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Abstract The North Saskatchewan River basin is a large watershed in central Alberta that
provides water for a range of stakeholders, including large municipalities, agricultural
operations, power generation, and resource extraction industries. This study assesses poten-
tial future changes in snowpack for the North Saskatchewan River watershed in response to
a range of GCM-derived climate warming scenarios representing the periods from 2010-
2039 (2020s), 2040-2069 (2050s), and 2070-2099 (2080s). The GENESYS (GENerate Earth
SYstems Science input) spatial hydrometeorological model is applied to simulate potential
changes in the zero degree isotherm, precipitation phase, watershed average maximum
spring snow water equivalent (SWE), the dates of maximum and minimum SWE, and
snowmelt period for these future climate scenarios. Climate warming is likely to result in
an upwards shift in elevation of the zero degree isotherm, with a transition to more
precipitation occurring as rain than snow. Although watershed average maximum SWE
may not change under future conditions, the timing of spring snowmelt onset is likely to
change under the future climate scenarios applied. It is demonstrated that increased air
temperatures are expected to result in substantial changes in snowpack processes in the
North Saskatchewan River watershed.

Keywords Climate change - Snowpack - Mountain hydrology
1 Introduction

Mountainous regions are the main water source for many of the world’s river systems
(Beniston et al. 1997). Changes in mountain snowpack have been observed across North
America (Cayan et al. 2001; Mote et al. 2005; Stewart 2009), with up to 60 % of climate-
related trends over the Western United States from 1950 to 1999 attributed to human-
induced climate warming (Barnett et al. 2008). Mountain snow accumulation is expected
to decline with continued atmospheric warming (Beniston 2003; Hamlet and Lettenmaier
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1999; Lapp et al. 2005), reducing snowmelt contributions to streamflow in mountainous
regions (Barnett et al. 2005). These changes, compounded by enhanced landscape distur-
bance due to wildfire and pest outbreaks (Flannigan et al. 2005; Hicke and Jenkins 2008;
Littell et al. 2009) would significantly affect water supply from snow dominated regions.
This anticipated reduction in available water for both human and ecosystem needs poses a
substantial challenge for future water resource management (Harma et al. 2011).

Numerous studies have documented hydrological changes in snow dominated regions,
including earlier melt onset (Cayan et al. 2001; Mote et al. 2005; Stewart et al. 2004; Stewart
et al. 2005; Stewart 2009; Clow 2010) and decreases in mean annual streamflow (Zhang et
al. 2001; Rood et al. 2005; St. Jaques et al. 2010). However, few studies have quantified the
potential future impacts of climate change on snowpack for the eastern slopes of the
Canadian Rocky Mountains (Cohen 1991; Lapp et al. 2005; Valeo et al. 2007).

Snowpack from watersheds on the eastern slopes of the Canadian Rocky Mountains is an
important source of water for the western prairie provinces of Alberta, Saskatchewan and
Manitoba (Schindler and Donahue 2006), particularly from the North Saskatchewan water-
shed. This watershed is subject to the 1969 Master Agreement on Apportionment, which
dictates that Alberta must allow 50 % of the annual natural flow to enter the province of
Saskatchewan, while maintaining minimum in-stream flow requirements (North Saskatchewan
Watershed 2005). In addition to maintaining adequate streamflow for downstream users,
reservoir operations on the upper North Saskatchewan are at risk, as the reliability of reservoirs
could decrease under future climate change (Minville et al. 2009; Minville et al. 2010). In order
to adequately manage this system, it is important to understand how snowpack in the North
Saskatchewan headwaters may change in the future.

We quantify potential changes in SWE in the North Saskatchewan River watershed for
the 2020s (2010-39), 2050s (2040-69), and 2080s (2070-99) relative to the historical 1961 to
1990 period, by applying a range of future climate scenarios to a high resolution hydrome-
teorological model. Model outputs are analyzed to define potential changes in the zero
degree isotherm and shifts in the proportion of precipitation falling as snow. Potential
changes in annual maximum basin SWE (mm) and spatial changes in the timing of
maximum and minimum SWE (days) are also quantified for the entire watershed.

2 Study Area

The study area comprises the mountain headwater region of the North Saskatchewan River
watershed originating at the Columbia Icefield, as well as the foothills region east of the Rocky
Mountains (Fig. 1). This 20,527 km?* portion of the North Saskatchewan River watershed
contributes the majority of streamflow to the North Saskatchewan system, and constitutes the
total contributing area for all hydroelectric generation upstream of Edmonton, Alberta.

