpine exposed
rock and includes both large and small clearcuts. The model
included blowing and intercepted snow redistribution, sub-
limation, energy-balance snowmelt, slope and canopy ef-
fects on melt, Penman–Monteith evapotranspiration, infil-
tration to frozen and unfrozen soils, hillslope hydrology,
streamflow routing, and groundwater components and was
parameterised without calibration from streamflow. Near-
surface outputs from the 4 km Weather Research and Fore-
casting (WRF) model were bias-corrected using the quan-
tile delta mapping method with respect to meteorological
data from five stations located from low-elevation montane
forests to alpine ridgetops and running over October 2005–
September 2013. The bias-corrected WRF outputs during
a current period (2005–2013) and a future pseudo global
warming period (PGW, 2091–2099) were used to drive
model simulations to assess changes in Marmot Creek’s hy-
drology. Under a “business-as-usual” forcing scenario, Rep-
resentative Concentration Pathway 8.5 (RCP8.5) in PGW, the
basin will warm up by 4.7 ◦C and receive 16 % more precip-
itation, which will lead to a 40 mm decline in seasonal peak
snowpack, 84 mm decrease in snowmelt volume, 0.2 mm d−1

slower melt rate, and 49 d shorter snow-cover duration. The
alpine snow season will be shortened by almost 1.5 months,

but at some lower elevations there will be large decreases in
peak snowpack (∼ 45 %) in addition to a shorter snow sea-
son. Declines in the peak snowpack will be much greater in
clearcuts than under mature forest canopies. In alpine and
treeline ecozones, blowing snow transport and sublimation
will be suppressed by higher-threshold wind speeds for trans-
port, in forest ecozones, sublimation losses from intercepted
snow will decrease due to faster unloading and drip, and
throughout the basin, evapotranspiration will increase due to
a longer snow-free season and more rainfall. Runoff will be-
gin earlier in all ecozones, but, as a result of variability in
surface and subsurface hydrology, forested and alpine eco-
zones will generate the greatest runoff volumetric increases,
ranging from 12 % to 25 %, whereas the treeline ecozone
will have a small (2 %) decrease in runoff volume due to
decreased melt volumes from smaller snowdrifts. The shift
in timing in streamflow will be notable, with 236 % higher
flows in spring months and 12 % lower flows in summer and
13 % higher flows in early fall. Overall, Marmot Creek’s an-
nual streamflow discharge will increase by 18 % with PGW,
without a change in its streamflow generation efficiency, de-
spite its basin shifting from primarily snowmelt runoff to-
wards rainfall-dominated runoff generation.

1 Introduction

The eastern slopes of the Canadian Rockies form the head-
waters of the Saskatchewan River basin (SRB) and are a vi-
tal source of water supply to downstream users in the Prairie
Provinces of Canada. These high mountain headwaters oc-
cupy only 12.6 % of the SRB’s total drainage area but pro-
vide 87 % of streamflow, which is used downstream for agri-
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culture, communities, and industries (Redmond, 1964). Cli-
mate in this region has been experiencing changes since the
last century (Whitfield, 2014; DeBeer et al., 2016). Western
Canada experienced a significant warming of 0.5 to 1.5 ◦C
from 1900 to 1998, with the greatest increases found for win-
ter daily minimum temperatures (Zhang et al., 2000). Warm-
ing of the eastern slopes of the Canadian Rockies is greater
than the regional average, with mean temperatures increas-
ing by 2.6 ◦C and winter minimum temperatures increasing
by 3.6 ◦C at middle elevations in Marmot Creek Research
Basin (MCRB) since the early 1960s (Harder et al., 2015).
With the warming air temperatures, the rainfall ratio (ratio of
rainfall to total precipitation) is increasing as the fraction of
precipitation as snowfall declines (Lapp et al., 2005; Shook
and Pomeroy, 2012). In mountains of western North America
this leads to decreases in the seasonal snowpack (Mote et al.,
2005; Brown and Robinson, 2011) and consequently earlier
spring runoff (Stewart et al., 2004). In contrast to ubiquitous
warming temperatures, trends in precipitation volume are
mixed for the Canadian Rockies, with some studies showing
increasing trends of about 14 % over the period 1948–2012
(Vincent et al., 2015) and other studies finding neither trends
nor change (Valeo et al., 2007; Harder et al., 2015). With fur-
ther climate change expected in the future (IPCC, 2013), un-
derstanding the impacts of projected climate change on the
hydrological cycle in mountain headwater basins is impor-
tant for evidence-based water management of the SRB in the
future.

Winter snow accumulation provides the greatest source of
streamflow runoff in many mountain regions of the world
(Grant and Kahan, 1974; Serreze et al., 1999), as snowmelt
is the most important annual hydrological event (Gray and
Male, 1981). Melt from the seasonal snowpack is the main
contributor to streamflow in the eastern slopes of the Cana-
dian Rockies (Kienzle et al., 2012; Pomeroy et al., 2012;
Fang et al., 2013). Streamflow generation in mountain re-
gions is highly variable and is controlled by many biophys-
ical and hydrometeorological factors (Hunsaker et al., 2012;
Zhang and Wei, 2014). Elevation affects both air tempera-
ture and precipitation, two of the most important drivers of
snowpack variability in mountains (Lundquist and Cayan,
2007; Marks et al., 2013). Topographic features, such as
slope/aspect and ecosystem features such as forest structure,
are other important factors contributing to the heterogeneity
of radiation, atmospheric energy, and wind flow in moun-
tain environments (Föhn and Meister, 1983; Bernhardt et al.,
2009; Marsh et al., 2012; Musselman and Pomeroy, 2017;
MacDonald et al., 2018) and result in the high spatial vari-
ability of snow accumulation, melt patterns, evapotranspira-
tion, and runoff in complex mountain terrain (Pomeroy et al.,
2005; MacDonald et al., 2010; Ellis et al., 2013; Revuelto et
al., 2014; Knowles et al., 2015; DeBeer and Pomeroy, 2017).

Many studies have examined the impacts of climate
change on snow accumulation, redistribution, snowmelt,
evapotranspiration, soil moisture storage, and streamflow in

mountain drainage basins through the simulations of hydro-
logical models driven by future climate scenarios generated
by downscaling of climate model outputs or perturbations
of current meteorological observations (Kienzle et al., 2012;
López-Moreno et al., 2014; Rasouli et al., 2015; Jepsen et
al., 2016; Weber et al., 2016; Meißl et al., 2017). Physically
based hydrological models are effective ways to analyse the
hydrological response to climate change, as they can capture
the complex hydrological processes governing streamflow
generation and can be extrapolated beyond the hydromete-
orological conditions under which they were developed. Em-
pirical snowmelt modelling methods that use temperature-
index techniques are inappropriate in cold mountain regions
(Swanson, 1998) and generally do not perform well because
of their lack of physical basis, need for calibration from
sparse snowmelt observations, and neglect of sublimation
contributions to ablation (Walter et al., 2005; Pomeroy et
al., 2005, 2013). The Cold Regions Hydrological Modelling
platform (CRHM; Pomeroy et al., 2007, 2016) offers a full
suite of streamflow generation processes that commonly op-
erate in the Canadian Rockies, such as wind redistribution
of snow, snow avalanching, canopy snow and rain intercep-
tion, sublimation, drip and unloading from forest canopies,
infiltration to frozen and unfrozen soils, overland and de-
tention flow, hillslope sub-surface water redistribution, and
evapotranspiration. CRHM is an object-oriented, modular,
and flexible platform for assembling physically based hydro-
logical models. With CRHM, the user constructs a purpose-
built model from a selection of possible basin spatial config-
urations, spatial resolutions, and physical process modules
of varying degrees of physical complexity. Basin discreti-
sation is performed via hydrological response units (HRUs)
whose number and nature are selected based on the variabil-
ity of basin attributes and the level of physical complexity
chosen for the model. The user, in light of hydrological un-
derstanding, parameter availability, basin complexity, mete-
orological data availability, and the objective flux or state
for prediction, selects physical complexity. A full description
of CRHM is provided by Pomeroy et al. (2007). Physically
based algorithms in CRHM have been developed from field
process studies (Pomeroy et al., 2009; DeBeer and Pomeroy,
2010; Ellis et al., 2010; MacDonald et al., 2010; Harder and
Pomeroy, 2013) and have been extensively evaluated using
model falsification and multivariate evaluation in mountain
headwater basins where models created using CRHM can be
run successfully without calibration from streamflow (Fang
et al., 2013; Pomeroy et al., 2013, 2016; Rasouli et al., 2015;
Fang and Pomeroy, 2016).

A recent application of the Weather Research and Fore-
casting (WRF) model provides 4 km simulation outputs for
both current climate and a future climate scenario using
dynamical downscaling from reanalysis data for large por-
tions of western North America with perturbations from
an ensemble of regional climate model (RCM) projections
called “pseudo global warming” (PGW) as discussed by Liu
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Figure 1. Location and contour map of the Marmot Creek Research Basin (MCRB), showing hydrometeorological stations, a hydrometric
station, a WRF grid centroid, and ecozones of the MCRB: alpine, treeline, upper forest, forest clearing blocks, forest circular clearings, and
lower forest. Note that the WRF grid centroid represents the centre of the 4 km WRF grid, and the sizes and areas of circular clearings in
Twin Creek are meant to represent a honeycomb pattern and are not to scale.

et al. (2017) and Li et al. (2019). This remarkably high-
resolution WRF application permits the representation of
convective precipitation processes, resolves mountain topog-
raphy, and so can capture variations in near-surface meteo-
rology due to mesoscale orography such as found in moun-
tains. The objectives of this paper are to use CRHM driven
by WRF to (1) evaluate the ability to simulate snowpack and
streamflow regimes in a Canadian Rockies headwater basin
without calibration; and (2) diagnose the detailed changes in
hydrology due to impending climate change for this headwa-
ter basin. By relying on physically based, uncalibrated sim-
ulations and dynamical downscaling, it is hoped that the ap-
proach introduces a highly robust method for evaluating the
impacts of climate change on mountain hydrology.

2 Methods

2.1 Study site

The study was conducted in the Marmot Creek Research
Basin (MCRB) (50.95◦ N, 115.15◦W) in the Kananaskis
Valley, Alberta, Canada, located on the eastern slopes of
the Canadian Rockies (Fig. 1). MCRB is a small head-
water basin (9.4 km2) of the Kananaskis River which con-
tributes to the Bow River and ultimately the Saskatchewan
River basin. MCRB is composed of three upper sub-basins:

Cabin Creek (2.35 km2), Middle Creek (2.94 km2), and Twin
Creek (2.79 km2), which converge into the Confluence Sub-
basin above the main stream gauge (1.32 km2). MCRB ele-
vation ranges from 1590 m a.s.l. (above sea level) at the main
gauged outlet to 2829 m at the summit of Mount Allan. Much
of MCRB is covered by needleleaf forest; Engelmann spruce
(Picea engelmanni) and subalpine fir (Abies lasiocarpa) are
dominant in the upper part of the basin (1710 to 2277 m).
The lower-elevation (1590 to 2015 m) forests are mainly En-
gelmann spruce and lodgepole pine (Pinus contorta var. Lat-
ifolia) with aspen woodland near the basin outlet (Kirby and
Ogilvy, 1969). Alpine larch (Larix lyallii) and short tundra
shrubs, tree islands, dwarf trees, and krummholz are found
around the treeline at approximately 2016 to 2379 m. Ex-
posed rock surfaces and talus predominate in the high alpine
part of the basin (1956 to 2829 m). Forest management exper-
iments conducted in the 1970s and 1980s left large clearcuts
(1838 to 2062 m) in the Cabin Creek sub-basin and numerous
small circular clearings (1762 to 2209 m) in the Twin Creek
sub-basin (Golding and Swanson, 1986). Physiographic de-
scriptions of these ecozones are shown in Table 1. Surficial
soils are poorly developed mountain soils consisting princi-
pally of glaciofluvial, surficial till, and postglacial colluvium
deposits (Beke, 1969). Relatively impermeable bedrock is
found near the surface at the higher elevations and headwa-
ter areas, whilst the rest of the basin is covered by a deep
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Figure 2. HRU map and ecozones of Marmot Creek Research Basin. Note that the sizes and areas of circular clearings in Twin Creek are not
to scale.

