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ABSTRACT

This study diagnoses the impact of projected changes in climate and glacier cover on the hydrology of several
natural flowing Bow River headwater basins in the Canadian Rockies: the Bow River at Lake Louise (~420.7
kmz), the Pipestone River near Lake Louise (~304.2 kmz), the Bow River at Banff (~2192.2 kmz) all of which
drain the high elevation, snowy, partially glaciated Central Range, and the Elbow River at Calgary (~1191.9
km?), which drains the drier Front Ranges and foothills, using models created using the modular, flexible,
physically based Cold Regions Hydrological Modelling platform (CRHM). Hydrological models were constructed
and parameterised in CRHM from local research results to include relevant streamflow generation processes for
Canadian Rockies headwater basins, such as blowing snow, avalanching, snow interception and sublimation,
energy budget snow and glacier melt, infiltration to frozen and unfrozen soils, hillslope sub-surface water
redistribution, wetlands, lakes, evapotranspiration, groundwater flow, surface runoff and open channel flow.
Surface layer outputs from Weather Research and Forecasting (WRF) model simulations for the current climate
and for the late 21st century climate under a “business-as-usual” scenario, Representative Concentration Pathway
8.5 (RCP8.5) at 4-km resolution, were used to force model simulations to examine the climate change impact. A
projected glacier cover under a “business-as-usual” scenario (RCP8.5) was incorporated to assess the impact of
concomitant glacier cover decline. Uncalibrated model simulations for the current climate and glacier coverage
showed useful predictions of snow accumulation, snowmelt, and streamflow when compared to surface obser-
vations from 2000 to 2015. Under the RCP8.5 climate change scenario, the basins of the Bow River at Banff and
Elbow River at Calgary will warm up by 4.7 and 4.5 °C respectively and receive 12% to 15% more precipitation
annually, with both basins experiencing a greater proportion of precipitation as rainfall. Peak snow accumulation
in Bow River Basin will slightly rise by 3 mm, whilst it will drop by 20 mm in Elbow River Basin, and annual
snowmelt volume will increase by 43 mm in Bow River Basin but decrease by 55 mm in Elbow River Basin.
Snowcovered periods will decline by 37 and 46 days in Bow and Elbow river basins respectively due to sup-
pressed snow redistribution by wind and gravity and earlier melt. The shorter snowcovered period and warmer,
wetter climate will increase evapotranspiration and glacier melt, if the glaciers were held constant, and decrease
sublimation, lake levels, soil moisture and groundwater levels. The hydrological responses of the basins will
differ despite similar climate changes because of differing biophysical characteristics, climates and hydrological
processes generating runoff. Climate change with concomitant glacier decline is predicted to increase the peak
discharge and mean annual water yield by 12.23 m® s™! (+11%) and 11% in the higher elevation basins of the
Bow River but will decrease the mean annual peak discharge by 3.58 m3s! (-9%) and increase the mean annual
water yield by 18% in the lower elevation basin of the Elbow River. This shows complex and compensatory
hydrological process responses to climate change with the reduced glacier contribution reducing the impact of
higher precipitation in high elevation headwaters and drier soil conditions and lower spring snowpacks reducing
peak discharges despite increased precipitation during spring runoff in the Front Range and foothills headwaters
under a warmer climate.
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1. Introduction

The Canadian Rockies are a vital source of freshwater to industry,
irrigation, and domestic use in the lowland areas and are referred to as
the one of the “water towers” of the world (Viviroli et al., 2007).
Approximately 70% of annual runoff in major rivers of the
Saskatchewan-Nelson River and Peace River systems originates from the
Canadian Rockies (Ashmore and Church, 2001), and the high mountain
headwaters on the eastern slopes of the Canadian Rockies provide up to
90% of streamflow to downstream users in Canadian Prairie Provinces
(Martz et al., 2007). In the eastern slope headwaters of the Canadian
Rockies, streamflow is primarily generated from seasonal snowmelt and
generally peaks during June (Rood et al., 2008; Whitfield and Pomeroy,
2017), with high flows generated from occasional convective rainfalls
and associated rain-on-snow floods (Pomeroy et al., 2016a; Shook,
2016). Glacier meltwater contributes significantly to streamflow during
late summer and early fall, and the relative contribution increases up-
stream towards the Central Ranges, icefields and the Continental Divide
(Bash and Marshall, 2014; Comeau et al., 2009; Hopkinson and Young,
1998).

Snowmelt-dominated regions are highly vulnerable to climate
change in the 21st century (Adam et al., 2009), and high mountains
often respond more rapidly to climate change than do lower altitude
regions (Beniston, 2005). Canadian Rockies headwaters have been un-
dergoing warming trends since last century (DeBeer et al., 2016; Valeo
et al., 2007). Harder et al. (2015) showed warming of mean tempera-
tures by 2.6 °C and winter minimum temperatures by 3.6 °C at the
middle elevations of Marmot Creek, a small Canadian Rockies head-
water basin in the Front Ranges, both greater than the regional average
warming values for Western Canada reported by Zhang et al. (2000).
The fraction of the precipitation as snowfall declines and rainfall ratio
increases with the warming air temperatures (Knowles et al., 2006;
Shook and Pomeroy, 2012), and this leads to decreases in seasonal snow
accumulation (Fang and Pomeroy, 2020; Lapp et al., 2005) and earlier
spring snowmelt runoff (Fang and Pomeroy, 2020; Rood et al., 2008) in
the Canadian Rockies. Warming climate can cause changes to glacier
contributions to streamflow in the southern Canadian Cordillera from
glacier retreat (DeBeer et al., 2016; Munro, 2005), resulting in a shift in
glacier-fed river flow regimes (Demuth et al., 2008; Marshall et al.,
2011). Many headwater rivers draining the Canadian Rockies eastern
slopes over the 20th century have shown significant declining trends in
annual flow volume (Burn et al., 2004), flood peak and volume (Whit-
field and Pomeroy, 2016), and summer flow (Rood et al., 2008). With
the predicted climate change in the 21st century (IPCC, 2013) and
continuing economic development, irrigation expansion and population
growth leading to greater water demand in the downstream regions
(Martz et al., 2007), understanding the impacts of projected climate
change on the hydrological cycle in the Canadian Rockies is important
for managing the water supply from mountain headwaters to down-
stream regions in the future.

Headwaters draining the Canadian Rockies eastern slopes span a
large elevational gradient and contain a range of ecozones including
icefield, barren alpine, alpine tundra, subalpine forest, montane forest,
rangeland and cultivated prairie. Streamflow generation in these eco-
zones is usually snowmelt-dominated and is complex and highly vari-
able (Fang and Pomeroy, 2020; Kienzle et al., 2012; Pomeroy et al.,
2012; Shea et al., 2021). The large elevational gradient across ecozones
influences temperature lapse rates (Wood et al; 2018) and poses
orographic effects on precipitation amount and phase (Smith, 2008;
Thériault et al., 2015). Complex slope/aspect patterns and high het-
erogeneity of forest structures in Canadian Rockies are additional factors
affecting distribution of wind flow, avalanching, blowing snow, subli-
mation losses, and irradiance (Conway et al., 2018; MacDonald et al.,
2018; Marsh et al., 2012; Musselman and Pomeroy, 2017; Vionnet et al.,
2015), and lead to high spatial variability of snow accumulation,
snowmelt patterns, evapotranspiration, and runoff generation (DeBeer
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and Pomeroy, 2017; Ellis et al., 2013; MacDonald et al., 2010; Schirmer
and Pomeroy, 2020; Wang et al., 2013; Wayand et al., 2018). Rainfall
can be widespread in spring and summer from frontal systems influ-
enced by orography (Pomeroy et al., 2016a) and locally intense where
there is convection (Scaff et al., 2021). After rainfall, glacier meltwater
is a tertiary streamflow contributor on the eastern slopes and is governed
by several factors. The areal distribution of glaciers is highly related to
regional temperature and precipitation variabilities (Shea et al., 2004)
and is further complicated by local topographic features such as eleva-
tion, slope, and aspect (Tennant et al., 2012) and basin-scale processes
such as snow redistribution by wind and avalanche (Pradhananga and
Pomeroy, 2022a). The interannual variability of glacier mass balance in
the headwaters influences streamflow generation and itself is influenced
by climate variability and seasonal weather conditions (Demuth et al.,
2008).

Several studies have examined the impacts of climate change on
snow accumulation, snowmelt, evapotranspiration, glacier mass bal-
ance, soil moisture storage, and streamflow in the Canadian Rockies
based on simulations of hydrological models driven by future climate
scenarios generated by downscaling climate model outputs or perturb-
ing current meteorological conditions (Aubry-Wake and Pomeroy, in
review; Fang and Pomeroy, 2020; Farjad et al., 2016; Islam and Gan,
2015; Kienzle et al., 2012; Mahat and Anderson, 2013; Rasouli et al.,
2019a, 2022). Hydrological models relying on streamflow calibration by
employing the empirical degree-day index approach for simulating
snowmelt introduce substantial model uncertainty in predicting future
changes due to lack of physically based process representations and
possible parameter shifts in future climates or during extreme events
such as rain-on-snow (Pomeroy et al., 2013; Walter et al., 2005). Climate
models operating at coarse spatial resolution generally have poor pre-
cipitation and temperature accuracy in the Canadian Rockies (Rasouli
et al., 2019a), and higher resolution atmospheric forcings have been
found more suitable for providing more realistic representation of the
forcing meteorology for hydrological simulations in the complex
mountain terrains (Schirmer and Jamieson, 2015; Vionnet et al., 2015,
2020).