The study region is characterized by a cool, wet continental climate. At the Bighorn climate
station, located in the center of the watershed, normal (1971 to 2000) annual air temperature was
2.7 °C and average annual total precipitation was 493 mm (Environment Canada 2010; Table 1).
The watershed is characterized as topographically diverse, with an elevation range from 752 m to
3184 m (Fig. 2). The study region is densely vegetated; with 56 % of the watershed area covered
by coniferous, 5 % deciduous, and 2 % mixed forest. The remaining 37 % of the region is crop
land, grassland, shrubland and glacier (Circa, 2000). In 2000, 1.5 % of the study region was
glaciated and contained an estimated 21 km? of active glacial ice (Booth et al. 2010). The geology
of the North Saskatchewan River headwaters is comprised primarily of Triassic to Tertiary shale
and sandstone (Gadd 1995). A range of land uses are present including forestry, mining,
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Air temperature verification sites
Long-term climate stations
Snow pillows

Snow surveys

Fig. 1 Upper North Saskatchewan River watershed, Alberta, Canada. Locations of air temperature and snow
data sites used in the modelling are identified

petrochemical operations, and hydro electric generation. The hydro electric industry is heavily
reliant on streamflow, as the Bighorn and Brazeau Dams on the Bighorn and Brazeau Rivers have
the capacity to produce approximately 408, 000 and 397, 000 MWh, respectively, on an annual
basis (Transalta 2009). In addition to hydro electric power generation, the North Saskatchewan
River provides drinking water for several downstream urban areas, including the Edmonton
Metropolitan region with a population of 1.1 million (City of Edmonton 2010).
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Table 1 Normal (1971-2000) monthly and annual air temperature (°C) and precipitation (mm) for the
Bighorn climate station located in the center of the study area

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Air temperature (°C) —-9.1 -63 -2.7 28 7.5 115 140 133 87 38 -3.7 -73 2.7
Precipitation (mm)  24.1 15.0 194 27.1 62.6 76.6 76.9 70.4 53.1 30.0 183 19.8 493.0

3 Methods
3.1 Meteorological Data

Three Environment Canada climate stations: Nordegg (1320 meters above sea level (m)),
Bighorn Dam (1341 m), and Clearwater (1280 m), provided daily air temperature and
precipitation input data to drive the model (Table 2, Fig. 1). A continuous daily air
temperature and precipitation time series from 1960 to 2008 was created for each of the
three driver stations by infilling data gaps for 25 %, 20 %, and 31 % of the records for the
Bighorn, Nordegg and Clearwater climate stations, respectively. This was completed using
linear relationships derived between each station and other nearby climate stations.

For model calibration and validation, air temperature data were available at 12 sites which
were either fire lookout towers or meteorological stations (Table 2, Fig. 1). These 12 sites ranged
in elevation from 1070 to 2316 m, and recorded data for varying time periods between 1976 and
2007 (Alberta Environment 2009; Smith 2009). SWE data from 11 snow survey sites (Table 2,
Fig. 1) with at least one measurement per year for the 1978-2008 period were also obtained from
Alberta Environment (Alberta Environment 2009). SWE data from three more recently installed
snow survey sites were also obtained for the 2002 to 2006 period from the Foothills Orographic
Precipitation Experiment (Smith 2009). Daily SWE data (2001 to 2008) from two snow pillows at
Limestone Ridge and Southesk (Table 2, Fig. 1) were also obtained from Alberta Environment
(Alberta Environment 2009). Both snow pillows are located in clearings within open spruce
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Table 2 Summary of air temperature and SWE data used

Name Elevation (m) Observed Time Period Observed Variable
(AE) Bow Summit 2080 1998-2007 Air temperature
Baldy LO 2083 1960-2007 Air temperature
Cline LO 2050 1975-2007 Air temperature
Grave Flatts LO 2074 1960-2007 Air temperature
Parker Ridge 2023 1978-2007 Air temperature

Ram Falls 1641 1989-2007 Air temperature

Sask River Crossing 2 1392 1976-2007 Air temperature
Scalp Creek 2042 1982-2007 Air temperature
Upper Parker Ridge 2317 1998-2007 Air temperature
Brazeau Reservoir 970 1977-2008 SWE

Brown Creek 1340 1977-2008 SWE

Crimson Lake 970 1973-2007 SWE

Golden Eagle 2090 19852008 SWE

Job Creek 1 2100 1985-2008 SWE

Job Creek 2 2005 1993-2008 SWE

Limestone Ridge 1950 1983-2008 SWE

Limestone Snowpillow 1950 2001-2008 SWE

Nigel Creek 1920 1968-2008 SWE

Nordegg 1465 1974-2008 SWE

Southesk 2200 19862008 SWE

Southesk Snowpillow 2200 2006-2008 SWE

Watchman Creek 1830 1985-2002 SWE

Caroline (ABO) 1070 2002-2006 SWE/Air temperature
Clearwater RS (AB1) 1280 2002-2006 SWE/Air temperature
Limestone West (ABS) 2120 2002-2006 SWE/Air temperature

forests (J. Pedlar and R. Pickering, Alberta Environment, pers. comm.). Given data gaps in these
records, however, only years with complete time series were used to validate modelled SWE
(Limestone Ridge: 2001-2007; Southesk: 2007-2008).