Table 1. Area and mean elevation, aspect, and slope for ecozones at the Marmot Creek Research Basin. Note that the aspect is in degree
clockwise from north.

Ecozone Area Elevation Aspect Slope
(km2) (m a.s.l.) (◦) (◦)

Alpine 3.23 2413 110 30
Treeline 0.93 2217 91 22
Upper forest 2.75 1983 108 20
Forest clearing blocks 0.40 1927 140 11
Forest circular clearing north-facing 0.26 1966 34 17
Forest circular clearing south-facing 0.24 2014 113 21
Lower forest 1.42 1756 113 14

layer of coarse and permeable soil allowing for rapid rainfall
infiltration to subsurface layers overlying relatively imper-
meable shale (Jeffrey, 1965). The ecozones defined by veg-
etation, soils, bedrock, slope, aspect, and hydrography form
the land-cover types that contribute to defining the HRUs by
which CRHM discretises the basin and are shown in Fig. 2.

Fang et al. (2013) describe the generation of these HRUs in
MCRB in detail.

Continental air masses control the weather in the region,
which has long and cold winters and cool and wet springs
with a late spring/early summer precipitation maximum that
can fall as rainfall or snowfall. Westerly warm and dry Chi-
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nook (föhn) winds lead to brief periods with air temperatures
well above 0 ◦C during the winter months. Annual precipi-
tation ranges from 600 mm at lower elevations to more than
1100 mm at the higher elevations, of which approximately
70 % to 75 % occurs as snowfall, the percentage increasing
with elevation (Storr, 1967). Mean monthly air temperatures
range from 14 ◦C observed at 1850 m in July to −10 ◦C ob-
served at 2450 m in January.

2.2 WRF model

2.2.1 Model overview

The WRF model Version 3.4.1 was used in this modelling ex-
periment. This version of WRF simulates convective weather
systems at sub-synoptic scales and deals with mesoscale
orography at a 4 km horizontal grid spacing for large portions
of North America. Two 13-year experiments were conducted,
consisting of a control (CTRL) simulation and a PGW sim-
ulation. The CTRL simulation is retrospective for the 2000–
2013 period, with initial and boundary conditions from 6 h
0.703◦ ERA-Interim reanalysis data (Dee et al., 2011). The
PGW simulation is a 13-year (i.e. 2000–2013) simulation
forced with the 6-hour ERA-Interim reanalysis data plus a
climate perturbation. The climate perturbation was derived
from 19-model ensemble mean change from the fifth phase
of the Coupled Model Intercomparison Project (CMIP5; Tay-
lor et al., 2012) under a “business-as-usual” forcing scenario:
Representative Concentration Pathway 8.5 (RCP8.5; van Vu-
uren et al., 2011). The PGW simulation is equivalent to a fu-
ture climate scenario for the 2086–2099 period. The pertur-
bation for the WRF PGW simulation using the 19-model en-
semble mean can reduce uncertainties in climate projections
from global climate models (GCMs) due to inter-GCM vari-
ability (Li et al., 2019). A detailed description of the WRF
model setup is provided by Li et al. (2019). For MCRB, the
4 km hourly WRF outputs from both CTRL and PGW sim-
ulations were extracted from the WRF grid shown in Fig. 1.
The extracted variables include near-surface air temperature,
vapour pressure, wind speed, precipitation, and shortwave ir-
radiance; relative humidity is required by CRHM and was es-
timated with conversion equations using air temperature and
vapour pressure (Tetens, 1930).

2.2.2 Bias correction

Although the 4 km WRF model allows direct use of micro-
physics and resolves mesoscale convection to provide a con-
siderable level of spatial detail, it still produced biases in
the near-surface meteorology for MCRB. The biases were
caused by the complex mountain terrain in MCRB and other
factors. Many of the topographic features such as alpine
ridges, wind-exposed and wind-sheltered slopes, and valley
bottoms influence the distribution of near-surface meteoro-
logical conditions at scales smaller than 4 km (Vionnet et

al., 2015). To produce a more reliable driving meteorology
dataset, the 4 km WRF outputs were bias-corrected using
the quantile delta mapping (QDM) algorithm against data
from five meteorological stations in MCRB (Cannon et al.,
2015). The QDM algorithm corrects the systematic bias in
quantiles of WRF outputs with respect to the observations
and preserves model-projected relative changes in quantiles.
First, the QDM algorithm was used to extract the climate
change signal from projected future quantiles and then was
used to detrend the series before reintroducing the trends
in projected future quantiles. A transfer function that trans-
formed the cumulative distributions of the model outputs
to match the cumulative distributions of observed data was
employed in the QDM algorithm to correct both historical
and projected model outputs. More details of QDM are pro-
vided by Cannon et al. (2015). Observations of air tempera-
ture, relative humidity, wind speed, precipitation, and short-
wave irradiance from the Centennial Ridge, Fisera Ridge,
Vista View, Upper Clearing, and Upper Forest hydromete-
orological stations were used to correct WRF model out-
puts using the QDM algorithm. These stations are shown
in Fig. 1 and are described in several publications (DeBeer
and Pomeroy, 2010; Ellis et al., 2010; MacDonald et al.,
2010; Pomeroy et al., 2012). This bias correction down-
scaled the WRF grid to the locations of these stations to
create a sub-grid WRF “virtual station” surface meteorol-
ogy that was used to force CRHM simulations. The bias
correction was performed for 8 water years (i.e. 1 Octo-
ber to 30 September) from 2005 to 2013 that had overlap
of WRF CTRL outputs and MCRB observations. The WRF
PGW outputs were similarly bias-corrected by preserving the
model-projected relative changes in quantiles, resulting in 8
water years of corrected WRF PGW outputs from 1 Octo-
ber 2091 to 30 September 2099. Statistical indexes used to
assess WRF CTRL outputs included the root mean square
difference (RMSD) calculated as in Fang et al. (2013) and
the mean absolute difference (MAD) computed as follows:

MAD=
1
n

∑
|xs− xo|, (1)

where n is the number of samples, and xs and xo are the ob-
served and modelled values, respectively.

2.3 Hydrological model and simulations

CRHM (Pomeroy et al., 2007) was used to create a hydrolog-
ical model for MCRB. For MCRB, a set of physically based
modules was assembled to simulate the dominant hydrologi-
cal processes by Pomeroy et al. (2012) and Fang et al. (2013),
including wind redistribution of alpine snow, snow intercep-
tion, sublimation, drip and unloading from forest canopies,
sub-canopy radiation energetics, slope/aspect effects on ra-
diation and wind flow, infiltration to frozen and unfrozen
soils, overland flow, hillslope sub-surface water flow and
storage, and evapotranspiration from forests, clearings, and
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alpine tundra. Recent updates were made to the evapora-
tion and hillslope modules for better representation of runoff,
including detention flow, on hillslopes and evapotranspira-
tion from vegetation with seasonal variations in leaf area in-
dex and height, and the updated model was evaluated in the
June 2013 flood when approximately 250 mm precipitation
fell at MCRB during 17–24 June 2013 (Fang and Pomeroy,
2016; Pomeroy et al., 2016).

Hydrological model simulations were conducted driven
by the bias-corrected WRF near-surface meteorological vari-
ables: air temperature, relative humidity, wind speed, precip-
itation, and shortwave irradiance for the CTRL and PGW
periods, respectively. Simulations in both periods covered
8 water years: CTRL for the current period (i.e. 1 Octo-
ber 2005 to 30 September 2013) and PGW for the future pe-
riod (i.e. 1 October 2091 to 30 September 2099). Model sim-
ulations of snow accumulation, spring snowmelt, and stream-
flow in the CTRL period were evaluated against observations
of snow accumulation, snowmelt, and streamflow. Statisti-
cal indexes used to evaluate model simulations in the CTRL
period were the Nash–Sutcliffe efficiency (NSE) (Nash and
Sutcliffe, 1970), RMSD, normalised RMSD (NRMSD), and
model bias (MB) calculated as per Fang et al. (2013).

3 Results

3.1 WRF CTRL outputs

Near-surface hourly air temperature, relative humidity, wind
speed, precipitation, and shortwave irradiance from observa-
tions, uncorrected WRF CTRL outputs, and bias-corrected
WRF CTRL outputs were compared for the Centennial
Ridge, Fisera Ridge, Vista View, Upper Clearing, and Upper
Forest stations in MCRB, and the comparisons are shown in
the quantile–quantile (Q–Q) plots (Fig. 3). The points in the
Q–Q plots of observations and bias-corrected WRF outputs
shown in Fig. 3b, d, f, h, and j are linearly distributed on
the 1 : 1 line, while the points in the Q–Q plots of observa-
tions and uncorrected WRF outputs shown in Fig. 3a, c, e,
g, and i do not appear to be linearly distributed. This sug-
gests that the near-surface meteorological variables from ob-
servations and bias-corrected WRF CTRL outputs form the
same distribution. The Q–Q plots for other stations show the
same results and are provided as the Supplement. Table 2
shows MAD and RMSD indexes for the WRF CTRL outputs
compared to observations. The uncorrected WRF CTRL rel-
ative humidity was converted using air temperature, specific
humidity, and specific pressure of air outputs and had val-
ues higher than 100 % (Fig. 3c), indicating errors in these
uncorrected WRF CTRL outputs. The MAD values for the
bias-corrected WRF outputs were zero and were smaller than
those for the uncorrected WRF outputs, suggesting there is
no difference in the statistical distributions of observations
and bias-corrected WRF CTRL outputs. The RMSD values

for the bias-corrected WRF outputs were lower than those
for the uncorrected WRF outputs, with two exceptions: the
RMSD values were 4.88 m s−1 and 0.6 mm for bias-corrected
WRF wind speeds for the Centennial Ridge station and bias-
corrected WRF precipitation for the Fisera Ridge station,
respectively, and were slightly higher than the RMSD of
4.61 m s−1 and 0.56 mm for the original WRF wind speed
and precipitation. Despite that, the bias correction generally
improved WRF outputs and reduced the difference from the
observations.

3.2 Hydrological model evaluations

Without changing any model parameters from previously
published runs made using locally observed meteorological
forcing, CRHM simulations of the snow water equivalent ac-
cumulation (SWE) using bias-corrected WRF CTRL near-
surface outputs were compared to observed SWE for the
sheltered, mid-elevation Upper Forest and Upper Clearing
sites (Fig. 4a and b) and for the wind-blown, high-elevation
Fisera Ridge site (Fig. 4c–f) for 2007–2013. The results
demonstrate that the model forced with the bias-corrected
WRF outputs was able to simulate SWE for both forest and
alpine environments, with an exception in the Upper For-
est site during the season of 2007–2008. In addition, Ta-
ble 3 shows that there were large differences between the
simulations and the observations for both forest and alpine
sites during the season of 2011–2012, with RMSD ranging
from 52.3 to 297.5 mm for spruce forest and lower alpine
south-facing slope and MB ranging from−0.65 to−0.35 for
spruce forest and larch forest treeline, respectively. For all
six seasons, model simulations captured the general seasonal
patterns of snow accumulation and ablation for these forest
and alpine sites, with MB values of all seasons ranging from
−0.43 for the forest clearing to 0.17 for the alpine ridge top
(Table 3). All seasons’ RMSD ranged from 46.5 mm for the
mature spruce forest to 260.1 mm for the larch forest treeline,
while the NRMSD ranged from 0.39 for upper alpine south
slope to 0.84 for the mature spruce forest.