The Cold Regions Hydrological Modelling platform (CRHM; Pom-
eroy et al., 2007; 2022) consists of a full suite of streamflow generation
process representations that are suitable for the cold, snowy climate of
the Canadian Rockies, including wind redistribution of snow, snow
avalanching, canopy snowfall and rainfall interception, sublimation,
drip and unloading from forest canopies, glacier melt, sub-canopy
snowmelt, evapotranspiration, infiltration to frozen and unfrozen
soils, overland and detention flow, groundwater flow and hillslope sub-
surface water redistribution. Physically based algorithms in CRHM have
been developed from field studies in the region (Aubry-Wake et al.,
2022; DeBeer and Pomeroy, 2010; Ellis et al., 2010; Harder and Pom-
eroy, 2013; MacDonald et al., 2010; Pomeroy et al., 2009; Pradhananga
and Pomeroy, 2022a) and have been extensively evaluated in mountain
headwater basins (Fang et al., 2013; Fang and Pomeroy, 2016; Pomeroy
et al., 2013, 2016b; Pradhananga and Pomeroy, 2022a; Rasouli et al.,
2019a). CRHM has also been evaluated in the Earth System Models
Snow Model Intercomparison Project and performed relatively well in
modelling snowmelt at forest and alpine sites in Canada, France, USA,
Japan, Finland and Switzerland (Krinner et al., 2018). A recent appli-
cation of the Weather Research and Forecasting (WRF) atmospheric
model at convection-permitting 4-km resolution provides high resolu-
tion forcing meteorology from both the current climate and a future
pseudo global warming (PGW) scenario using dynamical downscaling
from reanalysis data for large portions of western North America with
perturbations from an ensemble of Regional Climate Model (RCM)
projections as described by Li et al. (2019). This high-resolution WRF
application resolves mountain topography and can capture variations in
near-surface meteorology caused by mesoscale orography and convec-
tion. CRHM has been driven successfully by these WRF outputs to
investigate impacts of climate change on hydrological processes in small
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Canadian Rockies and Arctic headwater research basins (Aubry-Wake
and Pomeroy, in review.; Fang and Pomeroy, 2020; Krogh and Pomeroy,
2019).

The objectives of this study are to: (1) deploy physically based hy-
drological models forced with 4-km WRF near-surface meteorology
outputs to simulate the cold regions hydrology of several diverse land
cover, complex terrain and varied climate Canadian Rockies headwater
basins varying between 300 and 2000 km?; (2) examine and diagnose
the future changes in the hydrological processes and response of the
region due to the projected climate and glacier changes for these
headwater basins. This will provide the most detailed assessment yet of
the current hydrology and the expected changes in the headwaters of
one of the most water-stressed regions in Canada and the results can be
useful for national and provincial park management, climate adaptation
policy development, flood mitigation plans and water supply planning
and management for large cities and irrigation districts.

2. Methods
2.1. Study area and model domains

The study was conducted in the Bow River at Banff (BRB) and the
Elbow River at Calgary (ERC), Alberta, Canada (Fig. 1). Both basins
originate in the eastern slopes of the Canadian Rockies and are head-
waters of the Bow River that flows eastward and ultimately contributes
to the South Saskatchewan River, Saskatchewan River, Lake Winnipeg
and the Nelson River flowing to Hudson Bay. Both basins contain a range
of alpine rock, alpine tundra, and subalpine forests dominated by co-
nifers; BRB lies entirely in the mountains with approximately 1.7% of
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the basin area covered by glacier (Bolch et al., 2010), whereas ERC has
miniscule glacier coverage but its area consists of 21% grazed grassland
and forage cropland (Castilla et al., 2014). Both basins have high surface
relief with elevations ranging from 1376 m a.s.l. (above sea level) at the
Water Survey of Canada (WSC) streamflow gauge (05BB001) in Banff to
just over 3400 m for BRB and from 1075 m at WSC streamflow gauge
(05BJ010) in Calgary to just over 3200 m for ERC. The geology in the
region is characterized with mainly faulted and folded sedimentary
bedrock composed of limestone, sandstone, siltstone, dolostone, and
shale (Prior et al., 2013), with surficial soils consisting primarily of
highly permeable glaciofluvial and recent alluvial deposits in mountains
and foothills and relatively impermeable till and glaciolacustrine de-
posits in forage cropland region (Bayrock and Reimchen, 1980). The
weather for the region is dominated by continental air masses, with
long, cold and dry winters and short, warm and sub-humid summers;
westerly flow originating from the Pacific Ocean develops warm and dry
Chinook (Fohn) conditions that lead to brief periods of air temperature
above 0 °C during winter months. Large storms from easterly “upslope”
flows can generate deep spring snowpacks or runoff events. Annual
precipitation ranges between 800 mm and 1500 mm in higher elevations
(Demuth et al., 2008) and is higher in the west, with the observed long-
term (1971-2000) mean annual precipitation ranging from 569 mm in
Lake Louise at 1524 m, 472 mm in Banff at 1384 m to 412 mm in Calgary
International Airport at 1084 m (Environment and Climate Change
Canada, 2020). The long-term (1971-2000) mean annual air tempera-
tures are —0.3, 3, and 4.1 °C in Lake Louise, Banff, and Calgary,
respectively, with mean monthly air temperatures ranging from —13.8,
—9.3, and —8.9 °C in January to 12, 14.6, and 16.2 °C in July for Lake
Louise, Banff, and Calgary, respectively (Environment and Climate
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Fig. 1. Location map of Bow River at Banff and Elbow River at Calgary on a 20 m resampled Canadian digital elevation model (cdem), showing Alberta Environment
and Parks (AEP) snow survey courses, Water Survey of Canada (WSC) hydrometric stations, and model domains delineated using the cdem.
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Change Canada, 2020).

Drainage basins were delineated based on ArcView GIS 3.2 terrain
preprocessing (ESRI, 1999) using a resampled 20 m Canadian digital
elevation model (cdem) and contain approximately 2192.2 km? for BRB
above WSC streamflow gauge (05BB001) and 1191.9 km? for ERC above
WSC streamflow gauge (05BJ010) shown in Fig. 1. In the upper BRB,
drainage basins were also delineated for Bow River at Lake Louise
(BRLL, ~420.7 km?) above WSC streamflow gauge (05BA001) and
Pipestone River near Lake Louise (PRLL, ~304.2 kmz) above WSC
streamflow gauge (05BA002). These delineated drainage basins are the
model domains of hydrological model simulations for this study. In
addition, 9, 6, 50, and 25 sub-basins were delineated based on the
stream segmentation process in GIS terrain preprocessing for the BRLL,
PRLL, BRB, and ERC model domains, respectively. Table 1 lists the
physiographic information for the model domains, and a sub-basin map
for the model domains is provided in the Supplement.

2.2. Hydrological model

2.2.1. CRHM overview

CRHM (Pomeroy et al., 2007; 2022) was used to set up hydrological
models for this study. CRHM is an object-oriented, modular and flexible
platform for assembling physically based hydrological models. With
CRHM, the user constructs a purpose-built model from a selection of
possible basin spatial configurations, spatial resolutions and physical
process modules of varying degrees of physical complexity. Basin dis-
cretization is performed via hydrological response units (HRUs) whose
number and nature are selected based on the variability of basin attri-
butes and the level of physical complexity chosen for the model. HRU
are landscape units that are assumed to have some common bio-
geophysical characteristics and hydrological drainage characteristic.
The user selects physical complexity in light of hydrological under-
standing, parameter availability, basin complexity, meteorological data
availability, and the objective flux or state to be predicted. Pomeroy
et al. (2022) provide a full description of CRHM, and recent updates
include Penman-Monteith algorithm in the evaporation module for
evapotranspiration from vegetation with seasonal variations in leaf area
index and height (Fang and Pomeroy, 2016), a hillslope module for
better representation of surface and subsurface runoff including deten-
tion flow on hillslopes (Pomeroy et al., 2016b), and a glacier module for
simulating glacier melt based on mass and energy balance (Pradhananga
and Pomeroy, 2022a).

2.2.2. HRU delineation

Elevation, aspect, slope, and land cover GIS layers were used and
intersected in GIS analysis to determine HRUs (Fig. 2). Elevation, aspect,
and slope were extracted from the 20 m cdem. Land cover was obtained
from the open access Alberta Biodiversity Monitoring Institute (ABMI)
Landsat-derived land cover polygon, c. 2000 (Castilla et al., 2014).
Glacier cover area was downloaded from the Randolph Glacier In-
ventory (RGI 3.2) that was mapped using orthorectified Landsat5 The-
matic Mapper scenes for years 2004 to 2006 (Bolch et al., 2010), and
was used to separate glacier from seasonal snowcover area in the BRB
model domain. Pine forest coverage from the Alberta forest species
(AVIE) inventory was obtained from Alberta Agriculture and Forestry
(2018) and used to separate pine and spruce forest for the ERC model

Table 1
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domain. In addition, the water courses in the Alberta drainage network
inventory (Alberta Environment and Sustainable Resource Develop-
ment, 2012) was used to determine river channel valley HRU.

For glacier HRU determinations, seven elevation bands, north-
facing, south-facing, and east-facing aspects, and gentle, medium, and
steep slope gradients were taken into consideration in order to provide
sufficient discretization of snow redistribution, precipitation and tem-
perature gradients, slope-aspect effects on net radiation and slope effects
on runoff generation. For rock HRU determinations, upper and lower
elevation and north-facing, south-facing, and east-facing aspects were
taken into consideration for similar reasons. For alpine tundra, alpine
sparse forest, and valley shrubland HRUs, north-facing, south-facing,
and east-facing aspects were considered, noting that these landscapes
occupy narrow elevation ranges. For all other forest, open water, river
valley, developed and exposed HRUs, elevation, aspect, and slope were
not used to define HRU areas as slope has little impact on sub-canopy
snowmelt (Ellis et al., 2013) and other landscape types occupied val-
ley bottoms. For the ERC model domain, fewer criteria were considered
for HRU determination. For glacier, rock, and alpine tundra HRUs,
north-facing, south-facing, and east-facing aspects were taken into
consideration, but not for the rest of the HRUs. The numbers of delin-
eated HRUs for the model domains are shown in Table 1, and flowcharts
of HRU determination and sub-basin HRU information are provided in
the Supplement.

2.2.3. Model structure

A set of physically based modules was linked in CRHM to simulate
the dominant hydrological processes for the model domains. Fig. 3
shows the schematic setup of these modules, and details of each module
are provided in Table 2. For the large model domains in this study, the
CRHM model structures were grouped so that a set of physically based
modules were assembled with a number of HRUs to represent a sub-
basin. The structural grouping was repeated, with same type of sub-
basin holding the same module configuration, but differing parameter
sets and numbers of HRUs. Muskingum routing was used to route the
streamflow output from these sub-basins along the main river channels.
Fig. 4 shows the sub-basin group structure for the model domains.

