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Abstract

:

Shifts in winter temperature and precipitation patterns can profoundly affect snow accumulation and melt regimes. These shifts have varying impacts on local to large-scale hydro-ecological systems and freshwater distribution, especially in cold regions with high hydroclimatic heterogeneity. We evaluate winter climate changes in the six ecozones (Mountains, Foothills, Prairie, Parkland, Boreal, and Taiga) in Alberta, Canada, and identify regions of elevated susceptibility to change. Evaluation of historic trends and future changes in winter climate use high-resolution (~10 km) gridded data for 1950–2017 and projections for the 2050s (2041–2070) and 2080s (2071–2100) under medium (RCP 4.5) and high (RCP 8.5) emissions scenarios. Results indicate continued declines in winter duration and earlier onset of spring above-freezing temperatures from historic through future periods, with greater changes in Prairie and Mountain ecozones, and extremely short or nonexistent winter durations in future climatologies. Decreases in November–April precipitation and a shift from snow to rain dominate the historic period. Future scenarios suggest winter precipitation increases are expected to predominantly fall as rain. Additionally, shifts in precipitation distributions are likely to lead to historically-rare, high-precipitation extreme events becoming more common. This study increases our understanding of historic trends and projected future change effects on winter snowpack-related climate and can be used inform adaptive water resource management strategies.
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1. Introduction


Winter climate dynamics including sustained below-freezing temperatures and snow accumulation are critical for the seasonal redistribution of freshwater in many hydrological systems in western Canada, especially those with mountainous, high elevation headwaters. The accumulation of snow in alpine headwaters acts as a large and transient natural reservoir, gradually supplying fresh water to downstream regions during the warm season as a function of elevation and aspect controls on both snow accumulation and melt [1]. Multiple studies demonstrate that climate has changed over recent decades and is projected to continue to change, particularly during winter months [2,3]. These shifts will have profound impacts on the spatial and temporal distribution of freshwater sourced from snow melt [4,5]. As a result, concern has been raised over the potential for widespread downstream impacts on water resource availability due to changes in snowpack regimes over mountain environments and the implications for adaptive water resource monitoring and management [6,7].



Potential shifts in water resources in western Canada will have impacts on key economic drivers including agriculture, hydroelectric power and forestry as well as implications for municipal water supplies, recreation, and extreme event resilience. Additionally, changes to cold season temperature and precipitation can have considerable impacts on hydro-ecological systems downstream of mountain headwater regions. On a local or regional scale, shifting snow accumulation and melt regimes will affect aquatic and terrestrial ecosystems [8], groundwater recharge [9,10], wetland water balance [11,12], and glacier mass balance [13]. However, our understanding of how shifting winter temperature and precipitation patterns may affect snow accumulation and melt in different regions is limited.



Among the concerns with rising winter temperatures is an increase in the likelihood of fluctuations above and below freezing, and associated risk of snowpack loss [14,15,16]. Probabilities of snow accumulation and melt are strongly influenced by air temperatures near 0 °C [17], and the possibility of rain on snow rises with above-freezing temperatures [18], which can lead to extreme hydrologic events [19,20]. Warmer mean winter temperatures also affect the temperature of the snowpack; a warmer snowpack will melt faster than a cold snowpack as initial energy inputs to a cold snowpack are first used to raise the temperature of the snowpack to 0 °C isothermal before energy can be used for a phase change to liquid water [21]. While the development of winter snowpack is driven by temperature and precipitation, spring snowmelt dynamics are largely a function of energy inputs, solar radiation being the dominant driver [22]. Although several studies have detected an earlier spring freshet [23,24], there is not a simple linear relationship between rising temperatures, snowmelt, and hydrologic responses. Due to solar energy limitations during winter and early spring, rising temperatures and an earlier onset of above-freezing temperatures result in a slower rate of snowmelt [22,25], effectively weakening relationships between snowpack regimes and spring hydrology [26,27].



The IPCC Fifth Assessment Report projects a global annual temperature increase of 1.8 °C for RCP 4.5 and 3.7 °C for RCP 8.5 by 2100, relative to a 1986–2005 baseline climatology [28]. These projections do not account for considerable geographic and seasonal variability, and the greatest rates of warming are projected for winter months and high latitude regions. Canada’s Changing Climate Report scales down climate projections to geographic regions in Canada, including an increase in annual temperature of 1.9 and 6.5 °C averaged over the Prairie Provinces (Alberta, Saskatchewan, and Manitoba) by 2100 for RCP 2.6 and RCP 8.5, respectively [3]. Historic trend analyses on winter temperatures have documented a temperature increase in western Canada since the mid-20th century [29,30,31] and future climate projections consistently forecast continued increases, the magnitude of which depends on the future time period and emissions scenario [3,5,32]. Concomitant with increasing temperatures have been decreases in winter precipitation [29,30], snowfall [33,34], and snow water equivalent (SWE) [35] over the historic period. Conversely, winter precipitation is projected to increase [3,5], while snow cover fraction and SWE are projected to decrease [2,36]. Although historic and future climate change rates are commonly averaged over a regional [3] or watershed scale [5,32], it is clear that there is considerable spatial variability in the magnitude of temperature and precipitation changes. There is a need to scale analyses to Alberta to better understand how climate and water resource distribution has and is projected to change.



Here we focus on the Province ofIn Alberta as the eastern slopes of the Rocky Mountains serve as the headwaters of several major rivers in Canada that flow to the Arctic Ocean (the Peace and Athabasca Rivers) and Hudson Bay (the North and South Saskatchewan Rivers). As a result, regional hydroclimatic changes in Alberta have water availability implications across western and northern Canada and the potential to affect the Arctic Ocean freshwater balance [37,38]. Freshwater has critical ecological and socioeconomic importance in the Province, providing essential resources for municipal, industrial, agricultural, and recreational and traditional uses as well as aquatic and terrestrial ecosystem habitats. Even minor changes in the seasonal or geographic distribution of fresh water can have cumulative impacts on hydrological and ecological systems [39]. Given the heterogeneity of regional contributions to streamflow in major Albertan river basins and the unequal rates of temperature and precipitation changes, this study focuses on quantifying historic and projected changes in winter climate by ecological zones in Alberta. Quantification of these changes is based on key temperature and precipitation metrics to characterize winter climate using high resolution gridded climate data, including winter duration, the timing of spring above-freezing temperatures, total precipitation and snowfall. A Mann–Kendall (MK) trend analysis is applied to evaluate winter climate trends over the historic period and departures from the historic baseline are calculated for future scenarios. Results of this research will inform potential hydrologic impacts of climate change in different biogeographic regions within major watersheds. Moreover, results will identify regions that are projected to become disproportionately affected by changing climate.




2. Materials and Methods


2.1. Study Area


The physiographic and biogeoclimatic diversity in Alberta is represented by six ecological regions defined by the Ecological Framework of Canada (Figure 1) [40]. Mountain, Prairie, Boreal, and Taiga are all ecozones under the framework, where Parkland is an ecoregion within the Prairie ecozone and Foothills is an ecoregion within the Boreal ecozone. Hydroclimatic changes in these ecoregions can have distinct regional impacts; therefore, they are distinguished as separate zones for the purposes of this research. These six zones will all be referred to as ecozones throughout the manuscript.