Further model evaluation was conducted using the
CRHM-simulated streamflow driven by bias-corrected WRF
CTRL outputs and the observed outlet streamflow dis-
charge measured by the Water Survey of Canada (WSC)
gauge (05BF016) for 2005–2013 (Fig. 5). Again, no param-
eters were changed for these model runs from previously
published CRHM simulations of Marmot Creek that were
driven by observed meteorology. The WSC gauged stream-
flow from 1 May to 30 September during 2006–2012 and
for part of 2013 before the flood. Streamflow during the
2013 flood was estimated by the University of Saskatchewan
Centre for Hydrology (CH) using the best available informa-
tion but with great uncertainty (Harder et al., 2015). After the
flood, a streamflow gauge established near the same outlet
by CH continued measurements for the remainder of 2013.
The seasonal NSE values ranged from−0.33 in 2009 to 0.72
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Figure 3.

in 2012, and the overall eight-season NSE was 0.4 (Table 4),
suggesting the model had some predictability for the tempo-
ral evolution of daily basin discharge in these eight seasons.
The eight-season RMSD, NRMSD, and MB listed in Table 4
were 0.212 m3 s−1, 0.79, and 0.001 for the predicted daily
basin discharge, respectively, indicating relatively small dif-

ferences between the simulated and observed Marmot Creek
streamflow.
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Figure 3. Quantile–quantile plots of observations and WRF CTRL outputs for the Fisera Ridge station in MCRB: (a) WRF CTRL and
observed air temperature, (b) corrected WRF CTRL and observed air temperature, (c) WRF CTRL and observed relative humidity, (d) cor-
rected WRF CTRL and observed relative humidity, (e) WRF CTRL and observed wind speed, (f) corrected WRF CTRL and observed wind
speed, (g) WRF CTRL and observed incoming solar radiation, (h) corrected WRF CTRL and observed incoming solar radiation, (i) WRF
CTRL and observed precipitation, and (j) corrected WRF CTRL and observed precipitation.

Table 2. Comparison of observations and WRF outputs for MCRB stations, with mean absolute difference (MAD) and root mean square
difference (RMSD). Values are for bias-corrected WRF outputs; values inside parentheses are for WRF outputs without bias correction.

MAD RMSD

Centennial Fisera Vista Upper Upper Centennial Fisera Vista Upper Upper
Ridge Ridge View Clearing Forest Ridge Ridge View Clearing Forest

Air temperature (◦C)
0.00 0.00 0.00 0.00 0.00 3.46 3.29 2.90 3.19 3.17

(2.35) (1.24) (0.83) (0.59) (0.025) (4.67) (4.01) (3.28) (3.37) (3.38)

Relative humidity (%)
0.00 0.00 0.00 0.00 0.00 17.54 18.37 18.38 18.72 17.75

(20.79) (26.74) (26.21) (21.82) (19.57) (33.14) (37.17) (36.29) (33.94) (32.81)

Wind speed (m s−1)
0.00 0.00 0.00 0.00 0.00 4.88 2.73 0.86 0.66 0.18

(1.97) (1.30) (2.62) (3.20) (3.71) (4.61) (2.95) (3.41) (3.93) (4.38)

Incoming solar radiation (W m−2)
0.00 0.00 0.00 108.16 121.22 125.08

(28.14) (17.18) (28.87) (123.33) (123.16) (132.34)

Precipitation (mm)
0.00 0.00 0.60 0.43

(0.053) (0.006) (0.56) (0.45)
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Figure 4. Comparison of the observed and simulated snow accumulation (SWE) for 2007–2013 at the sheltered, mid-elevation Upper
Forest/Clearing and wind-blown, high-elevation Fisera Ridge sites in MCRB. (a) Mature spruce forest, (b) forest clearing, (c) ridge top,
(d) upper alpine south-facing slope, (e) lower upper alpine south-facing slope, and (f) larch forest treeline.

Figure 5. Comparison of the observed and simulated daily stream-
flow at the basin outlet over 2005–2013 for Marmot Creek.

3.3 Changes in WRF meteorology due to climate
change

The WRF near-surface meteorological variables that had
been bias-corrected with respect to MCRB stations were
compared between CTRL and PGW. Figure 6 shows the
comparisons of mean air temperature, relative humidity,
wind speed, and shortwave irradiance and cumulative wa-
ter year (WY) precipitation at the Centennial Ridge, Fisera
Ridge, Vista View, Upper Clearing, and Upper Forest sta-
tions. There were consistent increases in mean air tempera-
tures in PGW for all MCRB stations compared to those in
CTRL. Mean temperatures in CTRL ranged from −1.8 ◦C
at Centennial Ridge to 1.4 ◦C at Vista View; however, those
in PGW ranged from 2.9 ◦C at Centennial Ridge to 6.1 ◦C
at Vista View and so were about 4.7 ◦C warmer for all sta-
tions (Fig. 6a). The mean relative humidity decreased slightly
with PGW compared to that in CTRL, declining by 1.8 %
for all stations (Fig. 6b), whilst the mean wind speed re-
mained unchanged between CTRL and PGW (Fig. 6c). There
were slight increases in the mean shortwave irradiance in
PGW compared to CTRL, with mean shortwave irradiance
increasing by 2.8 W m−2 at both Centennial Ridge (i.e. from
141.4 to 144.2 W m−2) and Fisera Ridge (i.e. from 152.4 to
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Table 3. Evaluation of simulated snow accumulation using the RMSD (mm SWE), normalised RMSD (NRMSD), and model bias (MB) at
the Upper Forest/Clearing and Fisera Ridge sites, Marmot Creek Research Basin.

Upper Forest/Clearing Fisera Ridge

Spruce Forest Ridge Upper Lower Larch
forest clearing top south- south- forest

facing facing
slope slope

RMSD

2007–2008 41.0 76.6 60.3 170.1 358.8 386.2
2008–2009 32.2 40.4 37.4 75.5 171.0 154.3
2009–2010 22.4 65.8 110.2 33.1 129.1 96.7
2010–2011 78.3 33.3 148.7 81.2 193.3 332.3
2011–2012 52.3 78.4 124.7 152.9 297.5 237.9
2012–2013 40.0 58.6 107.8 141.2 142.0 103.9
All seasons 46.5 66.1 106.5 126.9 244.8 260.1

NRMSD

2007–2008 1.05 0.77 0.66 0.50 0.64 0.62
2008–2009 0.80 0.50 0.29 0.28 0.43 0.38
2009–2010 0.82 0.79 1.10 0.17 0.39 0.27
2010–2011 0.85 0.22 0.89 0.28 0.53 0.83
2011–2012 0.78 0.54 0.49 0.39 0.49 0.36
2012–2013 0.58 0.39 0.61 0.33 0.30 0.21
All seasons 0.84 0.55 0.68 0.39 0.52 0.51

MB

2007–2008 −0.89 −0.71 0.36 −0.48 −0.62 −0.59
2008–2009 −0.78 −0.26 0.16 −0.22 −0.37 −0.28
2009–2010 −0.65 −0.67 0.98 −0.02 −0.36 −0.26
2010–2011 0.42 0.06 0.55 0.13 0.43 0.68
2011–2012 −0.65 −0.50 −0.46 −0.38 −0.47 −0.35
2012–2013 0.25 −0.32 0.40 −0.32 −0.28 −0.16
All seasons −0.31 −0.43 0.17 −0.27 −0.33 −0.22

Table 4. Evaluation of simulated daily mean streamflow discharge
for Marmot Creek using Nash–Sutcliffe efficiency (NSE), RMSD
(m3 s−1), NRMSD, and MB.

NSE RMSD NRMSD MB

2006 0.44 0.146 0.76 0.01
2007 0.64 0.175 0.58 −0.36
2008 0.31 0.183 0.68 −0.01
2009 −0.33 0.180 0.91 0.000
2010 0.32 0.156 0.76 0.44
2011 0.20 0.252 0.89 0.15
2012 0.72 0.173 0.55 −0.27
2013 0.30 0.364 0.96 0.18
All seasons 0.40 0.212 0.79 0.001

155.2 W m−2) and increasing by 2.1 W m−2 at Upper Clear-
ing (i.e. from 140.7 to 142.8 W m−2) (Fig. 6d). There was
much more precipitation with PGW, and annual WY precip-
itation was 1287 and 882 mm with PGW at Fisera Ridge and
Upper Clearing, respectively, about 147 and 150 mm more
or 13 % and 20 % increases compared to the CTRL period at
Fisera Ridge and Upper Clearing (Fig. 6e).

3.4 Changes in water balance variables

The simulated annual water balance variables for all eco-
zones were compared between the CTRL and PGW peri-
ods. Compared to CTRL, rainfall increased and snowfall de-
creased with PGW for all ecozones (Fig. 7a and b). The in-
crease in annual rainfall ranged from 201 mm in the lower
forest ecozone to 328 mm in the alpine ecozone, whilst the
decrease in annual snowfall ranged from 63 mm in the lower
forest ecozone to 168 mm in the alpine ecozone. Averaged
over the whole basin, annual rainfall rose by 268 mm and an-
nual snowfall declined by 112 mm, and there was a 156 mm
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Figure 6. Boxplots of the bias-corrected WRF CTRL and PGW near-surface meteorology for MCRB station sites. (a) Air temperature,
(b) relative humidity, (c) wind speed, (d) solar irradiance, and (e) precipitation. Note that the accumulation over the water year is used for
precipitation, and the average value over the water year is presented for the other variables. The vertical line within the box is the median
value of the 8 water year data, the box is the interquartile range (Q1: 25 % to Q3: 75 %) of the 8 water year data, the whiskers are the
minimum and maximum, and the circle is the mean value of the 8 water year data.

Table 5. Simulated basin-scale mean annual air temperature, relative humidity, wind speed, mean annual water balance fluxes, mean annual
radiation fluxes to snow cover, mean seasonal cumulative snowmelt, peak snow accumulation, snow-cover duration, and snowmelt rate for
WRF CTRL and PGW.

CTRL PGW Change:
PGW–CTRL

Air temperature (◦C) 0.2 4.9 4.7
Relative humidity (%) 69.2 67.4 −1.8
Wind speed (m s−1) 2.76 2.80 0.04
Rainfall (mm yr−1) 493 761 268
Snowfall (mm yr−1) 464 352 −112
Total precipitation (mm yr−1) 957 1113 156
Actual evaporation (mm yr−1) 394 518 124
Sublimation (mm yr−1) 158 118 −40
Blowing snow transport (mm yr−1) −12 −10 2
Surface runoff (mm yr−1) 106 193 87
Subsurface flow (mm yr−1) 317 305 −12
Groundwater flow (mm yr−1) 26 26 0
Total subsurface storage (mm) 416 404 −12
Solar irradiance (W m−2) 69 58 −11
Longwave irradiance (W m−2) 263 277 14
Net radiation (W m−2) −7 −3 4
Cumulative snowmelt volume (mm) 401 317 −84
Peak snow accumulation (mm SWE) 160 119 −40
Snow-cover duration (d yr−1) 287 238 −49
Melt rate (mm d−1) 1.3 1.1 −0.2
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Figure 7. Boxplots of the simulated annual water balance variables for WRF CTRL and PGW for the alpine (AE), treeline (TE), upper
forest (UF), forest clearing blocks (FCB), forest circular clearing north-facing (FCCNF), forest circular clearing south-facing (FCCSF), and
lower forest (LF) ecozones. (a) Rainfall, (b) snowfall, (c) actual evaporation, (d) sublimation, (e) blowing snow transport, (f) surface runoff,
(g) subsurface flow, (h) groundwater flow, and (i) storage change. The vertical line within the box is the median value of the 8 water year
data, the box is the interquartile range (Q1: 25 % to Q3: 75 %) of the 8 water year data, the whiskers are the minimum and maximum, and
the circle is the mean value of the 8 water year data.