2.2.4. Model parameterization

CRHM parameters values were determined based on field studies in
research basins in the Canadian Rockies and similar environments in the
boreal forest, subarctic and prairies, by remote sensing or from GIS in-
ventories. For the blowing snow module, fetch length, vegetation height,
stalk density, and stalk diameter parameters were determined using
methods in previous studies for open prairie environment (Fang et al.,
2010) and alpine environments in the Canadian Rockies (Fang et al.,
2013; MacDonald et al., 2010). For the canopy module, leaf area index
and snow interception capacity parameters were derived from measured
values for the similar forest types in the Western Cordillera and boreal
forest (Hedstrom and Pomeroy, 1998; Pomeroy et al., 2002, 2012;
Schmidt and Gluns, 1991). For the albedo module parameters, albedo of
bare ground values were set using measurements from prairie environ-
ment (Armstrong, 2011) and boreal forest (Granger and Pomeroy,
1997); the albedo of fresh snow was determined from the observations
and recommendations of Male and Gray (1981).

For the glacier module, the glacier HRU area was determined from

Area and mean elevation, aspect, and slope as well as basin glacier area and delineated number of sub-basin and HRU for the river basins. Note that the aspect is in

degrees clockwise from North.

Model domain Area (km?) Elevation (m a.s.l.) Aspect (°) Slope (°) Basin glacier area (%) Sub-basin number HRU number
Bow River at Lake Louise 420.7 2191 152 18 6 9 368
Pipestone at Lake Louise 304.2 2285 171 20 1.7 6 217

Bow River at Banff 2192.2 2138 161 20 1.7 50 1512

Elbow River at Calgary 1191.9 1697 144 13 0.006 25 257
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Fig. 2. HRU generation for the model domains from GIS intersect analysis from elevation, aspect, slope, land cover and drainage network GIS layers. Note the solid

black line in each layer indicates the model domain boundary shown in Fig. 1.

the RGI 3.2 glacier cover area based on Landsat5 Thematic Mapper
scenes for years 2004 to 2006 (Bolch et al., 2010) for the BRB model
domain and was derived from the ABMI Landsat-derived ice cover
polygon c. 2000 (Castilla et al., 2014) for ERC model domain. The
glacier ice thickness parameter was set based on previous studies in the
upper Bow River basin (Clarke et al., 2013; Naz et al., 2014). A glacier
hydrology model for simulating glacier mass and energy balance in
Peyto Glacier (Pradhananga and Pomeroy, 2022a) was instrumental in
setting up thickness and density for firn layers, glacier ice density, al-
bedo for firn and ice, and travel time of icemelt, firnmelt and snowmelt

through glacier ice, firn and snowpack.

For the soil module, soil depth and porosity parameters were esti-
mated from information on the predominant soil textures in the region
(Soil Landscapes of Canada Working Group, 2011). For alpine rock,
alpine tundra, and forests HRUs, the water storage capacity in soil and
groundwater layers were set based on reported values from long-term
studies of Marmot Creek Research Basin (Beke, 1969; Fang et al.,
2013). The water storage capacity was set based on values used in the
Peyto Glacier hydrology model (Pradhananga and Pomeroy, 2022a) for
glacier HRUs and was determined for foothill grassland and cropland
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HRUs using methods described for prairie environment (Fang et al.,
2010).

For the routing module, routing lengths for river channel HRUs were
determined from the Alberta drainage network GIS inventory (Alberta
Environment and Sustainable Resource Development, 2012) and for
non-river channel HRUs from the modified Hack’s law for length-area
relationship reported by Fang et al. (2010). Manning’s equation was
used to calculate the average streamflow velocities based on longitudi-
nal channel slope, Manning’s roughness coefficient, and the channel
hydraulic radius as parameters. The longitudinal channel slope of a HRU
or a sub-basin was estimated from the average slope of the HRU or sub-
basin. Manning’s roughness coefficient was approximated based on
surface cover and channel conditions using values reported by Chow
(1959). The hydraulic radius was determined from Chow’s lookup table
using channel shape and channel depth as criteria. The routing sequence
within a sub-basin was set using a routing distribution parameter to
represent the typical flow sequence amongst HRUs (Fang et al., 2010;
Fang et al., 2013), while the routing sequence amongst sub-basins fol-
lowed the channel flow order downstream through the basin. Both
routing sequences are provided in the Supplement. Values for the key
parameters are listed in the Supplement tables.

2.3. WRF model

The WRF model Version 3.6.1 (Li et al., 2019) was used to develop
the forcing meteorological fields used to drive the CRHM hydrological
models. This version of WRF simulates weather systems at convection-
permitting 4-km resolution and can capture variations in near surface
meteorology caused by mesoscale orography. Model outputs from two
15-year periods of WRF experiments were available, consisting of a
control (CTL) simulation and a PGW simulation. The CTL simulation was
forced with boundary condition from a 6-hour ERA-Interim reanalysis
data (Dee et al.,, 2011) and corresponds to a retrospective period of
2000-2015. The PGW simulation was forced with the 6-hour ERA-
Interim reanalysis data plus a climate perturbation; the climate pertur-
bation was based on 19-model ensemble mean change from the fifth
phase of the Coupled Model Intercomparison Project (CMIP5; Taylor
et al., 2012) under a “business-as-usual” forcing scenario: Representa-
tive Concentration Pathway 8.5 (RCP8.5; van Vuuren et al., 2011). The
PGW is equivalent to a future period of 2084-2099. More details of WRF
model are provided by Li et al. (2019). There are 49 and 25 grids
respectively of the 4-km WRF model outputs used to force the hydro-
logical model simulations for BRB and ERC model domains; out of the 49
grids in BRB model domain, 9 and 6 WRF grids respectively are for BRLL
and PRLL model domains. Information on these WRF grids is provided in
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Table 2

Description of modules used for simulating hydrological processes in CRHM.

Module

Description

1. Observation

[

Solar radiation

w

. Sunshine hour

EN

. Slope radiation

w

. Longwave

(o))

. Canopy

N

Blowing snow

8. Albedo

el

. Gravitational snow
transport

10. Energy-balance
snowmelt

11. Glacier

12. Summer net
radiation

13. Infiltration

14. Fall soil moisture

15. Evaporation

Reads the input meteorological data (temperature, wind
speed, relative humidity, precipitation, and radiation),
adjusts temperature with environmental lapse rate and
precipitation with elevation, and provides these inputs to
other modules

Calculates the theoretical global radiation, direct and
diffuse solar radiation, as well as maximum sunshine
hours based on latitude, elevation, ground slope, and
azimuth (Garnier and Ohmura, 1970); provides radiation
inputs to the sunshine hour module and the summer net
radiation module

Estimates sunshine hours from shortwave irradiance to a
level surface and maximum sunshine hours; generates
inputs to the summer net radiation module

Estimates shortwave irradiance to a slope using
measurement of shortwave irradiance on a level surface.
The measured shortwave irradiance from the observation
module and the calculated direct and diffuse shortwave
irradiance from the radiation module are used to calculate
the ratio for adjusting the shortwave irradiance on the
slope

Estimates longwave irradiance using measured or
estimated shortwave irradiance (Sicart et al., 2006);
provides input to the canopy module

Estimates the snowfall and rainfall intercepted by the
forest canopy, updates the sub-canopy snowfall and
rainfall, and calculates shortwave and longwave sub-
canopy irradiance (Ellis et al., 2010). This module has
options for an open environment with no canopy effects, a
small forest clearing gap, or a full forest canopy
Simulates the inter-HRU wind redistribution of snow
transport based on surface aerodynamic roughness and
blowing snow sublimation losses throughout the winter
period (Pomeroy and Li, 2000)

Estimates snow albedo throughout the winter and into the
melt period and also indicates the beginning of melt for
the energy-balance snowmelt module (Verseghy, 2012)
Simulates the inter-HRU snow transport by gravity along
steep slope and topographic driven distribution of snow (
Bernhardt and Schulz, 2010)

Simulates the mass and energy balance of snowpack based
on a version of the SNOBAL model (Marks et al., 1998)
and estimates snowmelt and flow through snow using the
energy balance of radiation, sensible heat, latent heat,
ground heat, advection from rainfall, and the change in
internal energy for snowpack layers consisting of a top
active layer and layer underneath it

Estimates icemelt from glacier ice and firnmelt from firn
layers based on energy-balance model and handles the
movements of icemelt, firnmelt and snowmelt through
glacier ice, firn and snowpack using a simple lag and route
method (Pradhananga and Pomeroy, 2022a)

Calculates the snow-free net all-wave radiation from the
estimated shortwave radiation and the estimated
longwave radiation using air temperature, vapour
pressure, and actual sunshine hours (Granger and Gray,
1990) and provides input to the evaporation and ground
surface temperature modules

Estimates snowmelt infiltration into frozen soils using
Gray’s parametric snowmelt infiltration algorithm (Zhao
and Gray, 1999) and rainfall infiltration into unfrozen
soils based on soil texture and ground cover (Ayers,
1959); links moisture content to the soil column in the soil
module

Estimates fall soil moisture status based on the amount of
soil moisture and the maximum soil moisture storage in
the soil column and provides the initial fall soil saturation
for the infiltration module

Estimates actual evapotranspiration from unsaturated
surfaces using Penman-Monteith evapotranspiration
algorithm (Monteith, 1965) with a Jarvis-style resistance
formulation (Verseghy, 1991) and evaporation from
saturated surfaces using Priestley and Taylor evaporation
expression (Priestley and Taylor, 1972); modifies
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Table 2 (continued)

Module Description
moisture content in the interception, ponded surface
water, and soil column stores as well as in the stream
channel

16. Soil Estimates soil moisture balance, groundwater storage,

surface depressional and near-surface detention storages;
calculates surface runoff and runoff for two soil layers, a
groundwater layer, surface depressions, and a near-
surface detention layer (Fang et al., 2010; Pomeroy et al.,
2016b), linking to thaw-freeze fronts to account for
permafrost

Estimates drainage factors based on Darcy’s law for
unsaturated hydraulic conductivity using Brooks and
Corey relationship (Fang et al., 2013) and provides the
drainage factors used in soil module.