3.2 Air Temperature and Precipitation

Monthly maximum and minimum air temperature lapse rates were used to estimate daily air
temperature as a function of elevation and month. The initial temperature simulations
applied maximum and minimum air temperature lapse rates derived from the Parameter
Elevation Regression on Independent Slopes Model (PRISM) 1971 to 2000 monthly normal
temperature grids (Daly et al. 2008). Application of these lapse rates resulted in over
simulations of both maximum and minimum air temperatures. The derived PRISM lapse
rates were then calibrated to measured monthly average maximum and minimum air temper-
atures by iteratively changing the lapse rate to minimize the difference between observed
and simulated monthly air temperature values at eight high elevation fire stations (Fig. 1 and
Table 2). The resultant lapse rates for each month are presented in Table 3. These monthly
lapse rates were applied to daily temperature values at the driver stations to predict air
temperature over the study area based on elevation change from the driver station. Three
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Table 3 Monthly calibrated lapse rates for maximum and minimum temperature (°C km™ ')

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Tmax 59 5.8 5.7 6.4 6.7 7.6 6.6 6.2 6.0 7.5 6.7 6.8
Tmin 0.4 0.3 3.6 45 3.7 49 4.4 33 2.1 2.6 2.3 0.9

Alberta Environment temperature sites (AB 0, AB 1, AB 5) ranging in elevation from 1070
to 2120 m were used to validate the simulated daily air temperature values (Table 1, Fig. 1).

To estimate spatial precipitation values, the Generate Earth Systems Science input model
(GENESYS) applies a monthly spatial correction determined using monthly precipitation values
also derived from PRISM (see MacDonald et al. 2009). Precipitation estimates were validated
using only SWE data which were available for all of the snow surveys as well as the Limestone
Ridge and Southesk snow pillows. Given SWE represents the amount of water within a
snowpack, it was assumed that SWE provides a reasonable surrogate for accumulated precipita-
tion over the winter.

3.3 Hydrometeorological Model

The GENESYS hydrometeorological model was applied to assess potential changes in
mountain snowpack in the upper North Saskatchewan River watershed in response to
General Circulation Model (GCM)-derived scenarios of future climate. The GENESYS
model has successfully simulated snow water equivalent (SWE) for both the St. Mary
(MacDonald et al. 2009) and Oldman River watersheds (Lapp et al. 2005).

The GENESYS model integrates a geographic information system (GIS) and a series of
physical subroutines to estimate hydrometeorological variables at high spatial resolution on
a daily time step over the study watershed. To apply the physical subroutines spatially, the
GENESYS model is linked to terrain categories (TCs) derived using a GIS. TCs for the
upper North Saskatchewan River watershed were derived from a GIS overlay analysis of
sub-watershed boundaries, 100 m elevation bands, and nine land cover types available from
the Circa 2000 Land Cover dataset (National Land and Water Information Service 2008).
This results in 997 individual TCs ranging in area from 100 m” to 1.6 km?. For each TC,
mean slope, aspect, and elevation values were derived. The physiographical characteristics
of each TC were used as parameters in determining the hydrological balance.

The daily hydrological balance was calculated for each TC using Eq. 1, which represents
the hydrological balance when snow is present:

SWE(Q = SWE(,,l) + P(t) — I(,) — S(,) — R(t) — IF(t) (1)

where SWE is the snow water equivalent (mm), P is simulated daily precipitation (rain or
snow; mm), / is canopy interception (mm), S is sublimation (mm), R is runoff (mm), /F is
infiltration (mm) and 7 is the time step (days). If the snowpack is completely removed, the
hydrological balance is calculated using Eq. 2 to account for evapotranspiration (£7; mm),
and soil moisture conditions (SM,; mm):

SM sy = SM;—1) + Py — Iy — ET() — Ryy), (2)

The phase of precipitation is defined using a rain/snow partitioning algorithm derived by
Kienzle (2008), which applies a sine curve and mean daily and threshold air temperatures to
determine the proportions of rain and snow. Snow interception is calculated based on
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Hedstrom and Pomeroy (1998), using Leaf Area Index (LAI) from the MODIS LAI dataset
(Land Processes Distributed Active Archive Center 2008) and air temperature. Rain
interception is calculated empirically from Von Hoyningen-Huene (1983). Sublimation is
calculated as per Déry et al. (1998), which accounts for changes in snow and atmospheric
conditions. Sublimation is estimated for both open and forested areas; however, in forested
portions of the watershed estimates are only made in the canopy, as we assume relatively low
sub-canopy atmospheric turbulence (Oke 1987). The inputs to the sublimation routine
calculated in the GENESYS model include total incident radiation (W m?), daily average
air temperature, relative humidity (%), and wind speed (m s '). Total incident radiation is
calculated using the Arc GIS solar radiation tool (ESRI 2008). Relative humidity values are
calculated using the method described by Glassy and Running (1994), where the dew point
temperature is assumed to equal the daily minimum air temperature. A mean 10 m wind
speed of 15 ms ™' is used for the calculation of sublimation, as this was the wind speed used
by Déry et al. (1998) and resulted in reasonable estimates of sublimation when used by
MacDonald et al. (2009).