There are pronounced climatic gradients among Alberta’s ecozones, with the highest mean cold season (November–April) precipitation occurring in the Mountains (214 mm) and lowest in the Prairie (87 mm) ecozone, and highest mean November–April temperature in the Prairie (4.2 °C) and lowest in the Taiga (−2.2 °C) ecozone (Table 1). Mean climate within ecozones is also variable, particularly in the Mountain ecozone for both temperature and precipitation, while the greatest homogeneity for precipitation is in the Taiga ecozone and for temperature in the Parkland ecozone. The Mountain ecozone, characterized by steep, rocky terrain and alpine-subalpine ecosystems, has the highest mean elevation (1890 m) and greatest elevation range (860–3630 m). This is also the smallest ecozone in the province, approximately 47,000 km2. The adjacent ecozone, Foothills, is a transitional region between mountains and low-elevation forest and grassland. Elevations range from 600–2450 m, typified by rolling hills and broad valleys. Numerous parks and protected areas exist in the Foothills and Mountain ecozones. Additionally, many large dams and reservoirs are located in the Foothills, making this zone a critical region for water management.



The plains ecozones—Prairie, Parkland, Boreal, and Taiga, have relatively low elevation profiles and south-north climate gradients (Table 1). The Prairie ecozone largely consists of natural mixed grassland and numerous wetlands in topographic depressions, which rely on the accumulation of snow and snowmelt runoff [41]. The Parkland ecozone represents a transition zone between Prairie grassland and Boreal forest. Both the Prairie and Parkland ecozones have productive agriculture sectors, which are highly dependent on water, and water management practices, including diversions, withdrawals, and irrigation. Northern Alberta is largely covered by the Boreal and Taiga ecozones. The Boreal ecozone is dominated by a hummocky landscape with numerous lakes and extensive forest. Both the Boreal and Taiga ecozones contain significant wetlands areas and sporadic discontinuous permafrost and are characterized by poor drainage.




2.2. Data


2.2.1. Historic Period


To generate key historic winter air temperature and precipitation metrics, high-resolution (approximately 10 km) gridded daily minimum and maximum air temperature and daily precipitation data for Canada, developed using the ANUSPLIN multidimensional interpolation method [42,43], are used. This method uses a trivariate thin-plate spline algorithm that accounts for topographic variability by using elevation as the third predictor variable [42,43]. The accuracy of the gridding procedure was assessed using data from climate stations withheld from the initial gridding stage, and these withheld stations were incorporated into the final gridding procedure [42,43]. The original ANUSPLIN dataset covered the time period from 1961–2003 [42] and improvements were made to the dataset which reduced the residuals between observations and interpolated values and extended the dataset to 1950–2007 [44]. The present dataset is available for 1950–2017. These data have been widely used for climate change analyses, e.g., [30,45,46,47] and hydrologic modelling, e.g., [48,49]. Additionally, ANUSPLIN datasets have been used to statistically downscale global climate models (GCMs) for Canada, e.g., [50,51].



In Canada, a higher density of climate stations exists at lower elevations and latitudes, with stations often established in relatively accessible locations. Consequently, the distance between stations at high latitudes and elevations is greater, leading to lower confidence in interpolating data in these regions, particularly high elevations due to complex topography [52]. A dry and cold bias in the historic ANUSPLIN data was identified over mountainous regions of western Canada [48,53,54], with the dry precipitation bias stronger during the winter season [55]. However, further studies in western Canada comparing ANUSPLIN gridded climate data with similar observation-based interpolated data and reanalysis data have concluded that ANUSPLIN performs well and is the best available data [53,54,55]. Therefore, a spatial subset of the ANUSPLIN dataset covering Alberta for 1950–2017 is used for analysis of historic climate.




2.2.2. Future Period


Two future periods are evaluated, the 2050s (2041–2070) and the 2080s (2071–2100), for two representative concentration pathways (RCPs), RCP 4.5 and RCP 8.5. Each future period represents a 30-year climatology from which the mean and distribution of climate variables can be calculated and compared with the historic baseline period (1950–2017). RCP 4.5 is a ‘medium-low’ stabilization scenario that accounts for a rise in radiative forcing over coming years followed by a plateau through 2100, while RCP 8.5 maintains status quo and represents a rise in radiative forcing through 2100 [56].



In this study, multiple GCMs with different radiative forcing scenarios are selected based on an envelope approach which relies on capturing a wide range of simulated changes for a number of climatological variables of interest [57,58,59]. The aim of this approach is to select an ensemble of GCM scenarios that covers all possible future conditions projected by the entire pool of climate models [60]. The envelope approach used in this study is an integrated computational geometry algorithm (QH-RDP) [59]. The QH-RDP algorithm is used to identify the smallest ensemble that preserves the maximum spread of the projection of an initial pool (the largest available) of phase 5 of the Coupled Model Intercomparison Project (CMIP5) run with RCP 4.5 and RCP 8.5 scenarios (Table 2).



The QH-RDP algorithm (described in detail in [59]) was developed to determine a subset of GCM simulations that cover the spread of projection, based on integrating the QuickHull and Ramer–Douglas–Peucker algorithms:



(1) The QuickHull algorithm is a geometry method of computing the convex hull of a finite set of points in n-dimensional space. This algorithm is used to identify GCM scenarios that uniformly cover the multivariate distribution of GCM scenarios for the selected climatic indices, with an emphasis on selection of those that lie on the edges of the distribution in a high-dimensional space.



(2) The Ramer–Douglas–Peucker (RDP) algorithm is a computer cartography algorithm for shape simplification which is used to capture the most prominent extreme GCMs. In other words, the convex set (the initial ensemble) selected by the QuickHull algorithm can still be shrunk, if possible, to even smaller ensembles by the RDP algorithm.



A total of six GCM scenarios are selected whereas the conservation of the projection spread is confirmed using a robust validation method [59,61] when the spread error is calculated for each simulation run. The ensemble of GCM scenarios, which preserve the maximum spread of the projection, consists of MIROC-ESM-CHEM, MPI-ESM-MR, and FGOALS-g2 for the RCP 4.5 scenario and MIROC-ESM, CSIRO-Mk3-6-0, and CanESM2 for the RCP 8.5 scenario. Projections of minimum and maximum daily surface air temperature and precipitation, statistically downscaled using the ANUSPLIN gridded historic period dataset [51], were downloaded for Alberta from the Pacific Climate Impacts Consortium website [62].





2.3. Methods


2.3.1. Temperature Metrics


Temperature metrics that characterize winter climate related to snow accumulation and melt are calculated for historic and future periods. Daily minimum and maximum surface air temperatures are averaged to estimate mean daily temperature. Mean daily air temperatures are used to calculate the onset of below and above freezing temperatures to determine the timing of the spring 0 °C isotherm and winter duration. Winter duration largely dictates the length of the snow accumulation season, although there are processes throughout winter, including mid-winter thaw episodes and snow redistribution that affect snowpack development [63,64]. The spring 0 °C isotherm signifies the onset of snowmelt and spring freshet. Autumn and spring temperatures typically fluctuate above and below freezing, which can result in short-term variations between snow-rain and freeze-melt during this transition. Following the methods outlined in [65], a 31-day running mean of daily temperatures is calculated to smooth fluctuations above and below freezing during autumn and spring. The 0 °C isotherm dates are defined as the day when the 31-day running mean rises above the 0 °C threshold in spring and below this threshold in the autumn. Where multiple threshold crossings still exist, the 0 °C isotherm date is defined as the last 0 °C crossing in spring, and first 0 °C crossing in autumn [65]. Winter duration is calculated as the number of days between the autumn and spring 0 °C isotherm dates.