Simulates the freezing and thawing fronts in seasonal frost
or permafrost soil based on a modified Stefan’s heat flow
equation for user specified number of soil layers (Xie and
Gough, 2013; Krogh et al., 2017); provides status of
thawing and freezing fronts for soil module

Calculates the ground surface temperature using air
temperature and thermal conductivity and energy of
snowpack during snowcover period based on conduction
approach (Luce and Tarboton, 2010) and using air
temperature and net radiation for snow-free period based
on radiative-conductive-convective approach (Williams
et al., 2015); provides ground surface temperature input
for thaw-freeze fronts module

Routes runoff between HRUs and to the sub-basins outlet
using Muskingum method (Chow, 1964), allowing one
HRU to route runoff to one or multiple HRUs (Fang et al.,
2010); routes subsurface and groundwater flows using
Clark’s lag and route algorithm (Clark, 1945)

17. Hydraulic
conductivity

18. Thaw-freeze fronts

19. Ground surface
temperature

20. Muskingum routing

the Supplement.

2.4. Hydrological simulations

Hydrological model simulations were driven by the WRF outputs of
near-surface meteorological variables: including air temperature,
vapour pressure, wind speed, shortwave irradiance, and precipitation,
where the air temperature and vapour pressure were used to estimate
relative humidity required by CRHM. Three types of simulations were
conducted:

Reference simulation: use the WRF CTL outputs for the 15-water
year (WY) simulation in the current period (i.e. 1 October 2000 to 30
September 2015) with the current glacier coverage from the RGI 3.2
Inventory (Bolch et al., 2010).

Climate scenario simulation: use the WRF PGW outputs for the 15-
WY simulation in the future period (i.e. 1 October 2084 to 30 September
2099) with glacier ice volume reduced by 99% from the reference
simulation, a value guided by the RCP8.5 glacier projection in the
southern Canadian Rockies at the end of the 21st century and a glacier
dynamics model (Clarke et al., 2015). The RCP8.5 climate and degla-
ciation projections are considered a high emission climate change sce-
nario and were used to examine the hydrological impact of the worst-
case scenario.

Glacier falsification simulations: Falsification 1 uses the WRF CTL
outputs for the 15-WY simulation in the current period with the glacier
ice volume reduced by 99% from the reference simulation; Falsification
2 uses the WRF PGW outputs for the 15-WY simulation in the future
period with the current glacier coverage.

Snow accumulation and streamflow from the reference simulation
were evaluated against observed snow accumulation from Alberta
Environment and Parks (AEP) snow survey courses and streamflow from
Environment and Climate Change Canada’s Water Survey of Canada
(WSC) hydrometric stations. Statistical indexes used to evaluate model
simulations were the Nash-Sutcliffe efficiency (NSE) (Nash and Sut-
cliffe, 1970), RMSD, normalised RMSD (NRMSD), and model bias (MB)
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Elbow River at Calgary model domain

Physically based hydrological modules

RB model
structure Sub-basin
. -] 05BJ001_1 | —
7 HRUs
RB 2 __| Sub-basin routing
<15 HRUs | 058.001_2 model structure
RB 3 Muskingum
1o ¢ -| 05BJ001_3 »| routing
0z HRLE — between
sub-basins
Sy —
> 13 HRUs 05BJ001_4
N aUs |71 08001 25 |—
— .8 HRUs 05BJ001_25

Fig. 4. Sub-basin group structure for the model domains. Sub-basins are simulated by the model structure “representative basin” (RB) group, and the model
structure, Muskingum Routing, connects all RBs. Note not all sub-basins in the river basins are shown due to their large number, and information for all sub-basins is

provided in the Supplement.

calculated as per Fang et al. (2013).

2.5. Hydrological index calculations

Several indices characterising the hydrological regime were exam-
ined, including the rainfall ratio (RR), snow hydrology ratio (SHR), snow
damming ratio (SDR), and runoff coefficient (RC). RR is the cumulative
rainfall divided by cumulative precipitation over a water year (WY)
starting from 1 October to 30 September of the following year, with RR
greater than 0.5 indicating a rainfall-dominated precipitation regime
and RR less than 0.5 indicating a snowfall-dominated precipitation
regime. SHR is the cumulative snowmelt volume divided by cumulative
precipitation over a WY, with the higher SHR indicating greater influ-
ence of snow hydrology on runoff. SDR is adapted from Lopez-Moreno
et al. (2020) to characterise the snowpack storage capacity that effec-
tively “dams” precipitation, compared to rainfall-runoff, during cold
months, and is estimated by the maximal difference between the cu-
mulative fractions of precipitation and runoff for a WY starting from 1
October and ending 30 September of the following year, with a higher
SDR indicating that the seasonal snowpack acts to a greater degree as a
natural water reservoir over the winter until snowmelt occurs. RC is the
cumulative streamflow volume divided by cumulative precipitation over
a WY and normally varies between 1 and 0, with the higher RC reflecting
better capability of basin to convert precipitation volume to streamflow
volume.

3. Results
3.1. Model evaluations

CRHM simulations of the snow accumulation (SWE) using the
reference simulation were compared to the monthly SWE measurements
from the following AEP snow courses: Bow Summit (2031 m a.s.L.),
Katherine Lake (2380 m a.s.l.), Bow River Lake Louise (1580 m a.s.l.),
Sunshine Village (2230 m a.s.1.), and Little Elbow Summit (2120 m a.s.1.)
(Fig. 5). Simulated SWE from the HRUs corresponding to the location
and land cover of these snow courses include the conifer forest (2120 m

a.s.l.) and valley shrubland (2000 m a.s.l.) HRUs from sub-basin 2 in
BRB (Fig. 5a), the lower rock (2211 m a.s.l.) HRU from sub-basin 4 in
BRB (Fig. 5b), the river valley (1553 m a.s.l.) HRU from sub-basin 9 in
BRB (Fig. 5¢), the alpine tundra (2322 m a.s.l.) HRU from sub-basin 43
in BRB (Fig. 5d), and the regenerated forest (2149 m a.s.l.) HRU from
sub-basin 3 in ERC (Fig. 5e). The model generally reproduced snow
accumulation and ablation patterns that were comparable to the
measured SWE, with the noticeable overestimation of SWE in most
simulation years (i.e. 2001, 2003-2009, 2015) compared to SWE mea-
surements at the Little Elbow Summit snow course (Fig. 5e) and un-
derestimation of SWE in some simulation years (i.e. 2006, 2008, 2012)
compared to Sunshine Village snow course-measured SWE (Fig. 5d). For
the 15-WY period (2000-2015), model simulations reasonably predicted
SWE when compared to snow courses in BRB, with MB ranging from
—0.07 at Sunshine Village to 0.25 at Katherine Lake, RMSD ranging from
52 mm at Bow River Lake Louise to 132 mm at Katherine Lake, and
NRMSD varying from 0.21 at Sunshine Village to 0.32 at both Katherine
Lake and Bow River Lake Louise (Fig. 5). Simulations differed to a much
greater degree from observations at the Little Elbow Summit snow
course in ERC, with MB of 0.51, RMSD of 175 mm, and NRMSD of 0.72.
The high MB value suggesting 51% overestimation compared to the
observed SWE have resulted from errors in the WRF forcing data and
modelling of blowing snow redistribution into the regenerated forest
HRU that did not occur in nature.

Model evaluation was also conducted using the CRHM-simulated
streamflow from the reference simulation and the outlet streamflow
discharge measured at WSC gauges: Bow River at Banff (BRB), Pipestone
River at Lake Louise (PRLL), Bow River at Lake Louise (BRLL), and
Elbow River at Calgary (ERC) for 15 water years (2000-2015) (Fig. 6).
These gauges have no water management upstream and are suitable for
a natural flow simulation such as used here. They also represent high
elevation, steep, partly glaciated and lake dominated environments
(BRLL), high elevation, steep environments (PRLL), nested within the
mixed alpine, subalpine, montane, valley bottom and high elevation
environments with lakes and a small glacier coverage of the BRB, and
contrasting montane forest and alpine front ranges and foothills envi-
ronments of the ERC. The model reasonably simulated the daily
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Fig. 5. Comparison of the measured and simulated snow accumulation (SWE) for 2000-2015 at sites in the Bow River and Elbow River basins. (a) Bow Summit, (b)
Katherine Lake, (c) Bow River Lake Louise, (d) Sunshine Village, and (e) Little Elbow Summit.

streamflow at the BRB, and the 15-WY NSE, MB, RMSD, and NRMSD
were 0.75, —0.13, 20.7 m® s1, and 0.57, respectively (Fig. 6¢). For the
two sub-basins in upper BRB, the model achieved better streamflow
simulation for PRLL, with values of 0.70, —0.02, 4.3 m® s!, 0.73 for
NSE, MB, RMSD, and NRMSD, respectively (Fig. 6b); whilst the 15-WY
NSE, MB, RMSD, and NRMSD for BRLL were poorer at 0.38, —0.25,
8.9m%s7!, and 0.52, respectively (Fig. 6a). For the ERC, the simulation
could capture daily streamflow for most years but missed peak flows in
two flood years (i.e. 2005 and 2013) and two high flow years (i.e. 2008
and 2011), and so the 15-WY NSE, MB, RMSD, and NRMSD were 0.38,
—0.20, 15.3m%s7}, and 1.32, respectively (Fig. 6d). This suggests errors

in precipitation forcing from WRF over this basin. Comparison of the 15-
WY mean daily streamflow for the BRLL shows that the model under-
estimated flow from middle May to early September and overestimated
flow in October (Fig. 6e), which possibly resulted from underestimation
of precipitation in WRF and model’s delay in routing flow from glacier
melt water, leading to poor NSE and MB values. Comparison with the
15-WY mean daily observed streamflow for the ERC reveals that the
model underestimated flow from late May to early July and displayed a
flashier hydrograph from early August to middle September (Fig. 6h).
This may be attributed to underestimation of precipitation in WRF and/
or errors in the model’s simulation of rainfall generated streamflow. The
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Fig. 6. Comparison of the observed and simulated daily streamflow over 15 water years (i.e. 2000-2015) for (a) Bow River at Lake Louise (05BA001), (b) Pipestone
River at Lake Louise (05BA002), (c) Bow River at Banff (05BB001), and (d) Elbow River at Calgary (05BJ010); comparison of the observed and simulated 15-water
year mean daily streamflow for (e) Bow River at Lake Louise, (f) Pipestone River at Lake Louise, (g) Bow River at Banff 001), and (h) Elbow River at Calgary. The line
in (e-h) represents the mean and the shadow represents the standard deviation of the 15-water year streamflow.