Snowmelt is calculated using a temperature-index melt routine developed by Quick and Pipes
(1977). The melt factor used in the snowmelt routine was calibrated using snow pillow data to
2.2 mmday ' °C"', and assumed constant over the simulation period. The assumption of a static
melt factor is not physically based, and may therefore limit future applications. However, given
the data availability of the North Saskatchewan River watershed, it is not feasible to calculate the
snow melt energy balance; thus, the routine used in this simulation is considered suitable for this
application. Debele et al. (2010) also demonstrated that temperature-index methods are suitable
when data are limiting. The effects of a static melt factor are minimized by only allowing melt to
occur once the snowpack cold content reaches zero (MacDonald et al. 2009).

Soil infiltration is calculated as a proportion of daily snowmelt and rainfall, until saturation is
reached; saturation values vary spatially depending on soil characteristics. Spatial soil charac-
teristic were defined using a GIS overlay analysis with unpublished soils data from Banff
National Park, Alberta provided by Parks Canada (A. Buckingham, pers. comm.) and land cover
type. For each land cover type, mean soil depth and porosity were averaged and subsequently
extrapolated over the watershed. Evapotranspiration was calculated based on a modified
Penmann-Monteith method developed by Valiantzas (2006). Runoff is generated following
complete soil saturation (i.e., some proportion of snowmelt and/or rainfall exceeds the soil water
holding capacity). Although runoff'is calculated, GENESY'S does not incorporate runoff routing
capabilities due to the complexities of defining the sub-surface characteristics of mountain
watersheds (Magruder et al. 2009). Thus runoff output was not used in this analysis.

3.4 GENESYS Model Verification

Verification of air temperature simulations was completed using linear regression between
simulated and observed daily air temperature values at sites AB 0, AB 1 and AB 5. SWE
simulations were verified using both snow survey and pillow data, using linear regression to
determine the performance of the SWE model at each of the eight sites within the watershed
(Fig. 1). SWE variation at snow survey sites was modelled on a daily time step, enabling
direct comparison of modelled SWE to snow survey measurements on the sampling date.
The two snow pillow records provided an additional test of the ability of the model to
simulate daily SWE values.

MODIS snow cover data were used to determine the model’s ability to simulate snow cover
extent (Hall et al. 2007). While MODIS data (500 m x 500 m) were available every 8 days from
July 4, 2002 to the present, we used only spring (March, April, May) days with<5 % cloud
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cover. Simulated SWE values from GENESYS were interpolated to a 500 m x 500 m grid for
comparison with the MODIS dataset. The goodness of fit between modelled and simulated
snow cover extent was calculated with the Hassen-Kuipers skill score (KSS), which results in a
range of values between -1 and 1, where 1 is a perfect fit (Woodcock 1976).

3.5 Climate Change Scenarios

Future climate scenarios were selected using a method developed by Barrow and Yu (2005).
The objective was to select a range of scenarios to capture possible future changes in
temperature and precipitation. As seasonal changes are more variable than annual changes,
Barrow and Yu (2005) suggest that the season of interest be used for future climate scenario
selection. Since spring is the most important season in terms of the timing of both maximum
snow accumulation and onset of snow ablation, this season was used to select future climate
scenarios for this study. Using the Barrow and Yu (2005) method, 2050 spring predictions of
temperature and precipitation change are plotted for forty General Circulation Models
(GCMs) and emissions scenarios (Fig. 3). Each point represents a specific GCM prediction
of change in global mean air temperature and precipitation relative to thel961 to 1990
historical normal period for emissions scenarios defined by IPCC (2007), and available from
the Pacific Climate Impacts Consortium (PCIC 2009). Five scenarios were selected for this
study: four representing extreme changes in spring 2050 air temperature and precipitation,
one representing median change. The scenarios are: BCCR (A2), CGCM (B1), MIRO
(A1B), NCAR (A1B), and NCAR (B1) (Table 4).
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Fig. 3 Plot of air temperature and precipitation change for spring 2050 (relative to the 1960-91 average).
Circled points indicate the selected future climate scenarios, and dashed lines represent the median of all
scenarios. The first four letters of the future climate scenario represent the GCM, while letters and numbers in
brackets represent the emissions scenario
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Table 4 Seasonal changes in basin average air temperature (°C) and precipitation (%) for all five climate
change scenarios

Fall Winter Spring Summer

Temp Precip Temp Precip Temp Precip Temp Precip

2020s  BCCR (A2) 0.9 5.0 0.5 7.0 0.3 -2.0 0.6 2.0
CGCM (B1) 1.1 14.0 1.6 10.0 0.6 5.0 1.3 9.0
MIRO (A1B) 1.6 8.0 1.8 3.0 2.1 8.0 22 —4.0
NCAR (A1B) 2.1 1.0 2.4 7.0 1.3 2.0 2.4 —4.0
NCAR (BI) 2.15 1.0 32 10.0 0.9 5.0 1.5 0.0
2050s  BCCR (A2) 1.5 -1.0 1.4 13.0 1.4 23.0 1.4 -3.0
CGCM (B1) 1.7 14.0 2.4 14.0 1.9 14.0 1.9 7.0
MIRO (A1B) 33 16.0 39 9.0 3.6 23.0 4.2 —-16.0
NCAR (A1B) 2.7 9.0 35 14.0 2.6 9.0 39 4.0
NCAR (BI) 2.1 4.0 2.3 12.0 0.9 5.0 2.5 2.0
2080s  BCCR (A2) 29 16.0 2.6 13.0 1.6 28.0 35 -1.0
CGCM (B1) 1.8 28.0 2.4 28.0 1.9 19.0 2.3 6.0
MIRO (A1B) 4.7 20.0 5.6 29.0 6 24.0 6 —-15.0
NCAR (A1B) 3.4 12.0 5 11.0 3 15.0 4.8 14.0
NCAR (BI) 2.5 5.0 35 12.0 1.5 20.0 2.9 1.0