For the historic period (1950–2017), spring 0 °C isotherm dates and winter duration are evaluated using the MK nonparametric test for trend [66,67]. The trend magnitude is determined using Sen’s slope estimator, which is insensitive to outliers [68]. Statistical significance is evaluated at the 5% level. The MK test has been widely used in hydroclimatic trend analyses, e.g., [30,69]. Long-term records are preferable for trend analyses as climate is nonstationary and influenced by low-frequency modes of variability [24,70]. In cases where hydrologic or climate data are autocorrelated, the MK test may falsely detect a trend [71]. It has been common to apply a prewhitening procedure to remove autocorrelation for analyses of environmental data. Historic climate data are evaluated for autocorrelation and guidelines outlined in [71], including sample size, trend slope, and coefficient of variation. It was concluded that prewhitening should not be performed for this analysis.



For each future period, ensemble mean values for the spring 0 °C isotherm and winter duration are evaluated, and the departure from the historic baseline period calculated. Temperature and precipitation can exhibit persistent multi-year to decadal variability, which influence calculations of mean conditions over short periods; therefore, the full historic period (1950–2017) is used for the historic baseline period. While the mean value provides information about average conditions, metrics of variability indicate the range of projected conditions, including standard deviation from the mean and the high and low ends of the distributions of each climate variable. Changes to variability indicate whether the tail ends of the distributions are shifting closer to or further from the mean value, demonstrating projected risks of very early or late spring onset or very short or long winter duration. The 10th and 90th percentiles represent the lower and upper tails of the distribution, respectively. In a 30-year climatology, the 10th percentile represents the threshold below which the values for the three shortest winters and earliest spring onsets occur in the distribution. Similarly, the 90th percentile represents the threshold separating the three longest winters and latest spring onsets. Standard deviation represents a range above and below the mean value in which the majority of values occur, and together with the 10th and 90th percentiles are indicative of the overall shape of the distribution. These metrics of variability are calculated for spring 0 °C isotherm and winter duration for each future period and scenario, relative to the historic baseline conditions. Changes in variability are evident by comparing the magnitude of change in standard deviation and 10th and 90th percentiles between historic and future scenarios.




2.3.2. Precipitation Metrics


Two metrics are used to represent cold season (November–April) precipitation; total precipitation and snowfall. While changes in total winter precipitation are important, changes in precipitation phase, or the covariability of temperature and precipitation, are indicative of the development of winter snowpack. Snowfall is calculated using a temperature-index precipitation phase algorithm with a threshold temperature of 1 °C. Precipitation falling on days when the mean daily temperature is below 1 °C is counted as snow, and otherwise is considered rain. Rain may occur below and snow above 1 °C, influenced by humidity [21,72,73] and overlying air mass movement [74]. Although precipitation phase uncertainty is largest for temperatures between 0 and 2 °C [74], and there is seasonal [75] and spatial [76] variability, a 1 °C threshold maximizes accuracy over a large spatial domain [77] and is consistent with studies in similar regions [17,77,78,79,80]. Cumulative snowfall is calculated as the sum of all November–April precipitation that falls on days when the temperature is below the given threshold. Historic total precipitation and snowfall trends are calculated using the MK test, evaluated at the 5% significance level [66,67,68].



Projected changes in cold season (November–April) precipitation are evaluated relative to the range of mean daily temperatures. Daily mean temperatures are rounded to the nearest degree and the range of temperatures is used as “bins.” The sum of all precipitation values for each “bin” is calculated. For example, if the temperature is −20 °C during 10 days between November and April, the precipitation for those 10 days is summed to give the total amount of precipitation for that temperature “bin”. The temperature “bins” are ranked from low to high and cumulative precipitation is calculated and averaged for an ensemble mean for each future period and scenario. Representing projected changes in precipitation in this manner facilitates the evaluation of projected changes in total precipitation and the proportion of precipitation that falls as snow. The advantage of this method is the ability to determine how much precipitation falls below certain temperatures, such as the 1 °C rain–snow threshold, and the range and distribution of temperatures at which precipitation occurs. This is critical not only for precipitation phase evaluation, but also to make inferences about the temperature of the snowpack. It is important to note that temperature and precipitation distributions are not given as a time series. Temperatures may fluctuate above and below freezing throughout the cold season, particularly in during the transitions between autumn–winter and winter–spring. Therefore, cumulative precipitation below 1 °C should not be interpreted as winter snow accumulation or SWE.






3. Results


3.1. Historic Climate


Widespread significant (p < 0.05) negative trends are detected across Alberta for the spring 0 °C isotherm and winter duration over the historic period, signifying an earlier onset of above-freezing temperatures and shorter winter duration (Figure 2). The magnitude of trends vary within ecozones and across the province, with strong north-south gradients. Winter duration represents an integration of changes to autumn and spring 0 °C isotherm dates. Although no statistically significant trends are found for autumn 0 °C isotherm dates (not shown), the higher trend magnitudes for winter duration compared with spring 0 °C isotherm suggest a later onset of below-freezing temperatures. The greatest trends are seen in the Prairie ecozone in southern Alberta, where spring 0 °C isotherm has become earlier at rates up to 3.4 days per decade and winter duration has decreased by up to 4.3 days per decade. Over the duration of the historic period, this corresponds to a shift of approximately 3 weeks earlier for the onset of above-freezing temperatures and 4 weeks shorter duration of below-freezing temperatures. Conversely, the smallest trends are seen in the Taiga ecozone where decreasing trends as low as 1 day per decade are detected for both spring 0 °C isotherm and winter duration. Trends toward earlier spring 0 °C isotherm and shorter winter duration are highly variable in the Foothills ecozone, with larger trend magnitudes along the western edge. In contrast, the neighboring Mountain ecozone is characterized by low trend magnitudes for the spring 0 °C isotherm and a noticeable absence of trends for winter duration, with the exception of the southern Mountains. Large portions of the Parkland and Boreal ecozones exhibit no statistically significant trends for winter duration and low to moderate negative trends for spring 0 °C isotherm timing.



Two cold season (November–April) precipitation metrics are evaluated to understand how total precipitation (Pt) and snowfall (Ps) have changed over the historic period. The concomitant trends in total precipitation and snowfall are indicative of shifts in precipitation phase in addition to changes in total precipitation. Trend magnitudes for total November–April precipitation are given on the x-axis and snowfall on the y-axis (Figure 3). Statistical significance (p < 0.05) is shown for trends in snowfall (y-axis), and most of these points are also statistically significant for trends in total cold season precipitation. The reference lines indicate equal trend magnitude (Pt = Ps); points that fall below the reference line signify where Pt < Ps. In other words, for negative trend values, points below the reference line indicate that decreases in snowfall exceed that of total precipitation and thus a shift from snow to rain accompanies a loss of total precipitation. Points above the reference line indicate that loss of total cold season precipitation has largely come at the expense of rain rather than snow.