Elbow River Basin is composed of steep, narrow mountain valleys that
generate runoff quickly and may have challenged the routing in CRHM
or the ability of WRF to synthesise rainstorms. For PRLL and BRB,
comparisons of the 15-WY mean daily streamflow show that model
estimated slightly higher winter flow (Fig. 6f-g), likely caused by
model’s delay in glacier melt water. Overall, given that the model was
driven with synthetic meteorology without data assimilation within the
WRF domain, the results show remarkably good daily streamflow pre-
dictions for BRB and its sub-basin, the PRLL, and adequate predictions
for daily streamflow for the BRLL sub-basin of the BRB and the ERC
without calibration, suggesting that it can be employed to examine
changes in climate in the region. It is important to realise that the CRHM
model has produced very good results in this region when forced with
locally observed meteorology (Fang et al., 2013; Pradhananga and
Pomeroy, 2022a).
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3.2. Changes in WRF meteorology due to climate change

The WRF near-surface meteorological variables were compared be-
tween CTL and PGW periods to show future changes in forcing climates.
Fig. 7 shows mean daily time series of changes in air temperature, cu-
mulative precipitation, relative humidity, wind speed, shortwave and
longwave irradiance for the Bow and Elbow river basins, where mean
annual changes shown in bold indicate they are statistically significant
(p < 0.05). Seasonal changes for the same variables shown in Fig. 7 are
presented in Table 3. The projections show that mean annual air tem-
peratures will be warmer by 4.7 and 4.5 °C in the PGW period for basins
of BRB and ERC, respectively (Fig. 7a-d). Spring and autumn tempera-
tures will warm up more than the annual temperatures for both basins.
In the PGW period, the dates of daily temperatures reaching 0 °C in
spring will advance by 20 days for BRLL to 28 days for ERC, whilst the
dates of daily temperatures dropping below 0 °C in autumn will fall 21
days later for PRLL to 29 days later for ERC. Cumulative precipitation in
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Fig. 6. (continued).

the PGW compared to the CTL period will increase from 87 to 149 mm or
by 12-15% (Fig. 7e-h). In the BRB, more than half of the annual pre-
cipitation occur in winter under any scenario, and the largest increases
in seasonal precipitation in the PGW period will also occur in winter,
110-142 mm (Table 3). For ERC, spring precipitation constitutes 45% or
more of annual precipitation for any scenario and will increase by 58
mm in the PGW period. Precipitation is projected to decline by 5-25 mm

11

and 2-11 mm respectively for summer and autumn in the PGW period
for all basins (Table 3). Decreases in mean annual relative humidity in
the PGW period will range from 1.2% for ERC to 3.0% for both BRLL and
BRB model domains (Fig. 7i-1), with larger relative humidity decreases
in spring and autumn (Table 3). Mean annual wind speed is projected to
decline by 0.1 m s~! in the PGW period for all basins (Fig. 7m-p), and
reductions in seasonal wind speed in the PGW period will be less than
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Fig. 7. Mean daily projected changes in (a-d) air temperature, (e-h) cumulative precipitation, (i-1) relative humidity, (m-p) wind speed, (q-t) shortwave irradiance,
and (u-x) longwave irradiance in CTL and PGW periods for the Bow River and Elbow River basins. Mean annual change (A = PGW — CTL) is bold when statistically

significant (p < 0.05).

Table 3

Seasonal climate changes between the CTL and PGW for the Bow and Elbow river basins.

Winter (November to March)

Spring (April to June)

Summer (July to August) Autumn (September to October)

BRLL PRLL BRB ERC BRLL PRLL BRB ERC BRLL PRLL  BRB ERC BRLL PRLL BRB ERC
Air temperature (°C) 4.4 4.4 4.5 4.5 5.2 5.2 5.1 4.6 4.7 4.5 4.4 4.0 5.0 5.0 4.8 4.6
Precipitation (mm) 142 110 111 37 39 37 41 58 —-25 -16 —14 -5 -7 -11 -5 -2
Relative humidity (%) -1.0 -0.9 -1.5 -1.2 -4.9 -5.2 -5.3 -1.4 -2.8 -1.7 -1.2 1.8 -5.5 -5.3 -5.2 -3.7
Wind speed (m s™) -0.2 -0.1 -0.1 0.0 -0.1 -0.1 0.0 -0.1 -0.1 -0.2 -0.2 -0.2 -0.1 -0.1 0.0 -0.1
Shortwave irradiance (W m~?) —-4.6 -5.8 —4.8 —4.4 -185 -23.1 -18.8 135 44 6.7 6.1 4.1 -4.5 —4.5 -3.4 -3.0
Longwave irradiance (W m~2) 19.7 20.7 19.7 20.4 19.8 20.2 20.3 19.4 18.4 17.1 18.6 20.3 18.3 18.1 18.9 19.6

0.2 m s ! (Table 3). There will be slight decreases in mean annual
shortwave irradiance in the PGW period, ranging from 5.0 W m~2 for
ERC to 7.8 W m~2 for PRLL (Fig. 7g-t), with noticeably higher decreases
in spring and increases in summer for all basins (Table 3). Longwave
irradiance will increase significantly in the PGW period for all basins, in
the range between 19.3 and 20.0 W m™2 annually (Fig. 7u-x), with
generally consistent increases in longwave irradiance throughout all
seasons (Table 3).
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3.3. Changes in water balance variables due to climate and concomitant
glacier change

The simulated annual water balance variables for all basins were
compared between the reference and climate scenario simulation,
including the impact of deglaciation to show the hydrological changes
predicted by the end of this century. Compared to the reference simu-
lation, annual rainfall will increase in all basins in the climate scenario
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simulation, ranging from 158 mm or 42% increase for ERC to 198 mm or
86% increase for BRLL (Fig. 8a-d). Based on the seasons defined in
Table 3, rainfall will increase in winter, spring, and autumn in all basins,
with the highest increases in spring, ranging from 84 mm for BRLL to
108 mm for ERC, followed by increases in winter from 26 mm for ERC to
68 mm for BRLL. For summer rainfall in the climate scenario simulation,

Reference
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there will be small decreases, ranging from 1 mm for ERC to 11 mm for
BRLL, and no change for PRLL. Annual snowfall will decline in all basins
under climate change, ranging from 49 mm or 5% decrease for BRLL to
71 mm or 22% decrease for ERC compared to the reference simulation
(Fig. 8e-h). There will be seasonal snowfall decreases in spring, summer,
and autumn under climate change in all basins, with the greatest
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decreases in spring of from 45 to 50 mm, and in autumn ranging from 26
to 64 mm. In contrast, winter snowfall will increase under climate
change in all basins, ranging from 11 mm (8%) increase for ERC to 73
mm (11%) increase for BRLL.

Evapotranspiration (ET) includes actual evaporation from soil,
intercepted rain, and open water, and transpiration from plants via
withdrawals of soil moisture by roots, and its annual values will be
significantly higher under the climate scenario, ranging from 68 mm
(+19%) for ERC to 109 mm (+38%) for BRLL (Fig. 8i-j). ET will initiate
earlier in spring for all basins due to earlier snowcover depletion,
ranging from 11 days for BRLL to 25 days for ERC. Sublimation includes
fluxes from the surface snowpack, blowing snow and forest canopy
intercepted snow, and its annual values will decrease significantly
everywhere because of reduced snowfall and the effects on warmer air
temperatures in suppressing blowing snow events and increasing
unloading and melt (drip) of intercepted snow from forest canopies. The
annual decline in sublimation will range from 22 mm (-36%) for ERC to
30 mm (-28%) for BRLL (Fig. 8m-p). Blowing snow transport is the net
flux of snow redistributed by wind within a basin; it does not represent a
net loss or gain of SWE from a basin, but shows the degree of snow
redistribution by wind from open tundras, exposed glaciers and alpine
ridgetops to lee slopes, sheltered locations including glaciers, gullies,
shrubs and treeline forests. Predictions showed that the annual blowing
snow transport loss will decline significantly in the future because of
reduced blowing snow occurrence with rising air temperatures, wetter
snowpacks, and shorter snowcovered periods, and the decreases in snow
transport redistribution will range from 6 mm (-27%) for ERC to 19 mm
(~32%) for BRLL (Fig. 8q-t).

Subsurface storage is the total water storage in soil and groundwater
and is affected by complex interactions amongst ET, subsurface
drainage, and recharges from seasonal snowmelt, glacier firnmelt and
icemelt, and rainfall. Subsurface storage will rise earlier in the spring by
late century, especially in the Bow River basin and its sub-basins, as
result of recharge from earlier snowmelt; whilst the subsurface storage
will decline in summer and autumn due to earlier and faster ET over the
longer summer. Overall, the mean annual subsurface storage will
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decline from 23% to 19% saturation for BRLL and from 17% to 16%
saturation for ERC (Fig. 8u-x). Surface storage is the total storage in
lakes, stream channels, and wetlands, and its mean annual value will
decline slightly under the climate scenario, with declines ranging from
0.4 mm (-18%) for ERC to 2 mm (-28%) for BRLL (Fig. 8y-ab). Glacier
melt is the total melt from glacier firn and ice (does not include glacier
snowmelt) and will decrease significantly in the warmer and deglaciated
future (Fig. 8ac-af). Above Lake Louise, the decrease in the annual
glacier melt will be 35 mm for BRLL and 7 mm for PRLL, the difference
due to the higher remaining glacier coverage in BRLL, 6%, than in PRLL,
1.7%. Annual glacier melt in the BRB will decline by 24 mm, largely
driven by deglaciation upstream of Lake Louise. The decrease in annual
glacier melt will be very small for ERC (-0.05 mm) due to little current
glacier coverage in ERC.