or 16 % increase in total precipitation with PGW (Table 5).
Actual evapotranspiration is the sum of evaporation from
soil, intercepted rain, and open water, and transpiration from
plants; this increased with PGW for all ecozones because of
more rainfall (Fig. 7c). The increase in annual actual evap-
otranspiration ranged from 59 mm at the alpine ecozone to
179 mm at the upper forest ecozone, with a 124 mm increase
for the whole basin shown in Table 5. Sublimation is the total
flux of snow sublimated from the surface snowpack and dur-
ing blowing snow and forest canopy interception processes
and declined with PGW for all ecozones as a result of de-
creased snowfall and the impact of warmer air temperatures
in limiting blowing snow occurrence and increasing unload-
ing of intercepted snow from forest canopies; the decrease in
annual sublimation ranged from 6 mm at the forest circular

clearing north-facing ecozone to 58 mm at the alpine eco-
zone (Fig. 7d), with a reduction of 40 mm for the entire basin
(Table 5). For the sheltered and sparsely vegetated forest
clearing ecozones, neither blowing snow nor forest intercep-
tion processes occur, so there was only a change in surface
snowpack sublimation for these ecozones. For the alpine and
treeline ecozones, blowing snow is a very important process
in controlling seasonal snow accumulation, and the alpine
ecozone is the source area for blowing snow (i.e. negative
value for blowing snow transport), whilst the treeline eco-
zone accumulates blowing snow in deep snowdrifts (i.e. pos-
itive value for blowing snow transport). Figure 7e shows that
blowing snow transport was suppressed with PGW, result-
ing in a smaller annual blowing snow transport loss from
the alpine ecozone of 24 mm and a smaller annual blowing
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Figure 8. Simulated mean annual snow accumulation (SWE) for WRF CTRL and PGW. (a) Alpine, (b) treeline, (c) upper forest, (d) for-
est clearing blocks, (e) forest circular clearing north-facing, (f) forest circular clearing south-facing, and (g) lower forest ecozones, and
(h) MCRB. The line represents the mean and the shadow represents the standard deviation of the 8 water year SWE.

snow transport gain to the treeline ecozone of 53 mm. Blow-
ing snow does not occur below the treeline in MCRB, and
so no changes in blowing snow transport occurred in sub-
alpine ecozones. Annual surface runoff increased by 250 mm
with PGW for the alpine ecozone (Fig. 7f) and by 87 mm
for the entire basin (Table 5). In other, subalpine, ecozones,
flow predominantly occurred in the subsurface and did not
show change in the surface runoff with PGW. Annual sub-
surface flow from alpine and treeline ecozones decreased
by 61 and 24 mm, respectively, with PGW. Although there
were increases in subsurface flow with PGW for other eco-
zones, ranging from 8 mm from the lower forest ecozone to
56 mm from the forest circular clearing north-facing ecozone
(Fig. 7g), on average over the basin, there was a 12 mm re-
duction in subsurface flow with PGW (Table 5). In contrast,
groundwater flow stayed relatively constant with PGW for
all ecozones (Fig. 7h). There were increases in total subsur-
face storage in soil and groundwater with PGW for some
ecozones, ranging from 9 mm in the upper forest ecozone
to 27 mm in the forest circular clearing south-facing eco-
zone, whilst the subsurface storage dropped, ranging from
2 mm at the lower forest ecozone to 40 mm at the forest clear-
ing blocks ecozone with PGW (Fig. 7i). Subsurface storage
for the entire basin declined by 12 mm, from 416 mm under

CTRL (i.e. 45 % saturation) to 404 mm with PGW (i.e. 43 %
saturation), as shown in Table 5.

3.5 Changes in snow regime

The simulated snowpack accumulation (SWE) for all eco-
zones and the entire basin was compared between CTRL
and PGW periods. Figure 8 illustrates the annual time se-
ries of SWE for CTRL and PGW simulations and demon-
strates the impacts of PGW on seasonal SWE for different
ecozones. For all ecozones, the peak SWE occurred earlier
and was much lower with PGW, with declines in peak SWE
ranging from 7 mm at the upper forest ecozone to 166 mm
at the treeline ecozone. In the alpine ecozone, the cold mid-
winter snowpack was not impacted by PGW and had simi-
lar to higher levels by early April compared to the CTRL,
but shortly after alpine SWE ablated rapidly and disappeared
26 d earlier with PGW. For the subalpine ecozones, the sea-
sonal snowpack declined substantially and throughout the
season with PGW. The date of seasonal snowpack deple-
tion advanced from early August to late June with PGW
at the treeline ecozone and from mid-June to late May in
the other ecozones. The mean snowmelt rate was estimated
by dividing mean annual peak SWE by the number of days
from peak SWE to snowpack disappearance, and with PGW
it was lower for the treeline and forest clearing ecozones,
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Figure 9. Boxplots of the simulated water year’s (a) cumulative snowmelt, (b) peak snow accumulation (SWE), (c) snow-cover duration,
(d) incoming solar radiation to snow, (e) longwave irradiance to snow, and (f) net radiation to snow for WRF CTRL and PGW for the
alpine (AE), treeline (TE), upper forest (UF), forest clearing blocks (FCB), forest circular clearing north-facing (FCCNF), forest circular
clearing south-facing (FCCSF), and lower forest (LF) ecozones. The vertical line within the box is the median value of the 8 water year data,
the box is the interquartile range (Q1: 25 % to Q3: 75 %) of the 8 water year data, the whiskers are the minimum and maximum, and the
circle is the mean value of the 8 water year data.

ranging from 0.9 mm d−1 in the forest clearing blocks eco-
zone (i.e. from 1.4 mm d−1 in CTRL to 0.5 mm d−1 in PGW)
to 1.6 mm d−1 in the forest circular clearing north-facing
ecozone (i.e. from 2.9 mm d−1 in CTRL to 1.3 mm d−1 in
PGW), whilst the melt rate was slightly higher for the alpine
ecozone (i.e. from 1.9 mm d−1 in CTRL to 2.0 mm d−1 in
PGW) and remained unchanged for the forest ecozones
(i.e. 0.6 mm d−1 at upper forest and 0.5 mm d−1 at lower for-
est in both CTRL and PGW). For the entire basin, there was a
very small decline in the melt rate from 1.3 mm d−1 in CTRL
to 1.1 mm d−1 in PGW (Table 5).

Changes in the seasonal snowmelt, peak SWE, snow-cover
duration, and radiation fluxes to snow cover were also com-
pared between CTRL and PGW. Figure 9a shows that cu-
mulative snowmelt volume decreased with PGW for all eco-
zones, and seasonal snowmelt at the treeline ecozone de-
clined the most (215 mm), with decreases elsewhere ranging
from 32 mm at the upper forest to 113 mm at the alpine eco-
zone. Peak SWE declined for all ecozones with PGW, with
the largest decrease in the treeline ecozone (149 mm) and
the lowest at the upper and lower forest ecozones (11 mm),
as shown in Fig. 9b. The duration of seasonal snow cover
declined for all ecozones with PGW, ranging from 31 d at
the forest circular clearing north-facing ecozone to 49 d at

the treeline ecozone (Fig. 9c). Table 5 shows that the basin-
wide snowmelt volume, peak SWE, and duration of seasonal
snow cover decreased by 84 mm, 40 mm, and 49 d, respec-
tively. The seasonal net radiation to snow cover increased
slightly with PGW for all ecozones, ranging from an addi-
tional 2 W m−2 at the lower forest to 4 W m−2 at the other
ecozones (Fig. 9f). The increases in the net radiation to snow
cover were due to higher longwave irradiance with PGW
for all ecozones, ranging from an additional 10 W m−2 to
the lower forest ecozone to 17 W m−2 to the treeline and
forest clearing ecozones (Fig. 9e), whilst the seasonal so-
lar irradiance to snow cover declined for all ecozones with
PGW, ranging from 2 W m−2 less at the upper forest eco-
zone to 17 W m−2 less at the forest clearing blocks eco-
zone (Fig. 9d). Basin-wide, seasonal solar irradiance to snow
cover decreased by 11 W m−2 and longwave irradiance to
snow cover increased by 14 W m−2, resulting in an increase
of 4 W m−2 in annual net radiation to snow cover with PGW
(Table 5).

3.6 Changes in streamflow

Simulated daily streamflow discharge was compared be-
tween CTRL and PGW in Fig. 10a, which shows the annual

Hydrol. Earth Syst. Sci., 24, 2731–2754, 2020 https://doi.org/10.5194/hess-24-2731-2020



X. Fang and J. W. Pomeroy: Diagnosis of future changes in hydrology for a Canadian Rockies headwater basin 2745

Figure 10. Simulated mean annual (a) Marmot Creek daily streamflow discharge and (b) cumulative discharge for the WRF CTRL and PGW
periods. The line represents the mean and the shadow represents the standard deviation of the streamflow discharges over the 8 water years.

Figure 11. Change between WRF CTRL and PGW periods in the
simulated mean Marmot Creek monthly streamflow discharges dur-
ing March to October for the 8 water years.

time series of Marmot Creek discharge for the CTRL and
PGW periods. The results suggest that basin discharge will
remain very similar over winter through mid-March. How-
ever, the average onset of spring freshet advanced forward
45 d, from 8 May for CTRL to 24 March with PGW, with the
centre of flow volume occurring 12 d earlier, from 22 June
for CTRL to 10 June with PGW. The peak basin discharge
was 1.13 and 1.01 m3 s−1 in CTRL and with PGW, respec-
tively, both on 21 June. Daily streamflow discharge during
the recession after the date of peak discharge through to late
August declined with PGW compared to the CTRL period,
because of higher evaporation losses with PGW (Fig. 7c).
Despite the lower peak and faster recession, the cumulative

annual discharge volume increased with PGW by 18 % from
3973 dam3 in CTRL to 4683 dam3 with PGW (Fig. 10b). The
change in monthly discharge was calculated by subtracting
the monthly discharge with PGW from that in the CTRL
period. Figure 11 shows noticeable increases in monthly
discharge with PGW for March to May and September,
with PGW increases ranging from 0.02 m3 s−1 in March to
0.27 m3 s−1 in May compared to CTRL monthly discharges
of 0.01 m3 s−1 in March and 0.13 m3 s−1 in May. In contrast,
monthly discharge with PGW declined notably in June and
July by 0.03 and 0.09 m3 s−1 from CTRL values of 0.69 and
0.29 m3 s−1, respectively. Monthly discharge in PGW de-
creased by only 0.01 m3 s−1 in August from the CTRL value
of 0.13 m3 s−1 and was a similarly low value (0.06 m3 s−1) in
October. Monthly fractional changes in discharge with PGW
ranged from a 573 % increase in April to a 33 % decrease in
July; seasonal fractional changes in discharge ranged from a
236 % increase in spring (March to May), a 12 % decline in
summer (June to August), to a 13 % increase in fall (Septem-
ber to October).

The simulated daily runoff fluxes (surface, sub-surface,
and groundwater runoff) and annual runoff volumes were
plotted for all ecozones in MCRB to examine changes be-
tween CTRL and PGW. Figures 12 and 13 consistently show
minimal change in winter months and an advance in the on-
set of the spring freshet for all ecozones with PGW. The
annual peak runoff from the alpine ecozone decreased from
25.6 mm d−1 in CTRL to 23.2 mm d−1 with PGW, both oc-
curring on 20 June (Fig. 12a), whilst the greatest decline
in annual peak runoff occurred from the treeline ecozone,
from 27.8 mm d−1 in CTRL to 19.5 mm d−1 with PGW, on
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Figure 12. Simulated mean annual daily runoff for WRF CTRL and PGW. (a) Alpine, (b) treeline, (c) upper forest, (d) forest clearing blocks,
(e) forest circular clearing north-facing, (f) forest circular clearing south-facing, and (g) lower forest ecozones. The line represents the mean
and the shadow represents the standard deviation of runoff over the 8 water years.