An overall decrease in both total precipitation and precipitation falling when the mean daily temperature is below 1 °C is detected for all ecozones (Figure 3). Few increasing trends in total precipitation are detected, and these occur in all ecozones except the Foothills. Additionally, increases in snowfall for parts of the Mountain ecozone occurred, although these increasing trends are not statistically significant at the 5% level. Trend magnitudes closely track the Pt = Ps reference line for the Taiga ecozone, indicating total precipitation losses are nearly entirely seen as a loss of snowfall. Similarly, trend magnitudes in the Mountain ecozone follow a linear pattern just below the reference line indicating a slight shift from snow to rain nested within the overall precipitation decreases and increases. Significant decreasing trends in the Foothills ecozone are spread above and below the reference line meaning that while some grid points have shifted from snow to rain, others have shifted from rain to snow. However, the ecozone average indicates an overall loss of snow and a loss of total precipitation. The greatest departure from the reference line for ecozone averaged trend magnitudes are found in the Parkland and Prairie ecozones, indicating a larger shift from snow to rain superimposed over decreasing precipitation trends.




3.2. Future Climate


3.2.1. Spring 0 °C Isotherm


Future climate projections, based on the RCP 4.5 and RCP 8.5 scenarios reveal substantial increases in temperature-related indices affecting winter climate in Alberta. Mean, 10th and 90th percentiles of spring 0 °C isotherm dates are projected to shift earlier in the 2050s and 2080s for both RCP 4.5 (Figure 4) and RCP 8.5 (Figure 5). The largest changes are projected for the southwestern region of Alberta, in the Mountain ecozone and to a slightly lesser extent the Foothills ecozone. Ecozone-averaged decreases in mean spring 0 °C isotherm dates for all ecozones are similar for both the RCP 4.5 and RCP 8.5 scenarios for the 2050s and the RCP 4.5 scenario for the 2080s (Table 3). However, the magnitude of change diverges substantially for the 2080s under the RCP 8.5 scenario. For example, the mean spring 0 °C isotherm date in the Foothills ecozone is projected to become 18–19 days earlier in the 2050s for both RCP 4.5 and RCP 8.5 and in the 2080s for RCP 4.5, initiating spring melt in mid-March while the 2080s RCP 8.5 scenario projects a decrease of 31 days, to early March. The smallest change occurs in the Taiga ecozone, which is projected to be 10 days earlier in the 2050s for both scenarios and 11 or 16 days earlier in the 2080s for RCP 4.5 and RCP 8.5, respectively. Conversely, the largest shift, in the Mountain ecozone, projects 23 or 26 days earlier for RCP 4.5 and RCP 8.5 in the 2050s, and 25 or 39 days earlier in the 2080s.



Changes in variability of spring 0 °C isotherm dates are evaluated as the magnitude of change in standard deviation and 10th and 90th percentiles relative to the historic period, summarized in Table 3. Metrics of variability indicate the extreme high and low values that exist in the future climatologies and provide a more comprehensive picture of what is in the expected realm of climate change than only evaluating mean values. The spread of the distributions of annual spring 0 °C isotherm dates for all ecozones are projected to narrow closer to the mean for the majority of values, evident by a decreases in standard deviation, except for the 2080s under RCP 8.5 where standard deviations are projected to increase for Mountain, Foothills, and Boreal ecozones. Distributions are also projected to skew toward the lower end, demonstrated by a higher magnitude of change between the historic and future periods for the 10th percentile (earliest spring onset) compared to changes in the mean. Conversely, the magnitude of changes for the 90th percentile (latest spring onset) is lower than the change in mean between historic and future periods for all ecozones. For example, in the 2050s for the Parkland ecozone, the mean spring 0 °C isotherm date is projected to become 14 or 16 days earlier for RCP 4.5 and RCP 8.5, respectively. Additionally, the 10th percentile date is projected to shift 16 or 23 days earlier while the 90th percentile is only projected to become 14 or 12 days earlier, and the standard deviation decreases by 3.5 or 3.2 days. The 10th percentile, representing an early spring 0 °C isotherm, are projected to become much earlier in all future scenarios, particularly for RCP 8.5 in the 2080s period, ranging from 19 days in the Taiga ecozone to 54 days in the Mountain ecozone. This means that in the 2080s in the Mountain ecozone, ten percent of spring 0 °C isotherm dates will occur by mid-February, which could have profound impacts on snow accumulation and melt regimes.




3.2.2. Winter Duration


Projected decreases in winter duration are largely driven by spring 0 °C isotherm dates combined with moderate changes in autumn 0 °C isotherm dates (Supplementary Information). Spatially, the largest changes are projected to occur in the southwestern region of the province for both the 2050s and 2080s for RCP 4.5 (Figure 6) and RCP 8.5 (Figure 7). Patterns of high-magnitude changes are ubiquitous in the Mountain and Foothills ecozones, relative to other parts of the province, with decreases in mean winter duration of up to 41 and 60 days in the 2050s and 44 and 90 days in the 2080s for RCP 4.5 and RCP 8.5, respectively. There is a small range of ecozone-averaged projected decreases in winter duration between the RCP 4.5 and RCP 8.5 scenarios for the 2050s and the RCP 4.5 scenario for the 2080s (Table 4). For example, in the Taiga ecozone losses of 17 to 20 days are expected, where the Mountain ecozone is projected to decrease by 33 to 44 days. However, projections for the 2080s under RCP 8.5 diverge considerably from this range. Decreases of 69 days are projected for the Mountain ecozone, and losses of more than 50 days are projected for the Prairie, Foothills, and Parkland ecozones. For ecozones with typically shorter winter duration, such as the Prairie zone, the predicted reduction in winter duration by 60 days results in a mean winter duration decline of ca. 44% from the historical average of 136 days. Similarly, the Mountain ecozone is projected to experience a 37% decline in winter duration from 187 days over the historical period to a mean duration of just 118 days by the 2080s.



Projected changes in variability, demonstrating the expected range of future conditions, in winter duration are of particular concern, especially for the low ends of the distribution, or extremely short duration, given by the 10th percentile (Table 4). While the magnitude of projected changes in the 90th percentile are close to mean values, the magnitude of changes in the 10th percentile considerably exceed that of the mean, indicating the projected shifts are skewed toward the low extremes. For example, the 10th percentile for the Boreal ecozone is projected to be 26 or 37 days earlier in the 2050s for RCP 4.5 and RCP 8.5, respectively, while the 90th percentile is projected to shift 17 days earlier for both RCP scenarios. The largest change in variability is seen in the 2080s for RCP 8.5 where the 10th percentile in winter duration is projected to decrease with a range of 39 days in the Taiga ecozone to 88 days in the Mountain ecozone. For the Mountain ecozone this results in a winter duration of less than 80 days for 10 percent of winters in the 2071–2100 period. Similar large projected decreases for this period lead to 10 percent of winters lasting less than 32, 58, and 62 days for Prairie, Foothills, and Parkland ecozones. Standard deviations, indicating how close to the mean the majority of values occur, are projected to decrease in the 2050s for RCP 4.5 for all ecozones and RCP 8.5 for the Prairie, Parkland, and Taiga ecozones, signifying a decrease in variability. Similarly, for the 2080s, standard deviations are projected to decrease for all ecozones under RCP 4.5, but increases in standard deviation, and therefore variability, are projected for all ecozones except the Prairie for RCP 8.5.