3.4. Changes in snow regime due to climate and concomitant glacier
change

The simulated snow accumulation and ablation regimes for all model
domains were compared between the reference and climate scenario
simulation, including the impact of glacier decline on glacier snowpacks
(Fig. 9), to show changes by the end of the century, where mean annual
changes shown in bold indicate they are statistically significant (p <
0.05). Predictions showed that the annual peak SWE will increase in the
Bow River basins, with significant increases of 3 mm (0.7%) and 30 mm
(4%) in BRB and BRLL, respectively, and an increase of 21 mm (3%) in
PRLL. The timing of peak SWE will advance by 18 days, from 7 May to
19 April in BRLL and PRLL and from 6 May to 18 April in BRB. The ERC
snowpack will decline throughout the season, with a 20 mm (32%)
decrease and one day delay, from 19 April to 20 April, in timing of peak
SWE (Table 4). Future cumulative annual snowmelt volume will in-
crease in the Bow River basin, ranging from 38 mm (5%) in PRLL to 95
mm (11%) in BRLL and 43 mm (7%) in the BRB, whilst decreasing by 55
mm (19%) in the ERC (Table 4). Similarly, the date of seasonal snow-
pack depletion will advance from middle/late August to late July/early
August in the Bow River basin and from early July to mid-June for ERC.
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Fig. 9. Comparison of mean daily snow accumulation (SWE) for the Bow River and Elbow River basins between the reference and climate change simulations. (a)
Bow River at Lake Louise, (b) Pipestone River at Lake Louise, (c) Bow River at Banff, and (d) Elbow River at Calgary. Peak SWE change (A = Climate — Reference) is
bold when statistically significant (p < 0.05). The line represents the mean and the shadow represents the standard deviation of the 15 water year SWE.

14



X. Fang and J.W. Pomeroy

Journal of Hydrology 620 (2023) 129566

Table 4
Snow regime changes between the reference and climate change simulations for the Bow and Elbow river basins.
Reference Climate Change Difference
BRLL PRLL BRB ERC BRLL PRLL BRB ERC BRLL PRLL BRB ERC
Cumulative snowmelt volume (mm) 867 821 648 293 962 859 691 237 95 38 43 —55
Peak SWE (mm) 664 611 444 62 694 631 447 42 30 21 3 -20
Date of Peak SWE 7 May 7 May 6 May 19 Apr 19 Apr 19 Apr 18 Apr 20 Apr —18 days —18 days —18 days 1 day
Snowcover duration (day) 325 317 311 273 291 291 274 227 —-34 —26 -37 —46
Melt rate (mm d*) 5.9 5.9 4.5 0.8 6.5 5.9 4.7 0.8 0.6 0.0 0.2 0.0

As a result, the seasonal snowcover (converse being snow-free period)
duration will decline (increase) everywhere, ranging from 26 days
shorter (longer) for PRLL to 46 days shorter (longer) for ERC. The sea-
sonal snowmelt rate was estimated by dividing the annual peak SWE by
the days from peak SWE to snowpack depletion, and it will increase in
the future from 4.5 mm d™! to 4.7 mm d"! in BRB and from 5.9 mm d! to
6.5 mm d! in BRLL, respectively. In contrast, the snowmelt rates will
remain unchanged in PRLL at 5.9 mm d?! and ERC at 0.8 mm d’
(Table 4).

Reference

3.5. Changes in streamflow regime due to climate and concomitant glacier
change

The future simulations include both climate change and glacier
decline, and predict the annual peak discharge will increase for the Bow
river basins but decrease for the ERC (Fig. 10a-d). Table 5 shows sig-
nificant increases in the annual peak discharge ranging from 0.39 m®s~!
for PRLL to 12.23 m® s™! for BRB, and a significant decrease in the
annual peak discharge of 3.58 m® s~! for ERC. The timing of the annual
peak discharge will advance by 15 to 17 days, from late June to early
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Fig. 10. Streamflow comparison for the Bow and Elbow river basins between the reference and climate change simulations over the 15 water years. (a-d) mean daily
streamflow discharge, (e-h) cumulative streamflow discharge, (i-1) flow duration curve of mean daily streamflow discharge, and (m-n) change in mean monthly
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Table 5

Journal of Hydrology 620 (2023) 129566

Streamflow regime changes between the reference and climate change simulations for the Bow and Elbow river basins. Note that peak streamflow difference (Climate —

Reference) is bold when statistically significant (p < 0.05).

BRLL PRLL BRB ERC BRLL PRLL BRB ERC
Peak streamflow discharge m3s™) Peak streamflow discharge difference m®s™
Reference 26.94 25.28 114.44 39.59 N/A N/A N/A N/A
Climate change 31.54 25.67 126.67 36.01 4.6 0.39 12.23 —3.58
Date of peak streamflow discharge Date of peak streamflow discharge difference
Reference 23 Jun 22 Jun 22 Jun 22 Jun N/A N/A N/A N/A
Climate change 6 Jun 6 Jun 7 Jun 19 Jun -17 -16 —-15 -3
D50 D50 difference
Reference 15 Jun 17 Jun 14 Jun 8 Jun N/A N/A N/A N/A
Climate change 1 Jun 30 May 29 May 27 May —14 -18 -16 -12

June, in the Bow river basins, and will occur three days earlier in the
ERC (Table 5). The timing of onset of spring freshet will advance 38 days
from early May to late March for the Bow river basins and 30 days from
early April to early March for the ERC (Fig. 10a-d). The timing of the
centre of flow volume (D50) will advance 14 to 18 days in the Bow river
basins and 12 days in the ERC (Table 5). Annual streamflow volumes
will increase by 11850, 14130, 106700, and 46,000 dam® for BRLL,
PRLL, BRB, and ERC, respectively (Fig. 10e-h), corresponding to 4%,
8%, 11%, and 18% increases in annual water yields for Bow River at
Lake Louise, Pipestone River at Lake Louise, and Bow River at Banff, and
Elbow River at Calgary, respectively.

The flow duration curve (Fig. 10i-k) shows increases in daily
streamflow for Bow river basins for almost all exceedance probabilities
(EP) under climate scenario. For the 1% EP (return period of 100 years),
daily streamflow will increase by 4.48, 1.7, and 8.78 m® s~ ! for BRLL,
PRLL, and BRB, respectively, and for the 50% EP (return period of 2
years), daily streamflow will increase by 0.76, 0.43, and 4.55 m>s~! for
BRLL, PRLL, and BRB, respectively. There will be less than 2 m®s7!
decreases in daily streamflow for BRLL for the EP between 21% and 45%
and for BRB for the EP between 28% and 39%. The flow duration curve

(Fig. 10D) shows daily streamflow for Elbow River will increase for the
EP greater than 4% (i.e. return period of 25 years or less) and will
decrease for the EP less than 4%, with the greatest decrease of 5.65 m®
s~ ! occurring for the 0.5% EP (return period of 200 years).

The changes in monthly streamflow discharge were calculated by
subtracting the monthly discharge in climate change plus glacier decline
simulation from that in the reference simulation. Fig. 10m-n shows
monthly streamflow in Bow river basins will increase notably for April to
June, with the greatest increases in May, ranging from 8.42 m® s~}
(+142%) for PRLL to 38.28 m? 57! (+105%) for BRB. Monthly
streamflows will decrease in Bow river basins for July to September,
with the greater decreases in July, ranging from 3.28 m> s~ (-19%) for
BRLL to 14.97 m® s~! (-23%) for BRB. For autumn and winter months,
changes in monthly streamflow will be mixed in Bow river sub-basins,
with monthly streamflow in BRLL varying from a 0.7 m® s! decrease
in October to a 0.31 m® s~ ! increase in March and for PRLL ranging from
a0.16 m®s ™! decrease in January and February to a 0.51 m®s ™! increase
in November. In contrast, monthly streamflows will mostly increase in
BRB during autumn and winter months, ranging from 0.33 m® s! in
February to 3.74 m® s~} in November, except for 0.08 m® s~ decrease in
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Fig. 11. Comparison of streamflow regime indices for the Bow and Elbow river basins between the reference and climate change simulations. (a) Rainfall ratio, (b)

snow hydrology ratio, (c) snow damming ratio, and (d) runoff coefficient.
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December. For the Elbow River, monthly streamflow will increase for all
months except for June and July, ranging from increases of 0.93 m® s
(26%) in December to 6.07 m° s~ ! (48%) in May, contrasted with 2.45
m? 57! (9%) and 0.7 m3 s! (6%) decreases respectively in June and
July.

Fig. 11 shows the comparison of 15-WY mean values for the hydro-
logical indices between the reference and climate change plus glacier
decline simulations for each basin. The RR will increase from 0.2 to 0.33
for BRLL and 0.34 for PRLL and will rise from 0.27 to 0.41 for the BRB as
a whole. Bow river basins will remain snowfall-dominated despite the
increasing RR, but not the Elbow River where the RR will increase from
0.54 to 0.68. The SHR will decrease by 0.01, 0.05, and 0.05 to 0.73,
0.74, and 0.66 for BRLL, PRLL, and BRB, respectively, suggesting that
snow hydrology will remain the overwhelmingly dominant runoff
mechanism in the upper Bow River above Lake Louise and will remain
important for the Bow River at Banff. For the Elbow River, the SHR will
decline from 0.42 to 0.3, indicating that rainfall-runoff will become
more dominant and snow hydrology less important by late century. The
SDR will increase by 0.04, 0.01 and 0.02 to 0.43, 0.41, and 0.36 for
BRLL, PRLL, and BRB, respectively, suggesting that snowpack’s storage
as natural water reservoir will rise slightly for Bow river basins. For the
Elbow River, the SDR is currently low, 0.06, and will decline to 0.04,
indicating a very low snowpack storage capacity. The RC will decrease
by 0.04, 0.02 and 0.02 to 0.52, 0.55, and 0.48 for BRLL, PRLL, and BRB,
respectively, suggesting a future decline in streamflow generation effi-
ciency for Bow river basins. For Elbow River, the RC will increase by
0.02 to 0.33, but streamflow generation efficiency will remain low.