3.6 Downscaling GCM Temperature and Precipitation Changes

The ‘delta” method of downscaling uses projected monthly changes in air temperature (dT) and
precipitation (dP) based on results from each selected scenario (Table 4) to shift the observed 1961 to
1990 climate record, and has been used in a number of hydrological impacts studies (Hamlet and
Lettenmaier 1999; Morrison et al. 2002; Andreasson et al. 2004; Loukas et al. 2004; Lapp et al. 2005;
Cohen et al. 2006; Merritt et al. 2006). The key limitation of this method is that—although the local
historical variability of the climate stations used to run the model is preserved (Hamlet and Lettenmaier
1999)—it does not explicitly account for changes in the variability of future climatic conditions
(Leavesley 1994). The advantage to the delta method, however, is that it’s simple and allows for inter-
study comparison. Given the uncertainty in future climate variability, this method of incorporating
historical variability provides useful estimates of the impacts of climate change on water resources.

The GENESY'S model was driven using daily air temperature and precipitation values adjusted
for the range of future climate scenarios selected. For each of the 1961 to 1990 input files, air
temperature and precipitation changes were applied based on the scenarios chosen. Given that daily
estimates of future air temperature changes are not available, a Fourier transform was applied to the
future monthly maximum and minimum air temperature data from the GCM scenarios (Epstein
and Ramirez 1994; Morrison et al. 2002). The resulting daily values of absolute air temperature
change were used to perturb daily air temperature values from the 1961 to 1990 period. Percent
changes in precipitation were also calculated for the GCM output relative to the 1961 to 1990
period. Daily precipitation values from 1961 to 1990 were adjusted by the percent change for the
future period as provided in Table 4. New 30-year datasets representing changes in air temperature
and precipitation predicted by the GCMs for the 2020s (2010 to 2039), 2050s (2040 to 2069) and
2080s (2070 to 2099) were used as input to the GENESYS model to output 15 simulations of
future hydrometeorological conditions (three time periods and five GCM scenarios) in the upper
North Saskatchewan River watershed.
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4 Results and Discussion
4.1 Air temperature Verification

The calibrated lapse rates provide good air temperature estimates at a daily time step (Figs. 4, 5 and 6),
although accuracy decreases with increasing elevation. This is likely a function of increasing distance
from the driver stations and increasing air temperature variability in high elevation mountainous
terrain. The decrease in simulation accuracy with elevation is expected given the spatial scale of the
study region and the limited availability of high elevation air temperature records.

4.2 SWE Verification

SWE simulations compared well with snow course data for the eight snow course sites (Fig. 7;
?=0.78, »<0.0001, RMSE=106.0 mm, n=614). Mean SWE values for all dates simulated did
not differ significantly between simulated and observed: observed mean SWE was 238.2 mm
and simulated mean SWE was 232.2 mm (t-stat=0.48, p=0.62). These results demonstrate that,
overall, mean SWE across the watershed can be simulated by the GENESY'S model. However,
there is substantial scatter in the data, and modeled values show greater variability than
observed SWE. The most likely source of this error is the difference in spatial scale between
the simulations and the snow surveys. TCs used in the GENESYS model range from 100 m?” to
1.6 km?, while snow survey measurements are typically collected at the 100—500 m scale. The
model is thus less able to account for the local characteristics of snow course sites which are
affected by highly variable, site-specific physiographic conditions (Julander and Bricco 2006).
Comparison of daily observed SWE values from Limestone Ridge with simulated values showed
4 years (2002, 2003, 2006, and 2007) where SWE values compared very well (Fig. 8), 1 year (2005)
where SWE was substantially under simulated, and 1 year (2004) where SWE was substantially over
simulated. However, overall the simulation was good (*=0.71, p<0.0001, RMSE=42.7 mm).
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Fig. 4 Observed vs. simulated daily air temperature (=0.91, p<0.001, RMSE=2.8 °C, n=831) at the AB 0
site (1070 m). The line represents the 1:1 line
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Fig. 5 Observed vs. simulated daily air temperature Observed vs. simulated daily air temperature (*=0.93,
p<0.001, RMSE=2.5 °C, n=1929) at the AB 1 site (1280 m). The line represents the 1:1 line