21 and 17 June, respectively (Fig. 12b). There were mod-
erate declines in annual peak runoff with PGW from other
ecozones, ranging from 0.3 mm d−1 less at the lower forest
ecozone to 2.0 mm d−1 less at the forest circular clearing
north-facing ecozone. The change in dates of annual peak
runoff with PGW ranged from no change at the forest clear-
ing north-facing ecozone to 9 d later at the forest clearing
south-facing ecozone (Fig. 12c–g). There were moderate in-
creases in annual runoff volumes from the forest clearing and
lower forest ecozones with PGW, ranging from a 12 dam3 in-
crease from the lower forest ecozone to a 17 dam3 increase
from the forest clearing blocks ecozone (Fig. 13d–g). The an-
nual runoff volume from the upper forest ecozone increased
from 258 dam3 in CTRL to 316 dam3 with PGW (Fig. 13c).
The alpine and treeline ecozones are the primary sources
for Marmot Creek discharge; here the annual runoff vol-
ume increased 25 %, from 2457 dam3 in CTRL to 3065 dam3

with PGW, from the alpine ecozone, but decreased 2 % from
1007 dam3 in CTRL to 986 dam3 with PGW from the treeline
ecozone (Fig. 13a and b).

The relationship between rainfall ratio (RR) and runoff ef-
ficiency (RE) was examined for all ecozones and the Mar-

mot Creek basin for the CTRL and PGW periods. The
RR is the cumulative rainfall divided by cumulative precip-
itation over a WY, and RE is the cumulative runoff (sur-
face, subsurface, and groundwater runoff) divided by cumu-
lative precipitation for a WY. A RR > 0.5 indicates a rainfall-
dominated precipitation regime, and a RR < 0.5 indicates a
snowfall-dominated precipitation regime. The RE describes
how well the basin or ecozone converts precipitation volumes
to runoff volumes, and it normally varies between 1 and 0.
Figure 14 illustrates the changes between CTRL and PGW
in mean RR and RE values for the ecozones and the basin.
The RR in CTRL was 0.43 for the alpine ecozone, mean-
ing it is snowfall-dominated, and for the treeline ecozone
it was 0.51, close to an equal snowfall and rainfall precipi-
tation regime. For other ecozones, the RR values in CTRL
were between 0.6 and 0.62, indicating rainfall dominance.
With PGW, the RR increased to range from 0.61 at the alpine
ecozone to 0.76 at the lower forest ecozone. For the basin,
the RR rose from 0.52 in CTRL (i.e. close to equal snow-
fall and rainfall) to 0.68 with PGW (i.e. rainfall-dominated).
The RE stayed relatively unchanged for the forest ecozones,
ranging from 0.1 for the lower forest ecozone to 0.11 for the
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Figure 13. Simulated mean annual cumulative runoff for WRF CTRL and PGW. (a) Alpine, (b) treeline, (c) upper forest, (d) forest clearing
blocks, (e) forest circular clearing north-facing, (f) forest circular clearing south-facing, and (g) lower forest ecozones. The line represents
the mean and the shadow represents the standard deviation of the 8 water year runoff.

upper forest ecozone in both CTRL and PGW periods. For
the forest clearing ecozones, RE values dropped by 0.02. The
RE changed substantially in the alpine and treeline ecozones,
dropping from 1.04 in CTRL to 0.91 with PGW for the tree-
line ecozone but increasing from 0.62 in CTRL to 0.69 in
PGW for the alpine ecozone. The value near 1 in CTRL for
treeline ecozones refers to melt of late-lying snow patches.
For the entire basin, the RE increased by only 0.01 with
PGW, from 0.44 in CTRL to 0.45 in PGW despite the basin
shifting towards domination by rainfall runoff.

4 Discussion

The results suggest that the bias-corrected 4 km resolu-
tion WRF CTRL near-surface meteorological variables were
comparable to detailed station observations of a well-
instrumented mountain basin, and the hydrological simula-
tions driven by these variables could make acceptable predic-
tions of seasonal snow accumulation, snowmelt, and stream-
flow that compared well to field observations. WRF can be
run at higher resolutions than 4 km, which may provide even
more realistic precipitation patterns, especially for extreme

Figure 14. Mean rainfall ratio and runoff efficiency for WRF CTRL
and PGW for alpine (AE), treeline (TE), upper forest (UF), forest
clearing blocks (FCB), forest circular clearing north-facing (FC-
CNF), forest circular clearing south-facing (FCCSF), and lower for-
est (LF) ecozones and the entire Marmot Creek basin.

https://doi.org/10.5194/hess-24-2731-2020 Hydrol. Earth Syst. Sci., 24, 2731–2754, 2020



2748 X. Fang and J. W. Pomeroy: Diagnosis of future changes in hydrology for a Canadian Rockies headwater basin

events (Tao et al., 2016; Li et al., 2017). However, these
higher-resolution WRF simulations require greater compu-
tational capacity, and so the 4 km WRF simulations are cur-
rently considered the best options to assess future climate
change for large regions (Liu et al., 2017; Prein et al., 2017;
Warscher et al., 2019).

For the business-as-usual scenario (RCP8.5) with PGW,
MCRB on average warmed up by 4.7 ◦C, and this degree of
warming is comparable to other findings for this region by
the end of the 21st century (Nogués-Bravo et al., 2007; Kien-
zle et al., 2012). As air warms, the water-holding capacity of
the atmosphere increases based on the Clausius–Clapeyron
equation, resulting in 13 % to 20 % greater precipitation to
MCRB in the projected PGW period. This combination of a
warmer and wetter future climate produces complex hydro-
logical responses. MCRB is composed of land covers that
vary with elevation (ecozones), for which there are differ-
ent dominant hydrological processes in each ecozone, lead-
ing to variable hydrological responses to the warming cli-
mate. Annual precipitation shifted towards more rainfall and
less snowfall for all ecozones, with larger changes to alpine
and treeline ecozones, and MCRB shifted from a balance
of snowfall and rainfall towards rainfall domination with
PGW. As a result of decreased snowfall, the seasonal snow-
pack dropped substantially for all ecozones with PGW, even
though sublimation losses from blowing snow in the alpine
ecozone and intercepted snow in the forested ecozones also
decreased. The treeline ecozone developed large snow drifts
and so sustained the highest seasonal snow accumulation in
MCRB and suffered the greatest loss due to reduced snow-
fall and diminished blowing snow transport. These results
are consistent with modelling results for warmer climates in
other mountain basins where the model has a detailed rep-
resentation of snow processes (López-Moreno et al., 2013;
Pomeroy et al., 2015; Marty et al., 2017). In contrast to the
ubiquitous slower snowmelt rates predicted by Musselman
et al. (2017), snowmelt rates exhibited a mixed response to
PGW, with lower melt rates for the treeline and forest clear-
ings ecozones, a slightly higher melt rate for the alpine eco-
zone, unchanged melt rates for the forest ecozones, and a
slightly lower melt rate over the whole basin. These melt
rate responses are due to the complex interaction amongst
changes in precipitation, air temperature, albedo decay, and
radiation fluxes to snow cover with PGW. On the other hand,
all ecozones at MCRB experienced earlier depletion of the
seasonal snowpack and a shorter snow-cover duration with
PGW; as a result, the onset of snowmelt runoff and timing
of Marmot Creek streamflow shifted earlier towards spring.
Marmot Creek streamflow declined during summertime with
PGW because of higher evaporation loss and earlier water
availability. The shift in snowmelt runoff, snow-cover deple-
tion, and decline in summer discharge have been found for
many snow-dominated mountain basins (Stewart et al., 2004;
Barnett et al., 2005; Kienzle et al., 2012; Jepsen et al., 2016)
and suggest that the water management of mountain basins

will be severely impacted (Rood et al., 2005; Chen et al.,
2006; Bongio et al., 2016). The results here suggest an over-
all increase in discharge volume, which contrasts with earlier
studies suggesting declines in Canadian Rockies streamflow
in the 21st century (Rood et al., 2005; Tanzeeba and Gan,
2012). However, earlier studies used much coarser climate
models to inform hydrological predictions and model outputs
were not verified against current high-altitude observations.

It is interesting to note the variability of runoff response
from different ecozones in MCRB to PGW. Despite an ear-
lier onset of runoff for all ecozones, the annual runoff volume
increased only very moderately for the forest clearings and
lower forest ecozones and moderately for the upper forest
ecozone with PGW. Increases in precipitation, particularly
rainfall, with PGW were almost completely consumed by
increases in evaporation from these densely vegetated eco-
zones. At higher elevations where most runoff is produced,
the results show opposing responses between the alpine and
treeline ecozones. For the alpine ecozone, annual runoff vol-
ume increased with PGW; this is caused by a combination of
limited available subsurface storage and increases in rainfall
that overwhelmed the increased evaporation loss. Increases
in surface runoff more than compensated for the slightly re-
duced subsurface runoff from this ecozone with PGW. In
contrast, the annual runoff volume decreased for the tree-
line ecozone, caused by the following factors: a large reduc-
tion in seasonal snow accumulation due to decreased snow-
fall and suppressed blowing snow transport, decreased runoff
from reduced snowmelt, higher evaporation in the longer
snow-free period that more than compensated for increased
rainfall, and more available subsurface storage, subsequently
leading to less flow from subsurface runoff. However, the de-
cline in runoff from the treeline ecozone was compensated
for by an increase in runoff from the alpine ecozone, which
contributed to an overall increase in annual basin stream-
flow discharge of 18 % for a 16 % increase in precipitation
with PGW. The alpine and treeline ecozones comprise about
45 % of MCRB and receive more than half of the basin’s an-
nual precipitation, so their runoff response to PGW domi-
nates changes in basin streamflow. Interestingly, MCRB has
shown hydrological resilience to past changes in climate, for-
est disturbance, and extreme events (Harder et al., 2015); it
also exhibits some resilience to the projected future climate
in respect to its RE. That is, despite the basin shifting to-
wards rainfall-runoff dominance with PGW, the RE values
are almost unchanged.

The hydrological model set up in CRHM provided a phys-
ically and process based analysis of climate change effects
on the hydrological changes at MCRB by including the rele-
vant hydrological processes for streamflow generation. These
processes were parameterised from local research results
without calibration from streamflow (Pomeroy et al., 2009,
2016; Ellis et al., 2010; MacDonald et al., 2010; Harder and
Pomeroy, 2013; Fang et al., 2013; DeBeer and Pomeroy,
2017). This is a strength of the modelling approach in this
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study. However, the CRHM model does have weaknesses
in simulating groundwater systems and groundwater–surface
interactions in the hillslope module given the insufficient in-
formation available to describe and fully parameterise all
of the processes that may influence this system (Fang et
al., 2013). The parameterisation in the hillslope module as-
sumes surface tension in the pore spaces is the dominant
factor, while in mountain basins, coarse-textured and un-
consolidated materials over underlying bedrock or impeding
layers could be found in subsurface and groundwater lay-
ers. This may result in preferential flow regimes influencing
the groundwater–surface interactions in ways that are incom-
pletely understood and described in this model (Sidle et al.,
2000; McClymont et al., 2011). There is an ongoing effort
in CRHM to improve the parameterisation for groundwater–
surface interactions. Thus, some caution should be taken
when interpreting changes in groundwater storage and flow.

In this study, the assessment of future changes in hydrol-
ogy at MCRB held land-cover and soil properties static be-
tween the CTRL and PGW periods. Caution should there-
fore be taken in interpreting this study’s results, as land-
cover and soil properties could also change in the warmer
climate (Rasouli et al., 2019). Modelling studies in the south-
ern Rocky Mountains, USA, and the eastern European Alps
examine future changes in basin hydrology and water avail-
ability by coupling climate change and land-cover distur-
bance and suggest that the feedbacks of land-cover distur-
bance with a warmer climate should be considered when as-
sessing future impacts on mountain hydrology (Buma and
Livneh, 2015; McDowell et al., 2016; Bennett et al., 2018;
Strasser et al., 2019). However, land-cover changes such as
forest expansion into the alpine ecozone under a warmer cli-
mate are less likely in the Canadian Rockies than elsewhere
because of the limitations imposed by geological, microcli-
mate, and geomorphological processes on tree establishment
above current treelines (Macias-Fauria and Johnson, 2013).
In the Canadian Rockies, greater collaboration amongst hy-
drologists, ecologists, micrometeorologists, and soil scien-
tists is warranted to examine the regional changes in vegeta-
tion and soil for the future climate and to come up with more
meaningful scenarios of land cover and soil disturbance un-
der changing climate for a more comprehensive assessment
of future mountain hydrology.