The disproportionate rate of change in the Mountain ecozone will alter spatial gradients in spring 0 °C isotherm timing and winter duration across the province. During the historic period, the average onset of above-freezing temperatures in the Mountain ecozone (22 April) occurred just a few days after that of the Taiga ecozone (18 April) and up to 30 days following that of the Prairie ecozone (23 March) (Table 3). This is projected to shift such that the timing of the spring 0 °C isotherm in the Mountain ecozone will be 9 to 19 days later than the Taiga ecozone between RCP 4.5 in the 2050s to RCP 8.5 in the 2080s, and 20 or 21 days after the Prairie ecozone. Similar patterns exist for winter duration, where the historic period is characterized by a roughly equivalent average winter duration for Mountain (187 days) and Taiga (183 days) ecozones to a large difference between Mountain (187 days) and Prairie (136 days) ecozones (Table 4). Under future projections, the difference in mean winter duration for Mountain and Taiga ecozones will diverge and converge for Mountain and Prairie ecozones. Ranging from the 2050s for RCP 4.5 and 2080s for RCP 8.5, mean winter duration in the Mountain ecozone will become 12 to 33 days shorter than the Taiga ecozone, while the gap between the duration of Mountain and Prairie ecozones will shorten by 7 to 9 days. Future scenarios suggest that the winter duration and spring 0 °C isotherm in the Mountain ecozone will become more similar to that of the Boreal ecozone.



The Prairie ecozone also emerges as a region projected to experience a high rate of change in winter duration relative to other ecozones, a pattern that is not seen with spring 0 °C isotherm projections, suggesting a larger shift in the timing of the autumn 0 °C isotherm, or onset of below-freezing temperatures (Supplementary Information). These projected changes are pronounced for the 10th percentile, particularly under RCP 8.5, where decreases of over 120 days are projected for southwestern Alberta. Given the substantial projected decreases in the low end of the distribution of winter duration, as demonstrated by the 10th percentile results, particularly for RCP 8.5 and the 2080s, we evaluated the projected percentage of years that remain above freezing throughout the winter. In these cases, no autumn or spring 0 °C isotherms are detected. Results indicate that small areas of the Prairie ecozone are not projected to freeze for a small percentage (<10%) of years between 2041–2070 for RCP 8.5 and 2071–2100 for RCP 4.5 (Figure 8). A widespread region of southern Alberta, extending across multiple ecozones (<10%) and a high concentration in the southwestern Prairie ecozone (up to 21%) is projected to remain above freezing between 2071–2100 for RCP 8.5. As 0 °C isotherm dates are calculated using a 31-day running mean there may still be short-term fluctuations above and below freezing, such as daily or multi-day time scales. However, no sustained cold periods are projected to occur under these scenarios.




3.2.3. Winter Precipitation


Historic and future precipitation are given as cumulative distributions relative to mean daily temperature, and snowfall fraction, or percentage of total precipitation falling below the temperature threshold of 1 °C is indicated for each distribution. Total November–April precipitation is projected to increase substantially from the historic to 2050s and 2080s in all ecozones for RCP 4.5 (Figure 9) and RCP 8.5 (Figure 10). Cumulative precipitation below the 1 °C snow-rain threshold temperature is projected to increase for the Mountains, Boreal, and Taiga ecozones for both the 2050s and 2080s, and remain relatively stable for the Foothills, Prairie, and Parkland ecozones. For the Mountains, Boreal, and Taiga ecozones this indicates an increase in both rain and snow, suggesting gains in snowfall are offset by reductions in winter duration. Conversely, in the Foothills, Prairie, and Parkland ecozones, increases in precipitation are projected to fall as rain as a function of the attenuation of the winter season as well as changes in precipitation. There is little difference in projected cumulative precipitation amounts between the 2050s and 2080s for RCP 4.5 (Figure 9), while precipitation is projected to continue increasing through 2100 under RCP 8.5, such that the largest cumulative precipitation is seen for the 2080s for RCP 8.5 (Figure 10). Snowfall fraction has decreased for all ecozones for both RCP 4.5 and RCP 8.5 despite increases in snowfall for some of the ecozones, supporting indications that the projected increases in precipitation is largely in the form of rain. Notably, for the 2080s under RCP 8.5, less than 50% of total November–April precipitation in the Prairie ecozone is projected to fall as snow.



Precipitation–temperature distributions are projected to shift substantially for all future periods and RCP scenarios such that less precipitation is falling at lower temperatures and more precipitation at higher temperatures. This is particularly evident at the lower end of the temperature distribution where the historic cumulative precipitation lines lie above the distributions for both future periods and under RCP 4.5 and RCP 8.5 scenarios. For example, in the Boreal ecozone, approximately 60 mm of precipitation fell when the mean daily temperature was below −10 °C in the historic period, which is reduced to approximately 45 mm in the 2050s and 35 mm in the 2080s for RCP 8.5. This has implications for the temperature of the snowpack, and consequently, the vulnerability to snowmelt. A snowpack that is closer to 0 °C isothermal will melt faster than a cold snowpack as energy inputs to a cold snowpack (e.g., temperature, solar radiation) will first be used to raise the temperature of the snowpack to 0 °C before a phase change from solid to liquid can occur [21]. A shift in the distribution of precipitation with temperature suggests a warmer snowpack and thus less energy required to raise the temperature of a snowpack to initiate snowmelt.



Variability in November–April ecozone-averaged total precipitation and snowfall are given as probability density functions (PDFs) for RCP 4.5 (Figure 11) and RCP 8.5 (Figure 12). In the historic period, snow (solid line) and total precipitation (dotted line) appear fairly well coupled for all ecozones, consistent with cumulative precipitation plots indicating the majority of precipitation falls as snow. Conversely, future scenarios signify a decoupling of snowfall from total precipitation. Additionally, the variability of historic snowfall and total precipitation is greater than future scenarios, evident by the wider spread of the distribution curve and lower probabilities around the mean values compared with future distribution curves. This is particularly pronounced for snowfall in both RCP 4.5 (Figure 11) and RCP 8.5 (Figure 12) scenarios where snowfall PDFs are narrow and probabilities of near-mean values are high. Probability distributions of both snow and total precipitation are shifted such that historically high-probability average-precipitation values decrease in probability for future scenarios for Mountain, Boreal, and Taiga ecozones and increase in probability for Foothills, Prairie, and Parkland ecozones in both RCP 4.5 and RCP 8.5. Similarly, historically low-probability high-precipitation values in Mountain, Boreal, and Taiga are projected to increase in probability in future scenarios. For example, in the Mountain ecozone during the historic period, the cumulative snowfall probabilities peak ~200 mm and there is a low probability of 300 mm of snowfall, where in the 2050s under RCP 4.5, the probability of 300 mm of snowfall is nearly 10 times greater than the historic period, and the probability of 200 mm of snowfall is nearly 5 times lower.