The simulated and observed datasets at the Southesk snow pillow did not compare as well
as at the Limestone Ridge snow pillow (Fig. 9): 2007 and 2008 represent an over- and under-
simulation, respectively (*=0.62, p<0.0001, RMSE=78.5 mm). The poor simulations in
specific years at both snow pillows are likely a function of local variability in inter-annual
hydrometeorological conditions that are not captured by the model. The meteorological

40 —
20 —
g <
= .
o 8¢
5 0
§ < O
E o
3 &©
220 — < s
<& & <>
. (><>
40 ' T T T T I ' |
-40 =20 0 20 40

Observed air temperature (°C)

Fig. 6 Observed vs. simulated daily air temperature (=0.80, p<0.001, RMSE=3.9 °C, n=876) at the AB 5
site (2120 m). The line represents the 1:1 line
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Fig. 7 Observed vs. simulated SWE (mm) for all snow courses. Observed values are SWE recorded during
each snow survey, conducted in March, April and May from 1977 to 2008

stations used to drive the model are located in valley bottoms far from the snow pillow
stations used to test the model. Given this spatial distribution of input data, GENESYS
simulations of snow course and snow pillow measurements are reasonable.

Simulated snow cover extent compared well with MODIS data for the image dates
selected (Table 5), with KSS values ranging from 0.30 to 0.67. The best and worst simulated
dates (March 30, 2007 and May 17, 2008, respectively) are shown in Fig. 10. On both dates,
the simulation misrepresents snow extent in the eastern, less topographically diverse portion
of the watershed, with no snow predicted by the model where MODIS shows snow covered
pixels. In the mountainous portion of the watershed, where snow accumulation is higher, the
model appears to more realistically represent snow extent. Thus the model is able to simulate
spatial SWE during the peak accumulation period with reasonable accuracy, providing
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Fig. 8 Observed and simulated SWE at the Limestone Ridge snow pillow (1950 m)
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Fig. 9 Observed and simulated SWE at the Southesk snow pillow (2200 m)

confidence in models ability to simulate spatial snow extent during the critical spring period
in the North Saskatchewan River watershed.

4.3 Potential Future Changes in Watershed-Scale SWE
4.3.1 Watershed-Average SWE

There is no significant difference in basin wide maximum SWE averaged over the watershed
between the historical (1961 to 1990) period and future predictions, with the exception of
simulations using the CGCM (B1) 2080 and NCAR (A1B) 2080 future climate scenarios
(Table 6). Basin average maximum SWE simulated with the CGCM (B1) future climate
scenario shows a significant increase, while simulations using the NCAR (A1B) scenario
show a significant decrease. Stewart (2009) suggests that increases in cold-season precipi-
tation could mask the effects of climate warming until: (a) warming is large enough to
outweigh the effect of increased precipitation, or (b) precipitation increases are no longer
occurring, at which time mountain snowpack may experience a step-like change. This could
be important for the North Saskatchewan watershed, as it is unknown when these air
temperature and precipitation thresholds will be reached.

Table 5 Summary of KSS and%

correct snow covered area of Date KSS %Correct

simulated vs MODIS
17-May-04 0.45 75
7-Apr-05 0.45 65
15-Apr-05 0.54 75
25-May-05 0.55 82
15-Apr-06 0.57 80
17-May-06 0.40 88
30-Mar-07 0.67 79
9-May-07 0.56 80
25-May-07 0.53 77
17-May-08 0.30 82
25-May-08 0.35 86
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Fig. 10 Simulated snow covered area and MODIS snow covered area comparisons for the best and worst
simulated dates: March 30, 2007 and May 17, 2008

4.3.2 Elevation Dependent Changes in SWE

A key hydrometeorological threshold in mountain environments is the elevation of the zero degree
isotherm. The zero degree isotherm provides important information about the potential future changes
in mountain snowpack, as SWE becomes more sensitive to air temperature with atmospheric
warming (Mote 2006). For example, at low to moderate elevations in the western United States,
winter precipitation shifted significantly from snow- to rain-dominated from 1949 to 2004 (Knowles
et al. 2006). The historical zero degree isotherm in the North Saskatchewan watershed is 2200 m
(Fig. 11); GENESY'S simulations predict that the elevation of this isotherm would shift upward under
all future climate scenarios (Fig. 11). The least change is predicted to occur under the CGCM (B1)
scenario, where the zero degree isotherm would only move to 2500 m by the 2080s. The greatest
change is under the MIRO (A 1B) scenario, where the isotherm is predicted to shift to 3000 m by the
2080s. We focus on these two extreme scenarios to examine potential changes in precipitation phase
as a function of elevation, and subsequent effects on the timing of snow accumulation and ablation.
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Table 6 Comparison of maximum SWE for each 30 year time period relative to the historical (1961 to 1990)
period. Bolded mean values indicate significant changes at the 95 % confidence level