5 Conclusions

A physically based hydrological model was set up using
the CRHM platform and was forced by bias-corrected 4 km
WRF near-surface meteorology outputs in CTRL (i.e. 1 Oc-
tober 2005 to 30 September 2013) and PGW (i.e. 1 Octo-
ber 2091 to 30 September 2099) periods to assess the fu-
ture changes in hydrology at Marmot Creek Research Basin.
Model simulations using the bias-corrected WRF outputs
over the CTRL period provided reasonable predictions for

snow accumulation and snowmelt for forest and alpine sites
compared to the field observations. Model streamflow simu-
lations were also evaluated against observed streamflow dis-
charge, which showed adequate predictability. Compared to
the CTRL period, Marmot Creek on average warmed up by
4.7 ◦C and received 16 % more precipitation for the business-
as-usual climate warming scenario; as a result, the rainfall
ratio rose above 0.5, with a 268 mm increase in rainfall and
112 mm decrease in snowfall. However, changes in basin hy-
drology were more complex than those in precipitation, as
the basin is composed of seven ecozones ranging from for-
est to alpine tundra and spanning a large elevational gradient.
Under climate change, all ecozones developed lower snow-
packs, with decreases in peak SWE ranging from 11 mm
for the upper and lower forest ecozones to 149 mm for the
treeline ecozone, shorter snow-cover duration ranging from
31 d for the forest circular clearing north-facing ecozone to
49 d for the treeline ecozone, and total seasonal snowmelt
volume decreasing from 32 mm for the upper forest eco-
zone to 215 mm for the treeline ecozone. These changes
were impacted by several cold region hydrological processes,
including suppressed blowing snow transport and sublima-
tion for the alpine and treeline ecozones and reduced sub-
limation from smaller canopy snow interception for forest
ecozones. With climate change, snowmelt rates declined by
1.1 mm d−1 for treeline ecozones and by 0.9 to 1.6 mm d−1

for forest clearing ecozones, but increased by 0.1 mm d−1 for
the alpine ecozone and remained unchanged for forest eco-
zones, showing that slower snowmelt is not ubiquitous with
warming. Additionally, evaporation losses increased with cli-
mate change from 59 mm for the alpine ecozone to 179 mm
for the upper forest ecozone, with a 124 mm greater evap-
oration loss for the whole basin. Runoff responses to cli-
mate change were even more variable in the different Marmot
Creek ecozones. Runoff began earlier for all ecozones with
climate change, and the forested and alpine ecozones gen-
erated annual runoff volumes that were from 12 % to 25 %
larger, whereas runoff from the treeline ecozone declined by
2 %. For the whole basin, the declining runoff from the tree-
line ecozone was more than compensated by higher runoff
from the other ecozones, resulting in an 18 % increase in
basin streamflow discharge with climate change. Given the
16 % increase in precipitation, the runoff efficiency for Mar-
mot Creek is virtually unchanged under climate change de-
spite the hydrological shift from snowmelt runoff towards
rainfall-dominated runoff.
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Appendix A: Abbreviation list

a.s.l. above sea level
CH Centre for Hydrology
CMIP5 Coupled Model Intercomparison Project fifth phase
CRHM Cold Regions Hydrological Modelling platform
CTRL control from WRF
dam3 cubic decametre
GCMs Global climate models
HRUs hydrological response units
IPCC Intergovernmental Panel on Climate Change
MAD mean absolute difference
MB model bias
MCRB Marmot Creek Research Basin
NRMSD normalised RMSD
NSE Nash–Sutcliffe efficiency
PGW pseudo global warming from WRF
Q–Q quantile–quantile
QDM quantile delta mapping
RCM regional climate model
RCP8.5 Representative Concentration Pathway 8.5
RE runoff efficiency
RMSD root mean square difference
RR rainfall ratio
SRB Saskatchewan River basin
SWE snow water equivalent
WRF Weather Research and Forecasting
WSC Water Survey of Canada
WY water year

Hydrol. Earth Syst. Sci., 24, 2731–2754, 2020 https://doi.org/10.5194/hess-24-2731-2020



X. Fang and J. W. Pomeroy: Diagnosis of future changes in hydrology for a Canadian Rockies headwater basin 2751

Data availability. The dataset is available upon request through
the Changing Cold Regions Network (CCRN) database (http://
www.ccrnetwork.ca/outputs/data/, last access: 31 October 2018;
CCRN, 2018) and the corresponding author of the paper
(xing.fang@usask.ca).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/hess-24-2731-2020-supplement.

Author contributions. XF and JWP designed the study. JWP instru-
mented the research basin and developed the model. XF performed
the WRF bias correction, model simulations, and analyses. XF and
JWP prepared and edited the manuscript.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. The authors would like to gratefully acknowl-
edge logistical assistance from the Biogeoscience Institute, Univer-
sity of Calgary and the Nakiska Ski Area. Streamflow data from the
Water Survey of Canada is gratefully acknowledged. Fieldwork by
many graduate students and technicians in and collaborators with
the Centre for Hydrology were essential in accurate data collection
in adverse conditions. Comments of the editor and two anonymous
reviewers were greatly appreciated.

Financial support. This research has been supported by the Canada
First Research Excellence Fund’s Global Water Futures pro-
gramme, Alberta Government departments of Environment and
Parks, and Agriculture and Forestry; Alberta Innovates; the Natural
Sciences and Engineering Research Council of Canada’s Discov-
ery Grants and Changing Cold Regions Network, the University of
Saskatchewan Global Institute for Water Security, and the Canada
Research Chairs programme.

Review statement. This paper was edited by Markus Weiler and re-
viewed by two anonymous referees.

References

Barnett, T. P., Adam, J. C., and Lettenmaier, D. P.: Po-
tential impacts of a warming climate on water avail-
ability in snow-dominated regions, Nature, 438, 303–309,
https://doi.org/10.1038/nature04141, 2005.

Beke, G. J.: Soils of three experimental watersheds in Alberta
and their hydrological significance, PhD thesis, Department of
Soil Science, University of Alberta, Edmonton, Alberta, Canada,
456 pp., 1969.

Bennett, K. E., Bohn, T. J., Solander, K., McDowell, N. G., Xu,
C., Vivoni, E., and Middleton, R. S.: Climate-driven disturbances
in the San Juan River sub-basin of the Colorado River, Hydrol.
Earth Syst. Sci., 22, 709–725, https://doi.org/10.5194/hess-22-
709-2018, 2018.

Bernhardt, M., Zängl, G., Liston, G. E., Strasser, U., and Mauser,
W.: Using wind fields from a high-resolution atmospheric model
for simulating snow dynamics in mountainous terrain, Hy-
drol. Process., 23, 1064–1075, https://doi.org/10.1002/hyp.7208,
2009.

Bongio, M., Avanzi, F., and De Michele, C.: Hydroelectric power
generation in an Alpine basin: future water-energy scenarios in a
run-of-the-river plant, Adv. Water Resour., 94, 318–331, 2016.

Brown, R. D. and Robinson, D. A.: Northern Hemisphere spring
snow cover variability and change over 1922–2010 including
an assessment of uncertainty, The Cryosphere, 5, 219–229,
https://doi.org/10.5194/tc-5-219-2011, 2011.

Buma, B. and Livneh, B.: Potential effects of forest disturbances
and management on water resources in a warmer climate, Forest
Sci., 61, 895–903, 2015.

Cannon, A. J., Sobie, S. R., and Murdock, T. Q.: Bias correction
of simulated precipitation by quantile mapping: How well do
methods preserve relative changes in quantiles and extremes?,
J. Climate, 28, 6938–6959, https://doi.org/10.1175/JCLI-D-14-
00754.1, 2015.

Chen, Z., Grasby, S. E., Osadetz, K. G., and Fesko, P.: Historical
climate and stream flow trends and future water demand analysis
in the Calgary region, Canada, Water Sci. Technol., 53, 1–11,
https://doi.org/10.2166/wst.2006.291, 2006.

DeBeer, C. M. and Pomeroy, J. W.: Simulation of the snowmelt
runoff contributing area in a small apline basin, Hydrol. Earth
Syst. Sci., 14, 1205–1219, https://doi.org/10.5194/hess-14-1205-
2010, 2010.

DeBeer, C. M. and Pomeroy, J. W.: Influence of snowpack and melt
energy heterogeneity on snow cover depletion and snowmelt
runoff simulation in a cold mountain environment, J. Hydrol.,
553, 199–213, https://doi.org/10.1016/j.jhydrol.2017.07.051,
2017.

DeBeer, C. M., Wheater, H. S., Carey, S. K., and Chun, K. P.: Recent
climatic, cryospheric, and hydrological changes over the interior
of western Canada: a review and synthesis, Hydrol. Earth Syst.
Sc., 20, 1573–1598, https://doi.org/10.5194/hess-20-1573-2016,
2016.

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli,
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G.,
Bauer, P., Bechtold, P., Beljaars, A. C. M., van de Berg, L., Bid-
lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer,
A. J., Haimberger, L., Healy, S. B., Hersbach, H., Hólm, E. V.,
Isaksen, L., Kållberg, P., Köhler, M., Matricardi, M., McNally,
A. P., Monge-Sanz, B. M., Morcrette, J. J., Park, B. K., Peubey,

https://doi.org/10.5194/hess-24-2731-2020 Hydrol. Earth Syst. Sci., 24, 2731–2754, 2020

http://www.ccrnetwork.ca/outputs/data/
http://www.ccrnetwork.ca/outputs/data/
https://doi.org/10.5194/hess-24-2731-2020-supplement
https://doi.org/10.1038/nature04141
https://doi.org/10.5194/hess-22-709-2018
https://doi.org/10.5194/hess-22-709-2018
https://doi.org/10.1002/hyp.7208
https://doi.org/10.5194/tc-5-219-2011
https://doi.org/10.1175/JCLI-D-14-00754.1
https://doi.org/10.1175/JCLI-D-14-00754.1
https://doi.org/10.2166/wst.2006.291
https://doi.org/10.5194/hess-14-1205-2010
https://doi.org/10.5194/hess-14-1205-2010
https://doi.org/10.1016/j.jhydrol.2017.07.051
https://doi.org/10.5194/hess-20-1573-2016


2752 X. Fang and J. W. Pomeroy: Diagnosis of future changes in hydrology for a Canadian Rockies headwater basin

C., de Rosnay, P., Tavolato, C., Thépaut, J. N., and Vitart, F.: The
ERA-Interim reanalysis: configuration and performance of the
data assimilation system, Q. J. Roy. Meteorol. Soc., 137, 553–
597, https://doi.org/10.1002/qj.828, 2011.

Ellis, C. R., Pomeroy, J. W., Brown, T., and MacDonald, J.:
Simulation of snow accumulation and melt in needleleaf
forest environments, Hydrol. Earth Syst. Sci., 14, 925–940,
https://doi.org/10.5194/hess-14-925-2010, 2010.

Ellis, C. R., Pomeroy, J. W., and Link, T. E.: Modeling increases
in snowmelt yield and desynchronization resulting from forest
gap thinning treatments in a northern mountain catchment, Water
Resour. Res., 49, 936–949, https://doi.org/10.1002/wrcr.20089,
2013.