3.6. Glacier falsification

In Falsification 1 (i.e. WRF CTL climate with a diminished RCP8.5
projected glacier coverage), annual streamflow volume declines by
24400, 1130, and 36,960 dam? for BRLL, PRLL, and BRB, respectively
compared to the reference simulation (Fig. 12a-c). The reduced
streamflow volume can be completely attributed to the 99% decrease in
glacier ice volume projected by RCP8.5, in this case running with the
WREF CTL climate. This falsification estimates a current glacier wastage
contribution of 8.9%, 0.6%, and 3.7% of annual streamflow for Bow
River at Lake Louise, Pipestone River at Lake Louise, and Bow River at
Banff, respectively. For ERC, there was a minimal decrease (i.e. 10
damg) in annual streamflow volume with glacier removal from the basin
(Fig. 12d), suggesting a negligible current glacier wastage contribution
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to the flow of the Elbow River at Calgary.

In Falsification 2 (i.e. WRF PGW climate with the current RGI 3.2
glacier coverage), the annual glacier ice and firn melt will increase by
90 mm (184%), 42 mm (274%), and 52 mm (163%) for BRLL, PRLL, and
BRB (Fig. 12e-g), indicating significantly higher annual glacier wastage
contributions to the Bow river basins if the future climate also had the
current RGI 3.2 glacier coverage. In contrast, the increase in glacier
wastage for this falsification was very small (0.05 mm) for ERC as result
of its very limited current glacier coverage (Fig. 12h).

4. Discussion

Uncalibrated hydrological simulations forced by WRF near-surface
meteorological variables at 4 km during 2000-2015 can make reason-
able and useful predictions of seasonal snow accumulation, snowmelt,
and streamflow for headwater river basins in Canadian Rockies
compared to field observations. This is encouraging given the complex
mountain terrain, high heterogeneity of land cover and uncertainty in
initial and boundary conditions in these basins. The 4-km WRF near-
surface meteorological variables were found to be biased when
compared to detailed weather station observations from a small, well-
instrumented mountain research basin near to the BRB and ERB, and
bias correction by downscaling these 4 km WRF variables to observa-
tions improved hydrological simulations with a similar CRHM model
(Fang and Pomeroy, 2020). However, observations are very sparse in the
BRB and ERC, especially at high elevations, and this restricted oppor-
tunities to correct for WRF biases in this study, thus these WRF variables,
especially precipitation, without bias correction can cause the model
unable to capture the extreme events such as the 2005 and 2013 floods
and 2008 and 2011 high flows in the ERC. Earlier modelling studies of
the Bow River headwaters have forced models either using sparse
weather station observations (Farjad et al., 2016) or coarse-resolution
numerical weather prediction outputs that were bias-corrected to a
single climate station (Gobena and Gan, 2010). The sparse or coarse-
resolution forcing data was not able to fully resolve mountain topog-
raphy and models were heavily calibrated to streamflow, which may
have also compensated for errors in the forcing data, thereby intro-
ducing an unacknowledged uncertainty in applying these models for
assessing future mountain hydrology from climate change. The uncali-
brated approach with dynamically downscaled climate model forcings
used here makes differences between predictions and observations fully
apparent and does not attempt to compensate for biases in forcing
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Fig. 12. Comparison of mean cumulative streamflow and glacier melt for the Bow and Elbow river basins over 15 water years between the reference and (a-d)
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meteorology, thereby providing a more certain hydrological response to
the dynamics of future climate, with known model deficiencies.

Uncalibrated hydrological modelling using CRHM can reproduce the
seasonality of the observed streamflow for the Bow River headwater
basins, reflecting operation of the physically based routines for snow
accumulation, redistribution and melt. However, the model does have
some deficiency in simulating streamflow for the Bow River at Lake
Louise that contains higher glacier coverage, likely attributed to the
general representation of routing for glaciers, in that firn and ice melt is
routed through linear reservoirs represented by firn and ice storage
before being released to and routed through the subsurface and
groundwater. Subsequently, the slower routed glacier melt water to
streamflow resulted in slightly higher winter flow for Bow River at Banff
compared to the observation. Recent hydrological modelling using
CRHM showed good streamflow predictions for Peyto and Athabasca
glacier basins in the Canadian Rockies (Aubry-Wake and Pomeroy, in
review; Pradhananga and Pomeroy, 2022b), suggesting that streamflow
simulation for glaciers can be improved with more specific routing
sequence for individual glaciers. In addition, the flashness in streamflow
simulation for Elbow River, especially the rainfall-generated stream-
flow, reflects some challenges in routing flow in narrow mountain val-
leys and in representing large and complex foothills and agricultural
regions with a relatively few numbers of HRUs. These limitations limit
model performance and because it is uncalibrated are very apparent
when examining synthesized streamflows in comparison to measured
ones.

As the Bow River headwater basins contain large variations in
elevation, aspect and slope and high heterogeneity of land cover, the
model considers different HRUs based on criteria of elevation, slope and
aspect for glacier, alpine rock and tundra as well as land cover types.
This model complexity is decided upon using the deductive and
abductive reasoning approach described by Pomeroy et al. (2013). That
is, the deductive reasoning utilizes known physical laws and relation-
ships to derive information from existing basin inventories and applies
rule-based continuity equations for predictions, while abductive
reasoning emphasizes the inference of information from research basins
in the region. This study avoids the inductive reasoning when deciding
model complexity, as such approach replies on calibration of current
observations that can shift in the future climate and would be biased due
to the synthetic meteorology used to force the model. Since the optimal
model complexity is likely to change in a warming cold region such as
the Canadian Rockies, this model’s spatial and process complexity was
felt to be important to permit robust simulations and physical process
diagnosis of future changes in mountain hydrology.

The basins of the Bow River at Banff and Elbow River at Calgary will
warm up significantly, by 4.7 and 4.5 °C, and will receive 12% to 15%
more precipitation annually under the business-as-usual climate change
scenario (RCP8.5); the warmer and wetter future climates are similar to
other findings for the late 21st century found in this region (Fang and
Pomeroy, 2020; Kienzle et al., 2012). Under climate change, annual
precipitation will transition towards more rainfall and less snowfall for
all basins, with the Bow river basins remaining snowfall-dominated
whilst the Elbow River will become a rainfall-dominated regime. For
all basins, rainfall will increase for all seasons except for summer when
overall precipitation will decline, in contrast, snowfall will decrease for
all seasons except for winter. For both historical and future climates,
winter precipitation accounts for 50% or more of annual precipitation
for the Bow River basins, whilst spring precipitation contributes at least
45% of annual precipitation in Elbow River at Calgary. This is associated
with the difference in seasonal weather patterns between the Bow River
and Elbow River basins (Thériault et al., 2015; Wood et al., 2018). Pa-
cific air masses produce storms that cross the continental divide from the
west and precipitate over the Central ranges of Canadian Rockies in
winter, whilst continental air masses generate infrequent but large up-
slope storms coming from the east and precipitating over the Front
Ranges of Canadian Rockies in spring. Under climate change, both the
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Bow River and Elbow River basins will experience reduced blowing
snow transport, diminished sublimation losses from blowing snow in the
alpine and intercepted snow in forests, shorter snowcovered periods and
earlier snow depletion. These changes are consistent with snow process-
based modelling results for warmer and wetter climates in Canadian
Rockies Front Ranges (Fang and Pomeroy, 2020; Lapp et al., 2005;
Pomeroy et al., 2015; Rasouli et al., 2022; Tanzeeba and Gan, 2012),
Central Ranges (Aubry-Wake and Pomeroy, in review) and other high
mountain basins (Lopez-Moreno et al., 2013, 2020; Marty et al., 2017).
The decline in snowpacks throughout the season in the Elbow River
Basin under the climate scenario appear to be influenced by warmer
Chinook events, which develop frequently in the Front Ranges and
foothills of Canadian Rockies and result in snowcover depletion from
rapid melt and sublimation (MacDonald et al., 2018). In contrast, the
higher peak snow accumulation and melt volumes under climate change
in the Bow River basins will result from the winter maximum in seasonal
precipitation increases predicted for these basins. The results also
caused mixed responses in snowmelt rates under climate change, with
slightly higher melt rates for the Bow River at Banff but unchanged rates
for Elbow River at Calgary, which both contrast with predictions of
slower snowmelt rates in a warmer climate for this region (Musselman
etal., 2017). The Bow River headwaters contain a range of ecozones that
span a large elevational gradient, and the response of snowmelt rates to
climate change varies in these ecozones due to the complex interplay
amongst changes in air temperature, precipitation, snow redistribution,
albedo decay, and seasonal variation in radiation fluxes to snowpack
(Fang and Pomeroy, 2020; Lopez-Moreno et al., 2020).

This study assessed the glacier contributions to streamflow in Bow
River headwaters based on a comparison of simulated mean annual
streamflow volumes between hydrological models with current glacier
coverage and a falsification consisting of a 99% reduction in glacier
coverage for the same climate. This is the same modelling approach for
investigating glacier contribution to streamflow in Bow River above
Lake Louise employed by Naz et al. (2014) and for the Peyto and
Athabasca glacier basins (Pradhananga and Pomeroy, 2022b). For the
Bow River at Banff, the 3.7% glacier (ice plus firn melt) contribution to
mean annual streamflow during 2000-2015 from this study is lower
than the 4.9% during 2000-2009 estimated by Bash and Marshall
(2014) and is higher than the 1.98% estimated during 1952-1993 by
Hopkinson and Young (1998), the 2.2% during 1975-1998 by Comeau
et al. (2009), and the 2.8% during 1976-1998 by Demuth et al. (2008).
These differences result from the different initial glacier coverage,
interannual variabilities in streamflow and glacier wastage during these
different periods (Bash and Marshall, 2014; Demuth et al., 2008), glacial
retreat influence on glacial wastage (Naz et al., 2014) and differences in
melt calculation methodologies which range from temperature index
estimates to energy balance melt models and various forcing meteorol-
ogies and scales.