4. Discussion


The results of this study show that the dynamics of cryosphere-related climate variables have changed since the mid-20th century and that future climate projections under two potential emissions scenarios indicate these changes are expected to accelerate over the 21st century; furthermore, this may have major implications for the spatial and temporal distribution of freshwater in western Canada. These changes represent the cumulative effect of increasing temperatures, shortening the duration of winter and advancing the onset of spring above-freezing temperatures, and shifting patterns of the amount and phase of cold season precipitation. The magnitude of projected shifts in temperature and precipitation metrics depend on emissions pathway, where a greater impact to snow accumulation and melt regimes is expected under RCP 8.5. While the historic period is characterized by a loss of cold season precipitation and a shift from snow to rain for most of Alberta, a reversal is projected for the 2050s and 2080s such that cold season precipitation is projected to increase, while continued decreases in winter duration are projected. This will potentially create novel winter climates not currently seen in these ecozones. Changes in precipitation, snow accumulation, and timing of snowmelt in the Mountain ecozone has implications for water resource availability for large downstream areas in western and northern Canada, while changes in all other ecozones has primarily local or regional impacts on runoff, groundwater recharge, agriculture, and ecosystem function.



Spatial and temporal gradients in the magnitude of historic trends and future projections exist among ecozones. In the historic period, the ecozones with the greatest change in the timing of the spring 0 °C isotherm and winter duration (Prairie and Parkland) saw the biggest divergence between winter snowfall and precipitation trends, indicating a shift from snow to rain in addition to a loss of precipitation. Conversely, ecozones with the lowest rate of change in temperature metrics (Taiga and Mountain) saw a roughly equal trend magnitude in both winter snowfall and precipitation. This demonstrates the importance of winter duration for snow accumulation. While the Mountain ecozone remained relatively stable with respect to climate metrics over the historic period, this ecozone emerges as a region of amplified vulnerability due to an attenuated winter duration and earlier onset of spring temperatures relative to other ecozones. Despite decreases in the snow accumulation season, substantial increases in precipitation and the amount of precipitation falling as snow are projected for both the 2050s and 2080s under both emissions scenarios, where the projected gains in precipitation in the Mountain ecozone is 2–3 times greater than other ecozones. These results indicate that future streamflow through the Plains will continue to be dominated by Mountain headwater contributions. However, given projected shifts in cold season temperature and precipitation patterns, mid-winter melt or rain on snow and earlier spring onset may alter the timing and magnitude of streamflow downstream.



Changes between historic and future climate variability indicate the potential for large deviations from the projected mean values, particularly for shifts in the 10th percentile of the distributions. Consequently, future scenarios include the potential for a very early onset of spring temperatures and an extremely short winter duration for all ecozones. Of particular concern are regions in southern and western Alberta that are projected to include winters that remain above freezing in future scenarios, including an area of the western Prairie ecozone where up to 21% of the years between 2071–2100 are projected to remain above freezing. This suggests that while discrete snowfall events may occur, it is unlikely snow will accumulate, which will affect soil freeze-thaw cycles, groundwater recharge and flow dynamics, and agricultural and natural ecosystems. Currently, in the southwestern Alberta prairie, winter temperature fluctuations above and below freezing, commonly related to warm Chinook winds descending the eastern slopes of the Rocky Mountains, result in oscillating periods of snowpack development and disappearance [81]. The projected shifts in winter duration and the timing of spring above-freezing temperatures suggest that this phenomena will likely be exacerbated in the future.



Cold season climate change is projected to decouple the probability distributions of total precipitation and snowfall as rising temperatures drive a shift from snow to rain. Furthermore, probabilities are projected to shift such that historically frequent seasonal precipitation and snowfall amounts may occur in the future, but at lower probabilities. Historically rare high precipitation amounts are projected to become more common and historically rare low precipitation amounts do not occur in future probability distributions. This creates new cold season precipitation regimes, the hydrologic impacts of which will vary depending on dominant catchment characteristics such as topography, subsurface storage dynamics, and land cover and use [82]. Rising temperatures are also projected to shift the range of temperatures at which precipitation falls in all ecozones, including a decrease in precipitation falling at lower temperatures, indicative of the potential for warmer snowpacks and increased vulnerability to melt [21].



Historic precipitation trends indicate that most ecozones have seen a decline in total precipitation and a shift from snow to rain and future scenarios all predict a decrease in snowfall fraction in tandem with increasing precipitation. Annual streamflow is positively related to the percentage of total precipitation that falls as snow [83,84]; therefore, a decrease in snowfall fraction is expected to elicit a nonlinear hydrologic response. Additionally, an earlier onset of spring temperatures may not result in a detectably earlier spring freshet as energy limitations during late winter and early spring attenuate snowmelt rates [22,25] or weaken relationships between snowpack and spring hydrology [26,27]. Spring runoff should be monitored and evaluated for changes in magnitude and climate-hydrologic coupling. Both snowmelt and rainfall are important drivers of groundwater recharge; therefore, shifts from snow to rain may not negatively impact recharge as long as total precipitation remains high [10]. However, an increase in the volume of seasonal precipitation and rising temperatures will likely alter water table and soil freezing depths in many ecozones, altering groundwater recharge and storage dynamics. In prairie regions, snowmelt that collects in topographic depressions melts and slowly infiltrates or is stored in surface ponding until soil thaws [85]. The depth and extent of frozen soil is a function of climate [86], and under climate warming, the dynamics of frozen ground may change [87,88], which can affect the snowmelt runoff ratio [89]. For example, midwinter melts are shown to refreeze in the subsurface and increase runoff during spring melt [90]. Therefore, increased precipitation may translate to greater groundwater recharge, storage, and runoff. Furthermore, groundwater recharge may be initiated earlier in the season or throughout the winter season under future climate conditions.



Increases in cold season precipitation may exacerbate mechanisms that increase the potential for flooding. For example, high soil moisture due to increased precipitation, inhibits further infiltration and leads to excess runoff [91]. In Mountain and Foothills ecozones, heavy precipitation events and/or rain on snow have contributed to major flooding events in southern Alberta [92,93]. Effective water management strategies throughout the watershed are necessary to mitigate flood impacts, e.g., [94]. Rain on snow is of particular concern as it can generate greater runoff than rain alone [19,95], and evidence indicates the frequency of rain on snow events will increase over mid- to high-elevations in the province [18]. While higher winter precipitation can exacerbate flood risk, earlier snowmelt is linked to lower summer streamflow [24] and can contribute to water deficits during the summer season. Despite projected increases in winter precipitation, widespread annual and summer water deficits, evaluated using the Standardized Precipitation-Evapotranspiration Index, are projected, particularly for southern Alberta [96,97]. Strong contrasting projections of winter and summer climate is expected to intensify oscillations between water surplus and deficits. Therefore, water management strategies may be necessary to ensure seasonal redistribution of water resources, while balancing socioeconomic and ecological requirements. Future research based holistically on annual cycles of water resource availability, with a particular focus on identifying transition periods between surplus and deficit and the evolving role of glacial melt in the annual water balance, will further inform adaptation strategies, water resource management, and environmental monitoring programs.