Historical 2020s 2050s 2080s
BCCR (A2) Mean 69.3 75.3 73.4 70.1
Standard deviation 22.4 24.8 26.3 30.9
CGCM (B1) Mean 69.3 77.2 75.3 83.7
Standard deviation 22.4 24.8 26.4 30.0
MIRO(A1B) Mean 69.3 69.2 63.5 64.1
Standard deviation 22.4 26.1 28.7 36.2
NCAR(A1B) Mean 69.3 62.6 61.7 51.6
Standard deviation 22.4 28.1 329 324
NCAR(B1) Mean 69.3 68.1 67.1 58.8
Standard deviation 224 35.7 314 329

Associated with predicted increases in air temperature is a shift in the 30-year watershed
average snow line (lowest elevation of perennial snow cover) in both the CGCM (B1) and MIRO
(A1B) scenarios. The historical simulated snow line is 2700 m. In the CGCM (B1) scenario 30-
year watershed average elevation of the snow line increases to 2800 m, 2900 m and 3100 m for the
2020, 2050 and 2080 periods respectively. Simulations using the MIRO (A1B) scenario predict a
shift to 3100 m by the 2020 period and no perennial snow cover for the 2050 and 2080 periods.

Histerical
BCCR(AZ) 2020
BCCR(AZ) 2050
BCCR{A2) 2080
CGCM(B1) 2020
CGCM(B1) 2050
CGCM(B1) 2080
MIRO(A1B) 2020
MIRO(A1E) 2050
MIRO(A1B) 2080
NCAR(A1B) 2020
NCAR(A1B) 2050
NCAR(A1B) 2080
NCAR(B1) 2020
NCAR(B1) 2050
NCAR(B1) 2080

o
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Fig. 11 30-year mean annual air temperature plotted against elevation for the historical, BCCR(A2), CGCM
(B1), MIRO(A1B), NCAR(A1B), and NCAR(B1) future climate scenarios. The thick black line indicates the
zero degree isotherm
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Fig. 12 Change in the proportion of snow as a percentage of annual precipitation for the CGCM(B1) and MIRO(A1B)
2020, 2050, and 2080 future climate scenarios, all relative to the historical (1961 to 1990) period. Future SWE amounts
remain near historical normal due to substantial increases in winter precipitation under all future scenarios (see Table 3)

The shift towards warmer air temperatures at higher elevations would change a proportion of
winter precipitation from snow to rain, with the greatest changes occurring at higher elevations
(Fig. 12). The historical (1961 to 1990) proportion of winter precipitation falling as snow at 2200 m
(zero degree isotherm) was estimated to be 60 %. Future predictions for the CGCM (B1) scenario
at 2200 m result in reductions of the proportion of winter precipitation falling as snow to 56 %,
54 % and 59 % for the 2020, 2050, and 2080 periods respectively. The MIRO (A1B) scenario
predicts reductions of the proportion of winter precipitation falling as snow to 52 %, 47 %, and
42 % for the 2020, 2050, and 2080 periods respectively. These results demonstrate that under the
CGCM (B1) and MIRO (A1B) scenarios, air temperature thresholds for rain to occur are reached
where air temperatures have historically remained below this threshold. An exception is the
CGCM (B1) scenario for the 2080 time period, where there is only a 1 % change in the proportion
of winter precipitation falling as snow at 2200 m. A 19 to 28 % increase in spring, fall and winter
precipitation is not offset by a 1.8 to 2.4 °C change in air temperature (Table 4).

4.3.3 Timing of Spring Snowmelt

An earlier onset of spring snowmelt has been recorded in studies across western North America
(Burn 1994; Cayan et al. 2001; Mote et al. 2005; Regonda et al. 2005; Stewart et al. 2005; Clow
2010; Gillian et al. 2010), and is likely to result in a longer summer drought season in regions
supported by snowmelt runoff (Stewart 2009). With water demand expected to increase due to
human population growth, a longer summer drought season could have important implications for
ecosystems and human water users in the North Saskatchewan watershed. Therefore, understand-
ing how and where the timing of peak SWE and snowpack removal may change in the future is
important for water management in this watershed.

The date of maximum SWE is important as this represents the time at which spring
snowmelt begins, as after this date SWE begins to decline. The CGCM (B1) future climate
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HISTORICAL 2020s

2050s 2080s

Legend

- Before Feb 1
B Feb 1 to Mar 1
:] Mar 1 to Apr 1
|:| After Apr 1

Fig. 13 The 30-year mean date of maximum SWE for the historical (1961 to 1990), 2020, 2050, and 2080
periods for the CGCM(B1) future climate scenario

scenario is predicted to result in minimal spatial change in the date of maximum SWE, with the
greatest shift occurring at mid-elevations (Figs. 13 and 14 ). In contrast to CGCM (B1), the
MIRO (A1B) scenario shows substantial spatial change in the date of maximum SWE which
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HISTORICAL 2020s

2050s 2080s

Legend

- Before Feb 1
B Feb 1to Mar 1
| I Mar1toApr1
I:’ After Apr 1

Fig. 14 The 30- year mean date of maximum SWE for the historical, 2020, 2050, and 2080 periods for the
MIRO(A1B) future climate scenarios

occurs by March 1 across 97 % of the watershed in the 2080 period (Fig. 13). This shift towards
carlier peak SWE relative to the historical (1961 to 1990) date of April 2 is primarily a function
of the large air temperature increases predicted by the MIRO (A1B) scenario.
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HISTORICAL 2020s