As aresult of shorter snowcover duration and earlier depletion under
climate change, the onset of the spring snowmelt freshet advanced from
May to late March for the Bow river basins and to early March for Elbow
River. Streamflow declined during July and August for Bow river basins
and during June and July for Elbow River under climate change because
of higher evapotranspiration loss, reduced redistribution of snow
causing faster snowpack depletion, earlier meltwater availability, and
reduced alpine summer snowmelt and glacier melt. The impact later in
summer in the Bow River is because of its greater glacier melt contri-
bution and one-month longer persistence of snowpacks. The shift in
spring snowmelt freshet and decline in summer streamflow with climate
change have been found for many snow-dominated basins in Canadian
Rockies (Fang and Pomeroy, 2020; Islam and Gan, 2015; Kienzle et al.,
2012; Rood et al., 2008) and glacier melt dominated basins where
climate change is accompanied by deglaciation (Aubry-Wake, 2022).
The annual peak discharge under climate change increased for the Bow
River basins but decreased for the Elbow River; this is due to the Bow
River basins being much more dominated by snow hydrology, and
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having higher seasonal peak snowpacks and snow damming ratios for
storing water to feed the spring freshet compared to the Elbow River
Basin. Nevertheless, both basins will have substantial increases in
annual discharge volumes, 11% for Bow River at Banff and 18% for the
Elbow River at Calgary, under climate change. The increase in annual
streamflow volume with climate change for the Elbow River is very
comparable to values found for other Canadian Rockies basins (Fang and
Pomeroy, 2020; Kienzle et al., 2012), whilst the smaller increase for the
Bow River is attributed to diminished glacier contributions to stream-
flow under climate change. For the two upper Bow River basins, the
projected 4% increase in annual streamflow for Bow River at Lake Louise
is lower than 8% increase for the Pipestone River at Lake Louise. This
reflects the reduced glacier contribution to streamflow suppressing the
effect of higher precipitation in the high mountain, partly glaciated and
lake dominated basin of the Bow River above Lake Louise compared to
steep, sparsely glaciated, high mountain environments of the Pipestone
River Basin.

The projected increases in streamflow for Bow River headwaters
contrast with earlier studies indicating declines in streamflow for this
region in the 21st century (Farjad et al., 2016; Islam and Gan, 2015).
Decreasing streamflow from these earlier studies is attributed to coarse
GCM/RCM scale forcing data that have high degree of uncertainty and a
large inter-model variability in future precipitation for the Canadian
Rockies. Low resolution climate models cannot reliably predict high
mountain precipitation and convective storms in mountains that are
important in governing the hydrology of the eastern slopes of the Ca-
nadian Rockies. The dynamically downscaled climate change scenario
and forcing data from WRF-PGW for this study is felt to be an
improvement on previous studies in the region that used statistically
downscaled RCMs or GCMs that could not directly resolve mountain
meteorology and precipitation processes. WRF-PGW is bounded by re-
sults from a 19-model RCM-GCM ensemble mean change imposed on
ERA-Interim forcing, permits explicit convective storm microphysics
representation and can resolve sharp mountain topography and orog-
raphy with its 4-km resolution. This study took advantage of the WRF-
PGW approach by running hydrological simulations with the 19-
model ensemble mean change instead of each RCM-GCM projection to
avoid large uncertainties resulted from inter-model variability. Limita-
tions of this dynamically downscaled approach include the lack of
multiple representations of future climate to permit assessment of
forcing uncertainty, introducing imbalances to lateral boundary forcing
by adding nonlinear terms in climate change signal, and the inability to
track future storms and estimate the changes in future storm frequency
and intensity as a result of non-representation of nonlinear interactions
between atmospheric circulation changes and climate warming (Li et al.,
2019). The research of Gizaw and Gan (2016) and Sillmann et al. (2013)
has suggested that more frequent and intensive storm events in spring
and summer are expected for the Canadian Rockies in late 21st century,
which could lead to a higher risk of future flooding. WRF-PGW can
represent how past atmospheric dynamics will play out in a warmer,
wetter atmosphere, but not these new atmospheric dynamics and thus
caution should be taken in interpreting the results for peak annual flows.

This study examined the hydrological impact of climate change from
the worst-case high emission scenario represented by the “business-as-
usual” RCP8.5 scenario, while there are other emission scenarios such as
low emission (RCP2.6) and medium emission (RCP4.5) scenarios. The
projected median changes for 2081-2100 relative to 1986-2005 based
on CMIP5 multi-model ensemble include annual mean air temperature
warming by 1.7 °C in RCP2.6 and 2.9 °C in RCP4.5 and annual precip-
itation increasing by 6.8% in RCP2.6 and 9.2% in RCP4.5 for Alberta
(Environment and Climate Change Canada, 2023). Assessing the hy-
drological impact of these low to medium emission scenarios is recom-
mended for the future study to explore the uncertainties among these
climate change scenarios, and some caution should be taken when
interpreting this study’s results using the RCP8.5 scenario. In addition,
the 99% reduction in the glacier ice volume under the RCP8.5 climate
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change scenario was guided by a RCP8.5 deglaciation projection value
of glacier volume for the southern Canadian Rockies (Clarke et al.,
2015). This RCP8.5 deglaciation projection is based on multi-model
GCM ensemble mean and has uncertainties in GCM future climate pro-
jections, ice dynamics modelling and the surface mass balance model,
especially its empirical melt parameters. These uncertainties could
affect the future glacier extent projection and should be borne in mind
when interpreting the results.

The results also suggest earlier snowmelt recharge of subsurface
moisture in spring and lower subsurface moisture storage throughout
the summer as a result of reduced snow redistribution, earlier and faster
snowmelt, higher evapotranspiration and lower late summer precipita-
tion under climate change. This could prolong the fire season (Morgan
etal., 2008; Westerling et al., 2006) and increase risk of forest fire in this
region (Macias Fauria and Johnson, 2008; Mori and Johnson, 2013). The
projected warmer winter air temperature under climate change could
develop favourable conditions for mountain pine beetle infestation and
other forest diseases (Aukema et al., 2008; Woods et al., 2005). Impacts
of forest disturbances (Pomeroy et al., 2012) and effects of combined
climate, forest, and soil changes (Rasouli et al., 2019b) on hydrological
processes have been examined for Marmot Creek, a small Canadian
Rockies headwater basin. Such studies of combined climate, glacier,
forest, and soil changes on hydrological processes and basin response are
needed for the larger Canadian Rockies-sourced river basins to see how
the combined impacts scale up to larger river basins and to better inform
water resources and forest management adaptation to climate change.

5. Conclusions

This study developed physically based hydrological models using the
CRHM platform that were forced with 4-km WRF near-surface meteo-
rology outputs in CTL (i.e. 1 October 2000 to 30 September 2015) with
current glacier coverage and pseudo global warming (PGW, i.e. 1
October 2084 to 30 September 2099) with Representative Concentration
Pathway 8.5 (RCP8.5) projected glacier coverage to diagnose the future
changes in hydrology caused by the concomitant climate and glacier
changes in several Bow River headwater basins. Model evaluations using
the observed snow accumulation and streamflow showed that the model
is able to provide reasonable predictions of snow accumulation, snow-
melt, and streamflow for these basins, except for adequate streamflow
predictions for Bow River at Lake Louise and Elbow River. Under the
business-as-usual climate change (RCP 8.5) represented by the PGW
period, the basins of the Bow River at Banff and Elbow River at Calgary
will warm by 4.7 and 4.5 °C, respectively, and receive 12% to 15% more
precipitation annually, with both basins experiencing a greater pro-
portion of precipitation as rainfall. As a result, increases in annual
rainfall ranging from 158 mm (442%) for basins of the Elbow River at
Calgary to 198 mm (+86%) for the Bow River at Lake Louise and de-
creases in annual snowfall ranging from 49 mm (-5%) for the basins of
the Bow River at Lake Louise to 71 mm (-22%) for the Elbow River at
Calgary will occur. The high mountain winter snowfall will increase by
from 11 mm (8%) for basins of the Elbow River at Calgary to 73 mm
(11%) for the Bow River at Lake Louise, despite the decline in spring and
summer snowfall. Hydrological processes will have complex responses
to the future climate, including annual ET increases ranging from 68 mm
(+19%) for basins of the Elbow River at Calgary to 109 mm (+38%) for
the Bow River at Lake Louise, lower annual sublimation, ranging from
22 mm (-36%) for basins of the Elbow River at Calgary to 30 mm (-28%)
for the Bow River at Lake Louise, slightly lower annual mean subsurface
moisture content, but greater soil drying in late summer, and surface
storage in lakes, stream channels, and wetlands decreasing by 0.4 mm
(-18%) for basins of the Elbow River at Calgary to 2 mm (-28%) for the
Bow River at Lake Louise. Common snow regime changes under the
climate change between the basins of Bow River and Elbow River will
include earlier snowcover depletion and substantially shorter snowcover
duration, with declines ranging from 26 days for the basins of the
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Pipestone River at Lake Louise to 46 days for the Elbow River at Calgary.
Sublimation losses from blowing snow transport and snow interception
will decline substantially in all basins due to warmer winters suppress-
ing blowing snow transport and increasing unloading of snow from
forest canopies. Contrasting snow regime changes will include an
increasing annual peak SWE from 3 mm (+0.7%) for basins of the Bow
River at Banff to 30 mm (+4%) for the Bow River at Lake Louise, higher
annual snowmelt volume from 38 mm (45%) for the Pipestone River at
Lake Louise to 95 mm (+11%) for the Bow River at Lake Louise, con-
trasting with 20 mm (-32%) lower peak SWE and 55 mm (-19%) less
snowmelt volume for the basin of the Elbow River at Calgary. Snowmelt
rates will increase or remain unchanged, ranging from 0.2 mm d! faster
snowmelt rates for the basin of the Bow River at Banff and no change in
melt rate for the Elbow River at Calgary. The faster areal snowmelt is
due, in part, to reduced snow redistribution from suppression of blowing
snow and snow interception processes in warmer winters. Annual peak
discharge for the Bow River at Banff under climate change will increase
by 12.23 m® s7! and its timing will advance by 15 days, with an 11%
higher annual water yield. Despite the increase in annual water yield,
there will be a slight decline in streamflow generation efficiency for the
Bow River at Banff due to the loss of most glacier contributions to
streamflow under climate change by late 21st century. In contrast, peak
discharge will decrease by 3.58 m® s™! and occur 3 days earlier, with
18% greater annual water yield in the Elbow River at Calgary under
climate change. Despite a slight increase in the runoff coefficient under
climate change, the Elbow River at Calgary will remain a relatively low
water yield basin due to its reliance on rainfall-runoff to support
streamflow.
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