Results of this study are consistent with other evaluations of historic trends and future projections of cold season climate. Although results from both emissions scenarios are in agreement on the direction of projected changes, and are in agreement with other studies, e.g., [3,5,32], there is uncertainty over the magnitude of changes to the mean and variability of each climate metric. It is critical to continue evaluating future climate scenarios to refine our understanding of future impacts to climate and to evaluate the performance of existing projections as climate observations begin to overlap with projected future climatologies. Additionally, future research should investigate whether regional climate models (RCMs) could provide added value by improving the representation of regional climate simulated by the driving GCMs [98,99]. However, the added value by RCM simulations can be difficult to quantify [98,100], and depends on different factors such as scale, variable, region of interest, application, and experiment configuration [100]. Several recent studies have presented climate projections over a larger spatial scale, e.g., [3,28], or averaged over a watershed, e.g., [5,32]. While watershed-averaging provides valuable information for water availability, we know that mountain headwaters contribute a disproportionately large quantity of fresh water. At the provincial scale, evaluating historic trends and future projections by ecozone facilitates the understanding of regional variability of climate change and potential impacts at local scales, which is critical for making regional or sector-specific water management decisions [37]. Additionally, as the dominant source of streamflow, historic and projected changes in the Mountain ecozone informs large-scale water availability for several major rivers in western Canada.




5. Conclusions


Analyses of key winter temperature and precipitation metrics reveal considerable spatial and temporal variability in changes to snow accumulation and melt regimes over the historic period and projected over the 21st century. The historic period was dominated by trends toward an earlier onset of spring above-freezing temperatures, shorter winter duration, decreased precipitation coupled with a shift from snow to rain, especially in the Prairie and Parkland ecozones. The trajectory of the spring 0 °C isotherm and winter duration is projected to continue through the 21st century; however, the decreasing precipitation and snowfall trends seen over the historic period are expected to reverse and substantial increases are projected for future periods. The magnitude of projected changes are dependent on the emissions pathway, with more pronounced changes projected under a continued rise in emissions (RCP 8.5) compared with an emissions stabilization scenario (RCP 4.5).



Uneven rates of change, particularly in the Mountain ecozone, leads to changes in winter climate gradients among ecozones, which is expected to change the dynamics of snowmelt timing across the province. Projected changes in variability lead a heightened potential for an extremely early spring onset and short winter duration, with the Prairie ecozone emerging as a region vulnerable to loss of a sustained cold season. Projected changes in cold season precipitation and snowfall distributions decrease the potential for low precipitation and snowfall amounts while increasing the potential for high precipitation and snowfall.



Freshwater is important for maintaining ecosystem function in the six ecozones in Alberta and aquatic ecosystems in major rivers in western Canada. It is a major component of socioeconomic systems and traditional livelihoods in the province [39]. A temporal redistribution of water resources and substantial changes to the amounts of water availability pose a risk to these ecological, socioeconomic, and traditional needs. With strategic water management tools and decisions, the challenges presented by the changing patterns of precipitation and temperature can be faced to maintain water security in the future.
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Figure 1. Six ecozones in Alberta—Mountain, Foothills, Prairie, Parkland, Boreal, and Taiga. 
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Figure 2. Trends (days/decade) in (a) spring 0 °C isotherm dates and (b) winter duration over the historic period (1950–2017). Only trends significant at p < 0.05 are shown. 
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Figure 3. Trends in total November–April precipitation (x-axis) and precipitation falling as snow (y-axis) as determined through a temperature index rain–snow equation over the historic period (1950–2017). Points on the graphs represent ANUSPLIN grid points, at ~10 km resolution, within each ecozones and ecozone-averaged trends are indicated by a black plus sign (+). Reference lines represent equal precipitation and snowfall trend magnitude (Pt = Ps). 
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Figure 4. Projected change in spring 0 °C isotherm dates—mean, 10th percentile (earliest), and 90th percentile (latest) between the historic period (1950–2017) and (a) 2050s (2041–2070) and (b) 2080s (2071–2100) for RCP 4.5. 
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Figure 5. Projected change in spring 0 °C isotherm dates—mean, 10th percentile (earliest), and 90th percentile (latest) between the historic period (1950–2017) and (a) 2050s (2041–2070) and (b) 2080s (2071–2100) for RCP 8.5. 
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Figure 6. Projected change in winter duration—mean, 10th percentile (earliest), and 90th percentile (latest) between the historic period (1950–2017) and (a) 2050s (2041–2070) and (b) 2080s (2071–2100) for RCP 4.5. 
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Figure 7. Projected change in winter duration—mean, 10th percentile (earliest), and 90th percentile (latest) between the historic period (1950–2017) and (a) 2050s (2041–2070) and (b) 2080s (2071–2100) for RCP 8.5. 
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Figure 8. Percentage of winters projected to remain above freezing, where no autumn or spring 0 °C isotherm is detected. 
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Figure 9. Cumulative precipitation by temperature distribution for RCP 4.5. Snowfall fraction is shown as a percentage of total precipitation along the left side of each ecozone graph. 
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Figure 10. Cumulative precipitation by temperature distribution for RCP 8.5. Snowfall fraction is shown as a percentage of total precipitation along the left side of each ecozone graph. 
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Figure 11. Probability density function of total November–April snowfall (solid lines) and precipitation (dotted lines) amounts for historic and projected future periods under RCP 4.5. 
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Figure 12. Probability density function of total November–April snowfall (solid lines) and precipitation (dotted lines) amounts for historic and projected future periods under RCP 8.5. 
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Table 1. Area, elevation, and mean cold season (November–April) climate (1950–2017) for the six ecozones.
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	Ecozone
	Area (km2)
	Elevation Range and Mean (m.a.s.l.)
	Mean Cold Season Precipitation (mm)
	Mean Cold Season Temperature (°C)





	Mountain
	47,000
	860–3630 (1890)
	214
	−0.5



	Foothills
	68,000
	600–2450 (1060)
	115
	1.8



	Prairie
	97,000
	590–1710 (880)
	87
	4.2



	Parkland
	59,000
	510–2010 (770)
	95
	2.6



	Boreal
	319,000
	160–1230 (560)
	98
	0.4



	Taiga
	72,000
	190–1000 (480)
	93
	−2.2
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Table 2. List of initial pool of climate models used in this study.
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	Model
	Institution
	Country of Origin





	BCC-CSM1
	Beijing Climate Center, China Meteorological Administration
	China



	BNU-ESM
	Beijing Normal University
	China



	CanESM2
	Canadian Centre for Climate Modelling and Analysis
	Canada



	ACCESS-1.0
	Australian Community Climate and Earth-System Simulator-Bureau’s Research and Development Branch
	Australia



	IPSL-CM5A-MR
	Institut Pierre Simon Laplace
	France



	IPSL-CM5A-LR
	Institut Pierre Simon Laplace
	France



	MIROC5
	Center for Climate System Research (University of Tokyo), National Institute for Environmental Studies, and Frontier Research Center for Global Change
	Japan