Fang, X. and Pomeroy, J. W.: Impact of antecedent conditions on
simulations of a flood in a mountain headwater basin, Hydrol.
Process., 30, 2754–2772, https://doi.org/10.1002/hyp.10910,
2016.

Fang, X., Pomeroy, J. W., Ellis, C. R., MacDonald, M. K., De-
Beer, C. M., and Brown, T.: Multi-variable evaluation of hy-
drological model predictions for a headwater basin in the Cana-
dian Rocky Mountains, Hydrol. Earth Syst. Sci., 17, 1635–1659,
https://doi.org/10.5194/hess-17-1635-2013, 2013.

Föhn, P. M. B. and Meister, R.: Distribution of snow drifts on ridge
slopes, Ann. Glaciol., 4, 52–57, 1983.

Golding, D. L. and Swanson, R. H.: Snow distribution patterns
in clearings and adjacent forest, Water Resour. Res., 22, 1931–
1940, 1986.

Grant, L. O. and Kahan, A. M.: Weather modification for augment-
ing orographic precipitation, in: Weather and Climate Modifica-
tion, edited by: Hess, W. N., John Wiley and Sons, New York,
282–317, 1974.

Gray, D. M. and Male, D. H. (Eds.): Handbook of Snow: Princi-
ples, Processes, Management and Use, Pergamon Press, Toronto,
Canada, 776 pp., 1981.

Harder, P. and Pomeroy, J.: Estimating precipitation phase using
a psychrometric energy balance method, Hydrol. Process., 27,
1901–1914, https://doi.org/10.1002/hyp.9799, 2013.

Harder, P., Pomeroy, J. W., and Westbrook, C. J.: Hydro-
logical resilience of a Canadian Rockies headwaters
basin subject to changing climate, extreme weather, and
forest management, Hydrol. Process., 29, 3905–3924,
https://doi.org/10.1002/hyp.10596, 2015.

Hunsaker, C. T., Whitaker, T. W., and Bales, R. C.: Snowmelt runoff
and water yield along elevation and temperature gradients in Cal-
ifornia’s southern Sierra Nevada, J. Am. Water Resour. Assoc.,
48, 667–678, https://doi.org/10.1111/j.1752-1688.2012.00641.x,
2012.

IPCC – Intergovernmental Panel on Climate Change: Climate
Change 2013: The Physical Science Basis, in: Contribution of
Working Group I to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change, edited by: Stocker, T.
F., Qin, D., Plattner, G.-K., Tignor, M., Allen, S. K., Boschung,
J., Nauels, A., Xia, Y., Bex, V., and Midgley, P. M., Cambridge
University Press, Cambridge, UK and New York, NY, USA,
1535 pp., 2013.

Jeffrey, W. W.: Experimental watersheds in the Rocky Moun-
tains, Alberta, Canada, in: Symposium of Budapest, Proceedings
of the Symposium on Representative and Experimental Areas,

28 September–5 October 1965, Budapest, Hungary, 502–521,
1965.

Jepsen, S. M., Harmon, T. C., Meadows, M. W., and Hunsaker, C.
T.: Hydrogeologic influence on changes in snowmelt runoff with
climate warming: Numerical experiments on a mid-elevation
catchment in the Sierra Nevada, USA, J. Hydrol., 533, 332–342,
https://doi.org/10.1016/j.jhydrol.2015.12.010, 2016.

Kienzle, S. W., Nemeth, M. W., Byrne, J. M., and MacDonald, R.
J.: Simulating the hydrological impacts of climate change in the
upper North Saskatchewan River basin, Alberta, Canada, J. Hy-
drol., 412–413, 76–89, 2012.

Kirby, C. L. and Ogilvy, R. T.: The forest of Marmot Creek wa-
tershed research basin, Canadian Forestry Service Publication
No. 1259, Canadian Department of Fisheries and Forestry, Ot-
tawa, Ontario, Canada, 37 pp., 1969.

Knowles, J. F., Harpold, A. A., Cowie, R., Zeliff, M., Barnard,
H. R., Burns, S. P., Blanken, P. D., Morse, J. F., and
Williams, M. W.: The relative contributions of alpine and
subalpine ecosystems to the water balance of a mountain-
ous, headwater catchment, Hydrol. Process., 29, 4794–4808,
https://doi.org/10.1002/hyp.10526, 2015.

Lapp, S., Byrne, J., Townshend, I., and Kienzle, S.: Climate warm-
ing impacts on snowpack accumulation in an alpine watershed,
Int. J. Climatol., 25, 521–536, 2005.

Li, Y., Szeto, K., Stewart, R. D., Thériault, J. M., Chen, L.,
Kochtubajda, B., Liu, A., Boodoo, S., Goodson, R., Mooney,
C., and Kurkute, S.: A numerical study of the June 2013 flood-
producing extreme rainstorm over Southern Alberta, J. Hydrom-
eteorol., 18, 2057–2078, 2017.

Li, Y., Li, Z., Zhang, Z., Chen, L., Kurkute, S., Scaff, L., and
Pan, X.: High-resolution regional climate modeling and projec-
tion over Western Canada using a Weather Research Forecasting
model with a pseudo-global warming approach, Hydrol. Earth
Syst. Sci., 23, 4635–4659, https://doi.org/10.5194/hess-23-4635-
2019, 2019.

Liu, C., Ikeda, K., Rasmussen, R., Barlage, M., Newman,
A. J., Prein, A. F., Chen, F., Chen, L., Clark, M., Dai,
A., Dudhia, J., Eidhammer, T., Gochis, D., Gutmann, E.,
Kurkute, S., Li, Y., Thompson, G., and Yates, D.: Continental-
scale convection-permitting modeling of the current and fu-
ture climate of North America, Clim. Dynam., 49, 71–95,
https://doi.org/10.1007/s00382-016-3327-9, 2017.

López-Moreno, J. I., Pomeroy, J. W., Revuelto, J., and Vicente-
Serrano, S. M.: Response of snow processes to climate change:
spatial variability in a small basin in the Spanish Pyrenees, Hy-
drol. Process., 27, 2637–2650, https://doi.org/10.1002/hyp.9408,
2013.

López-Moreno, J. I., Revuelto, J., Gilaberte, M., Morán-Tejeda, E.,
Pons, M., Jover, E., Esteban, P., García, C., and Pomeroy, J. W.:
The effect of slope aspect on the response of snowpack to climate
warming in the Pyrenees, Theor. Appl. Climatol., 117, 207–219,
https://doi.org/10.1007/s00704-013-0991-0, 2014.

Lundquist, J. D. and Cayan, D. R.: Surface temperature patterns
in complex terrain: daily variations and long-term change in
the central Sierra Nevada, California, J. Geophys. Res., 112,
D11124, https://doi.org/10.1029/2006JD007561, 2007.

MacDonald, M. K., Pomeroy, J. W., and Pietroniro, A.: On the im-
portance of sublimation to an alpine snow mass balance in the

Hydrol. Earth Syst. Sci., 24, 2731–2754, 2020 https://doi.org/10.5194/hess-24-2731-2020

https://doi.org/10.1002/qj.828
https://doi.org/10.5194/hess-14-925-2010
https://doi.org/10.1002/wrcr.20089
https://doi.org/10.1002/hyp.10910
https://doi.org/10.5194/hess-17-1635-2013
https://doi.org/10.1002/hyp.9799
https://doi.org/10.1002/hyp.10596
https://doi.org/10.1111/j.1752-1688.2012.00641.x
https://doi.org/10.1016/j.jhydrol.2015.12.010
https://doi.org/10.1002/hyp.10526
https://doi.org/10.5194/hess-23-4635-2019
https://doi.org/10.5194/hess-23-4635-2019
https://doi.org/10.1007/s00382-016-3327-9
https://doi.org/10.1002/hyp.9408
https://doi.org/10.1007/s00704-013-0991-0
https://doi.org/10.1029/2006JD007561


X. Fang and J. W. Pomeroy: Diagnosis of future changes in hydrology for a Canadian Rockies headwater basin 2753

Canadian Rocky Mountains, Hydrol. Earth Syst. Sci., 14, 1401–
1415, https://doi.org/10.5194/hess-14-1401-2010, 2010.

MacDonald, M. K., Pomeroy, J. W., and Essery, R. L. H.: Water
and energy fluxes over northern prairies as affected by chinook
winds and winter precipitation, Agr. Forest Meteorol., 248, 372–
385, https://doi.org/10.1016/j.agrformet.2017.10.025, 2018.

Macias-Fauria, M. and Johnson, E. A.: Warming-induced ups-
lope advance of subalpine forest is severely limited by geo-
morphic processes, P. Natl. Acad. Sci. USA, 110, 8117–8122,
https://doi.org/10.1073/pnas.1221278110, 2013.

Marks, D., Winstral, A., Reba, M., Pomeroy, J., and Kumar, M.:
An evaluation of methods for determining during-storm pre-
cipitation phase and the rain/snow transition elevation at the
surface in a mountain basin, Adv. Water Resour., 55, 98–110,
https://doi.org/10.1016/j.advwatres.2012.11.012, 2013.

Marsh, C. B., Pomeroy, J. W., and Spiteri, R. J.: Implications
of mountain shading on calculating energy for snowmelt us-
ing unstructured meshes, Hydrol. Process., 26, 1767–1778,
https://doi.org/10.1002/hyp.9329, 2012.

Marty, C., Schlögl, S., Bavay, M., and Lehning, M.: How much
can we save? Impact of different emission scenarios on fu-
ture snow cover in the Alps, The Cryosphere, 11, 517–529,
https://doi.org/10.5194/tc-11-517-2017, 2017.

McClymont, A. F., Roy, J. W., Hayashi, M., Bentley, L. R., Hansru-
eli, M., and Langston, G.: Investigating groundwater flow paths
within proglacial moraine using multiple geophysical methods,
J. Hydrol., 399, 57–69, 2011.

McDowell, N. G., Williams, A. P., Xu, C., Pockman, W. T., Dick-
man, L. T., Sevanto, S., Pangle, R., Limousin, J., Plaut, J.,
Mackay, D. S., Ogee, J., Domec, J. C., Allen, C. D., Fisher, R.
A., Jiang, X., Muss, J. D., Breshears, D. D., Rauscher, S. A., and
Koven, C.: Multi-scale predictions of massive conifer mortality
due to chronic temperature rise, Nat. Clim. Change, 6, 295–300,
https://doi.org/10.1038/nclimate2873, 2016.

Meißl, G., Formayer, H., Klebinder, K., Kerl, F., Schöberl, F., Geit-
ner, C., Markart, G., Leidinger, D., and Bronstert, A.: Climate
change effects on hydrological system conditions influencing
generation of storm runoff in small Alpine catchments, Hydrol.
Process., 31, 1314–1330, https://doi.org/10.1002/hyp.11104,
2017.

Mote, P. W., Hamlet, A. F., Clark, M. P., and Lettenmaier, D. P.: De-
clining mountain snowpack in western North America, B. Am.
Meteorol. Soc., 86, 39–49, 2005.

Musselman, K. N. and Pomeroy, J. W.: Estimation of needle-
leaf canopy and trunk temperatures and longwave contri-
bution to melting snow, J. Hydrometeorol., 18, 555–572,
https://doi.org/10.1175/JHM-D-16-0111.1, 2017.

Musselman, K. N., Clark, M. P., Liu, C., Ikeda, K., and Rasmussen,
R.: Slower snowmelt in a warmer world, Nat. Clim. Change, 7,
214–220, https://doi.org/10.1038/NCLIMATE3225, 2017.

Nash, J. E. and Sutcliffe, J. V.: River flow forecasting through con-
ceptual models. Part I – A discussion of principles, J. Hydrol.,
10, 282–290, 1970.

Nogués-Bravo, D., Araújo, M. B., Errea, M. P., and Martínez-Rica,
J. P.: Exposure of global mountain systems to climate warming
during the 21st Century, Global Environ. Change, 17, 420–428,
https://doi.org/10.1016/j.gloenvcha.2006.11.007, 2007.