2050s 2080s

Legend
Before Mar 1
Mar 1 to Apr 1
Apr 1 to May 1

After May 1

il ]

Fig. 15 The 30-year mean date of complete snow removal for the historical, 2020, 2050, and 2080 periods for
the CGCM(B1) future climate scenarios. Where complete snow removal does not occur (i.e. higher eleva-
tions), the date of minimum SWE is used

As with the date of maximum SWE, the CGCM (B1) scenario does not result in substantial
spatial changes in the date of minimum SWE, but shows a shift towards potentially later dates of
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HISTORICAL 2020s

2050s 2080s

Legend

- Before Mar 1
- Mar 1 to Apr 1
I:l Apr1to May 1

i- l After May 1

Fig. 16 The 30-year mean date of complete snow removal for the historical, 2020, 2050, and 2080 periods for
the MIRO(A1B) future climate scenarios. Where complete snow removal does not occur (i.e. higher
elevations), the date of minimum SWE is used

minimum SWE at lower elevations (Figs. 15 and 16). This is largely a function of increased
precipitation combined with relatively minimal air temperature change under this scenario. The
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MIRO (A1B) scenario, however, shows 70 % of the watershed reaching minimum SWE before
March 1, by the 2080 period. Also, only 1 % of the watershed is predicted to reach minimum
SWE after May 1 by the 2080 period, where historically 17 % of the watershed reached
minimum SWE after May 1.

The period between the date of maximum SWE and the date of minimum SWE,
representing the rate of snowmelt demonstrates that air temperature plays a larger role in
governing spring snow processes than does precipitation. For the historical (1961 to 1990)
period, the average 30-year melt rate over the entire watershed was 37 days. For the CGCM
(B1) scenario, the average rate of snowmelt is not predicted to change significantly for the
2020 (37 days; t-stat=—0.18; p=0.43), 2050 (38 days; t-stat=—0.13; p=0.47) or 2080
(38 days; t-stat=—0.18; p=0.42) periods. The MIRO (A1B) scenario, with greater air
temperature increases is, however, predicted to result in no significant change in the 30-
year average rate of snowmelt for the 2020 (35 days; t-stat=0.54; p=0.29) and 2050
(32 days; t-stat=1.15; p=0.12) periods with a significant change at the 90 % confidence
level by the 2080 (31 days; t-stat=1.3; p=0.09) period.

The results from this study suggest projected air temperature increases, independent of
changes in precipitation, would have a substantial effect on the proportion of winter
precipitation falling as snow, the timing of maximum SWE, minimum SWE and the duration
of the snowmelt period. This finding is consistent with current trends observed in the Pacific
Northwest, where despite increases in precipitation, significant increases in air temperature
are resulting in substantial declines in SWE (Mote 2003). Knowles et al. (2006) demonstrate
the importance of air temperature controls on controlling the proportion of precipitation
falling as snow, with a focus on the western United States. Here it is shown that even a cold,
high latitude environment, changes in the proportion of precipitation falling as snow which
have already been observed in lower latitudes are likely to occur. A shorter snow melt
season, resulting from predictions of increased melt rates also demonstrates that air temperature
outweighs the effect of increased precipitation.

5 Summary

The GENESY'S model is able to simulate hydrometeorological processes over a large geographic
region with minimal input data, although simulations could be improved with higher spatial and
temporal resolution air temperature and precipitation data, particularly at higher elevations.

Simulations of future SWE suggest there may be little change in annual maximum snow
accumulation over the entire North Saskatchewan River watershed. However, spring melt
may occur earlier as evidenced by earlier dates of maximum SWE over the watershed. Shifts
towards a higher elevation zero degree isotherm and an increase in the annual proportion of
rain versus snow support the conclusion that air temperature changes affect the seasonal
snowpack independently of precipitation changes.

The greatest change in the proportion of annual precipitation falling as snow in the North
Saskatchewan River watershed under the CGCM (B1) and MIRO (A1B) future climate
scenarios is expected to occur at higher elevations in the watershed, with the exception of the
2080 period for the CGCM (B1) scenario. This change is attributed to increased air temper-
atures above the threshold for precipitation to fall as snow rather than rain, where historically
these thresholds were not reached at these elevations. Increased air temperature also results
in spatial changes in the date of maximum and minimum SWE: substantial shifts towards
earlier maximum and minimum SWE occur in the MIRO (A1B) scenario, which is much
warmer than the CGCM (B1) scenario.
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Shifts in the phase of precipitation and the timing of maximum and minimum SWE have
important implications for water resource management. As other studies have shown,
reliability and predictability of water supply is important to reservoir management. With a
greater proportion of annual precipitation falling as rain, water storage in the snowpack
would be reduced, reducing the predictability and reliability of this water supply. Earlier
maximum and minimum SWE indicate a shift towards earlier spring onset in the future,
which may result in dryer summer conditions with reduced late season water supply.
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