	MIROC-ESM
	Center for Climate System Research (University of Tokyo), National Institute for Environmental Studies, and Frontier Research Center for Global Change
	Japan



	MIROC-CHEM
	Center for Climate System Research (University of Tokyo), National Institute for Environmental Studies, and Frontier Research Center for Global Change
	Japan



	MPI-ESM-LR
	Max Planck Institute for Meteorology
	Germany



	MPI-ESM-MR
	Max Planck Institute for Meteorology
	Germany



	CCSM4
	National Center for Atmospheric Research
	USA



	HadGEM2-ES
	Hadley Centre for Climate Prediction and Research
	UK



	HadGEM2-CC
	Hadley Centre for Climate Prediction and Research
	UK



	CNRM-CM5
	Météo-France/Centre National de Recherches Météorologiques
	France



	CSIRO-Mk3-6-0
	Commonwealth Scientific and Industrial Research Organisation (CSIRO) Atmospheric Research
	Australia



	GFDL-CM3
	National Oceanic and Atmospheric Administration (NOAA)/Geophysical Fluid Dynamics Laboratory
	USA



	GFDL-ESM2G
	National Oceanic and Atmospheric Administration (NOAA)/Geophysical Fluid Dynamics Laboratory
	USA



	GFDL- ESM2M
	National Oceanic and Atmospheric Administration (NOAA)/Geophysical Fluid Dynamics Laboratory
	USA



	INMCM4
	Institute for Numerical Mathematics, Russia
	Russia



	MRI-CGCM3
	Meteorological Research Institute
	Japan



	CESM1-BGC
	Community Earth System Model- National Science Foundation (NSF) and the U.S. Department of Energy (DOE)
	USA



	CMCC-CM
	Euro-Mediterranean Center on Climate Change
	Italy



	FGOALS-g2
	National Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics (LASG)/Institute of Atmospheric Physics
	China



	FGOALS-s2
	National Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics (LASG)/Institute of Atmospheric Physics
	China



	NorESM1-M
	Norwegian Climate Centre (NCC)
	Norway



	EC-EARTH
	22 academic institutions and meteorological services from 10 countries in Europe (http://ecearth.knmi.nl/, accessed on 1 April 2021)
	Europe



	GISS-E2-R
	National Aeronautics and Space Administration (NASA)/Goddard Institute for Space Studies
	USA
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Table 3. Average change in spring 0 °C isotherm timing, given in as the change in the number of days between the historic baseline and future periods.
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Mountain

	
Foothills

	
Prairie

	
Parkland

	
Boreal

	
Taiga






	
Mean

	
Historic (1950–2017)

	
22-April

	
03-April

	
23-March

	
31-March

	
08-April

	
18-April




	

	
2050s

	
RCP 4.5

	
–3

	
–18

	
–14

	
–14

	
–13

	
–10




	

	

	
RCP 8.5

	
–26

	
–19

	
–17

	
–16

	
–13

	
–10




	

	
2080s

	
RCP 4.5

	
–25

	
–19

	
–15

	
–14

	
–14

	
–11




	

	

	
RCP 8.5

	
–39

	
–31

	
–30

	
–27

	
–22

	
–16




	
Standard Deviation

	
Historic (1950–2017)

	
8.5

	
10.1

	
13.0

	
10.3

	
7.6

	
7.7




	
2050s

	
RCP 4.5

	
7.3

	
7.4

	
8.6

	
6.8

	
5.4

	
5.0




	

	

	
RCP 8.5

	
7.3

	
8.1

	
7.9

	
7.1

	
5.6

	
5.3




	

	
2080s

	
RCP 4.5

	
7.9

	
9.1

	
9.4

	
8.2

	
6.3

	
5.3




	

	

	
RCP 8.5

	
10.3

	
10.3

	
8.9

	
8.8

	
7.8

	
6.7




	
10th percentile

	
Historic (1950–2017)

	
10-April

	
20-March

	
05-March

	
16-March

	
28-March

	
06-April




	

	
2050s

	
RCP 4.5

	
–30

	
–22

	
–18

	
–16

	
–16

	
–10




	

	

	
RCP 8.5

	
–34

	
–29

	
–24

	
–23

	
–19

	
–11




	

	
2080s

	
RCP 4.5

	
–34

	
–27

	
–20

	
–19

	
–17

	
–12




	

	

	
RCP 8.5

	
–54

	
–47

	
–40

	
–39

	
–31

	
–19




	
90th percentile

	
Historic (1950–2017)

	
05-May

	
17-April

	
09-April

	
14-April

	
20-April

	
29-April




	

	
2050s

	
RCP 4.5

	
–19

	
–16

	
–14

	
–14

	
–11

	
–9




	

	

	
RCP 8.5

	
–19

	
–12

	
–10

	
–12

	
–10

	
–10




	

	
2080s

	
RCP 4.5

	
–20

	
–15

	
–11

	
–12

	
–12

	
–9




	

	

	
RCP 8.5

	
–30

	
–23

	
–23

	
–21

	
–17

	
–14











[image: Table] 





Table 4. Average change in winter duration given in as the change in the number of days between the historic baseline and future periods.
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Mountain

	
Foothills

	
Prairie

	
Parkland

	
Boreal

	
Taiga






	
Mean

	
Historic (1950–2017)

	
187

	
155

	
136

	
149

	
165

	
183




	

	
2050s

	
RCP 4.5

	
–33

	
–29

	
–26

	
–24

	
–21

	
–17




	

	

	
RCP 8.5

	
–44

	
–35

	
–37

	
–31

	
–24

	
–20




	

	
2080s

	
RCP 4.5

	
–36

	
–31

	
–28

	
–25

	
–24

	
–19




	

	

	
RCP 8.5

	
–69

	
–59

	
–60

	
–52

	
–42

	
–32




	
Standard Deviation

	
Historic (1950–2017)

	
11.5

	
11.7

	
16.1

	
13.2

	
9.5

	
8.9




	
2050s

	
RCP 4.5

	
9.3

	
9.7

	
12.2

	
8.7

	
6.8

	
5.8




	

	

	
RCP 8.5

	
11.6

	
13.1

	
12.8

	
11.6

	
10.2

	
8.0




	

	
2080s

	
RCP 4.5

	
7.5

	
10.7

	
11.2

	
9.8

	
7.4

	
5.0




	

	

	
RCP 8.5

	
14.6

	
16.4

	
15.6

	
14.8

	
12.8

	
10.3




	
10th percentile

	
Historic (1950–2017)

	
168

	
140

	
112

	
132

	
151

	
171




	

	
2050s

	
RCP 4.5

	
–40

	
–38

	
–36

	
–30

	
–26

	
–20




	

	

	
RCP 8.5

	
–58

	
–56

	
–52

	
–48

	
–37

	
–29




	

	
2080s

	
RCP 4.5

	
–43

	
–41

	
–31

	
–31

	
–28

	
–23




	

	

	
RCP 8.5

	
–88

	
–82

	
–80

	
–70

	
–57

	
–39




	
90th percentile

	
Historic (1950–2017)

	
206

	
171

	
156

	
165

	
179

	
196




	

	
2050s

	
RCP 4.5

	
–29

	
–22

	
–18
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