Pomeroy, J., Fang, X., and Ellis, C.: Sensitivity of snowmelt hydrol-
ogy in Marmot Creek, Alberta, to forest cover disturbance, Hy-

drol. Process., 26, 1892–1905, https://doi.org/10.1002/hyp.9248,
2012.

Pomeroy, J. W., Granger, R. J., Hedstrom, N. R., Gray, D. M.,
Elliott, J., Pietroniro, A., and Janowicz, J. R.: The process hy-
drology approach to improving prediction to ungauged basins
in Canada, in: Prediction in ungauged basins, approaches for
Canada’s cold regions, edited by: Spence, C., Pomeroy, J., and
Pietroniro, A., Canadian Water Resources Association, Cam-
bridge, Ontario, 67–100, 2005.

Pomeroy, J. W., Gray, D. M., Brown, T., Hedstrom, N. R., Quinton,
W., Granger, R. J., and Carey, S.: The Cold Regions Hydrological
Model, a platform for basing process representation and model
structure on physical evidence, Hydrol. Process., 21, 2650–2667,
https://doi.org/10.1002/hyp.6787, 2007.

Pomeroy, J. W., Marks, D., Link, T., Ellis, C., Hardy, J., Rowlands,
A., and Granger, R.: The impact of coniferous forest temperature
on incoming longwave radiation to melting snow, Hydrol. Pro-
cess., 23, 2513–2525, https://doi.org/10.1002/hyp.7325, 2009.

Pomeroy, J. W., Fang, X., Shook, K., and Whitfield, P. H.: Predict-
ing in ungauged basins using physical principles obtained using
the deductive, inductive, and abductive reasoning approach, in:
Putting prediction in ungauged basins into practice, edited by:
Pomeroy, J. W., Whitfield, P. H., and Spence, C., Canadian Wa-
ter Resources Association, Canmore, Alberta, 41–62, 2013.

Pomeroy, J. W., Fang, X., and Rasouli, K.: Sensitivity of snow
processes to warming in the Canadian Rockies, in: Proceedings
of the 72nd Eastern Snow Conference, 9–11 June 2015, Sher-
brooke, Québec, Canada, 22–33, 2015.

Pomeroy, J. W., Fang, X., and Marks, D. G.: The cold rain-on-
snow event of June 2013 in the Canadian Rockies – char-
acteristics and diagnosis, Hydrol. Process., 30, 2899–2914,
https://doi.org/10.1002/hyp.10905, 2016.

Prein, A. F., Rasmussen, R. M., Ikeda, K., Liu, C, Clark,
M. P., and Holland, G. J.: The future intensification of
hourly precipitation extremes, Nat. Clim. Change, 7, 48–53,
https://doi.org/10.1038/nclimate3168, 2017.

Rasouli, K., Pomeroy, J. W., and Marks, D. G.: Snowpack
sensitivity to perturbed climate in a cool mid-latitude
mountain catchment, Hydrol. Process., 29, 3925–3940,
https://doi.org/10.1002/hyp.10587, 2015.

Rasouli, K., Pomeroy, J. W., and Whitfield, P. H.: Hydrological
responses of headwater basins to monthly perturbed climate in
the North American Cordillera, J. Hydrometeorol., 20, 863–882,
2019.

Redmond, D. R.: Organization of inter-agency watershed research
programs for Canada, in: Proceedings of 4th Hydrology Sympo-
sium on Research Watersheds, Guelph, Ontario, Canada, 299–
304, 1964.

Revuelto, J., López-Moreno, J. I., Azorin-Molina, C., and Vicente-
Serrano, S. M.: Topographic control of snowpack distribution
in a small catchment in the central Spanish Pyrenees: intra-
and inter-annual persistence, The Cryosphere, 8, 1989–2006,
https://doi.org/10.5194/tc-8-1989-2014, 2014.

Rood, S. B., Samuelson, G. M., Weber, J. K., and Wywrot, K. A.:
Twentieth-century decline in streamflows from the hydrographic
apex of North America, J. Hydrol., 306, 215–233, 2005.

Serreze, M. C., Clark, M. P., Armstrong, R. L., McGinnis, D. A.,
and Pulwarty, R. S.: Characteristics of the Western United States

https://doi.org/10.5194/hess-24-2731-2020 Hydrol. Earth Syst. Sci., 24, 2731–2754, 2020

https://doi.org/10.5194/hess-14-1401-2010
https://doi.org/10.1016/j.agrformet.2017.10.025
https://doi.org/10.1073/pnas.1221278110
https://doi.org/10.1016/j.advwatres.2012.11.012
https://doi.org/10.1002/hyp.9329
https://doi.org/10.5194/tc-11-517-2017
https://doi.org/10.1038/nclimate2873
https://doi.org/10.1002/hyp.11104
https://doi.org/10.1175/JHM-D-16-0111.1
https://doi.org/10.1038/NCLIMATE3225
https://doi.org/10.1016/j.gloenvcha.2006.11.007
https://doi.org/10.1002/hyp.9248
https://doi.org/10.1002/hyp.6787
https://doi.org/10.1002/hyp.7325
https://doi.org/10.1002/hyp.10905
https://doi.org/10.1038/nclimate3168
https://doi.org/10.1002/hyp.10587
https://doi.org/10.5194/tc-8-1989-2014


2754 X. Fang and J. W. Pomeroy: Diagnosis of future changes in hydrology for a Canadian Rockies headwater basin

snowpack from snowpack telemetry (SNOTEL) data, Water Re-
sour. Res., 35, 2145–2160, 1999.

Shook, K. and Pomeroy, J.: Changes in the hydrological character
of rainfall on the Canadian prairies, Hydrol. Process., 26, 1752–
1766, https://doi.org/10.1002/hyp.9383, 2012.

Sidle, R. C., Tsuboyama, Y., Noguchi, S., Hosoda, I., Fujieda, H.,
and Shimizu, T.: Stormflow generation in steep forested headwa-
ters: a linked hydrogeomorphic paradigm, Hydrol. Process., 14,
369–385, 2000.

Stewart, I. T., Cayan D. R., and Dettinger, M. D.: Changes in
snowmelt runoff timing in western North America under a ‘busi-
ness as usual’ climate change scenario, Climatic Change, 62,
217–232, 2004.

Storr, D.: Precipitation variations in a small forested watershed,
in: Proceedings of the 35th Western Snow Conference, 18–
20 April 1967, Boise, Idaho, USA, 11–17, 1967.

Strasser, U., Förster, K., Formayer, H., Marke, T., Meißl,
G., Nadeem, I., Stotten, R., and Schermer, M.: Story-
lines of combined future landuse and climate scenarios
and their hydrological impacts in an alpine catchment
(Brixental/Austria), Sci. Total Environ., 657, 746–763,
https://doi.org/10.1016/j.scitotenv.2018.12.077, 2019.

Swanson, R. H.: Forest hydrology issues for the 21st century: A
consultant’s viewpoint, J. Am. Water Resour. Assoc., 34, 755–
763, 1998.

Tanzeeba, S. and Gan, T. Y.: Potential impact of climate change on
the water availability of South Saskatchewan River Basin, Cli-
matic Change, 112, 355–386, 2012.

Tao, W., Wu, D., Lang, S., Chern, J., Peters-Lidard, C., Fridlind, A.,
and Matsui, T.: High-resolution NU-WRF simulations of a deep
convective-precipitation system during MC3E: Further improve-
ments and comparisons between Goddard microphysics schemes
and observations, J. Geophys. Res.-Atmos., 121, 1278–1305,
https://doi.org/10.1002/2015JD023986, 2016.

Taylor, K. E., Stouffer, R. J., and Meehl, G. A.: An overview of
CMIP5 and the experiment design, B. Am. Meteorol. Soc., 93,
485–498, https://doi.org/10.1175/BAMS-D-11-00094.1, 2012.

Tetens, V. O.: Uber einige meteorologische. Begriffe, Z. Geophys.,
6, 297–309, 1930.

Valeo, C., Xiang, Z., Bouchart, F. J., Yeung, P., and Ryan M. C.: Cli-
mate change impacts in the Elbow River watershed, Can. Water
Resour. J., 32, 285–302, https://doi.org/10.4296/cwrj3204285,
2007.

van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson,
A., Hibbard, K., Hurtt, G. C., Kram, T., Krey, V., Lamarque, J.
F., Masui, T., Meinshausen, M., Nakicenovic, N., Smith, S. J.,
and Rose, S. K.: The representative concentration pathways: an
overview, Climatic Change, 109, 5–31, 2011.

Vincent, L. A., Zhang, X., Brown, R., Feng, Y., Mekis, E. J.,
Milewska, E., Wan, H., and Wang X. L.: Observed trends in
Canada’s climate and influence of low-frequency variability
modes, J. Climate, 28, 4545–4560, 2015.

Vionnet, V., Belair, S., Girard, C., and Plante, A.: Wintertime sub-
kilometer numerical forecasts of near-surface variables in the
Canadian Rocky Mountains, Mon. Weather Rev., 143, 666–686,
https://doi.org/10.1175/MWR-D-14-00128.1, 2015.

Walter, M. T., Brooks, E. S., McCool, D. K., King, L. G., Mol-
nau, M., and Boll, J.: Process-based snowmelt modeling: does
it require more input data than temperature-index modeling?, J.
Hydrol., 300, 65–75, 2005.

Warscher, M., Wagner, S., Marke, T., Laux, P., Smiatek,
G., Strasser, U., and Kunstmann, H.: A 5 km Resolution
Regional Climate Simulation for Central Europe: Perfor-
mance in High Mountain Areas and Seasonal, Regional
and Elevation-Dependent Variations, Atmosphere, 10, 682,
https://doi.org/10.3390/atmos10110682, 2019.

Weber, M., Bernhardt, M., Pomeroy, J. W., Fang, X., Härer, S., and
Schulz, K.: Description of current and future snow processes in a
small basin in the Bavarian Alps, Environ. Earth Sci., 75, 1223,
https://doi.org/10.1007/s12665-016-6027-1, 2016.

Whitfield, P. H.: Climate station analysis and fitness for purpose
assessment of 3053600 Kananaskis, Alberta, Atmos.-Ocean, 52,
363–383, https://doi.org/10.1080/07055900.2014.946388, 2014.

Zhang, M. and Wei, X.: Contrasted hydrological responses to forest
harvesting in two large neighbouring watersheds in snow hydrol-
ogy dominant environment: implications for forest management
and future forest hydrology studies, Hydrol. Process., 28, 6183–
6195, https://doi.org/10.1002/hyp.10107, 2014.

Zhang, X., Vincent, L. A., Hogg, W. D., and Niitsoo, A.: Tempera-
ture and precipitation trends in Canada during the 20th century,
Atmos.-Ocean, 38, 395–429, 2000.

Hydrol. Earth Syst. Sci., 24, 2731–2754, 2020 https://doi.org/10.5194/hess-24-2731-2020

https://doi.org/10.1002/hyp.9383
https://doi.org/10.1016/j.scitotenv.2018.12.077
https://doi.org/10.1002/2015JD023986
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.4296/cwrj3204285
https://doi.org/10.1175/MWR-D-14-00128.1
https://doi.org/10.3390/atmos10110682
https://doi.org/10.1007/s12665-016-6027-1
https://doi.org/10.1080/07055900.2014.946388
https://doi.org/10.1002/hyp.10107

	Abstract
	Introduction
	Methods
	Study site
	WRF model
	Model overview
	Bias correction

	Hydrological model and simulations

	Results
	WRF CTRL outputs
	Hydrological model evaluations
	Changes in WRF meteorology due to climate change
	Changes in water balance variables
	Changes in snow regime
	Changes in streamflow

	Discussion
	Conclusions
	Appendix A: Abbreviation list
	Data availability
	Supplement
	Author contributions
	Competing interests
	Acknowledgements
	Financial support
	Review statement
	References

