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Abstract
Anthropogenic climate change is affecting the snowpack freshwater storage, with socio-
economic and ecological impacts. We present an assessment of maximum snow water
equivalent (SWEmax) change in large river basins of the northwestern North America
region using the Canadian Regional Climate Model 50-member ensemble under 1.0 °C to
4.0 °C global warming thresholds above the pre-industrial period. The projections
indicate steep SWEmax decline in the warmer coastal/southern basins (i.e., Skeena, Fraser
and Columbia), moderate decline in the milder interior basins (i.e., Peace, Athabasca and
Saskatchewan), and either a small increase or decrease in the colder northern basins (i.e.,
Yukon, Peel, and Liard). A key factor for these spatial differences is the proximity of
winter mean temperature to the freeze/melt threshold, with larger SWEmax declines for the
basins closer to the threshold. Using the random forests machine-learning model, we find
that the SWEmax change is primarily temperature controlled, especially for warmer basins.
Further, under a categorical framework of below-normal SWEmax defined as snow
drought (SD), we find that above-normal temperature and precipitation are the dominant
conditions for SD occurrences under higher global warming thresholds. This implies a
limited capacity of precipitation increase to compensate the temperature-driven snowpack
decline. Additionally, the frequency and severity of SD occurrences are projected to be
most extreme in the southern basins where current water demands are highest. Overall,
the results of this study, including insights on snowpack changes, their climatic controls,
and the framework for SD classification, are applicable for basins spanning a range of
hydro-climatological regimes.
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1 Introduction

Snowpack provides a natural freshwater reservoir in snow-dominated regions of the
world by storing precipitation in winter and releasing it as snowmelt runoff in spring
and summer when demands are highest. Warming climate is causing significant
alterations to snow regimes of the mountainous and high-latitude regions, affecting
volume, extent, and duration of the seasonal snowpack, as well as snowmelt-driven
runoff (Barnett et al. 2005; Bach et al. 2018). Studies have shown decreases in the
duration and extent of snow cover (Brown and Mote 2009; Derksen et al. 2015;
Mudryk et al. 2018) and declining trends in the mean and extreme snow depths (Fyfe
et al., 2017; Bach et al., 2018; Mote et al., 2018), causing the snowmelt-driven peak
runoffs to occur earlier (Dudley et al. 2017; Blöschl et al. 2017).

Associated with these changes are periodic occurrences of exceptionally low snow
conditions, including recent occurrences in parts of the western USA (e.g., Mote et al.
2016; Cooper et al. 2016; Harpold et al. 2017; Hatchett and McEvoy 2017). These
below-normal snow conditions relative to historical average maximum snow water
equivalent (SWEmax) or snow drought (SD) have been characterized as dry SD due to
winter precipitation deficit and warm SD due to above-normal winter temperature
(Harpold et al. 2017; Dierauer et al. 2019). SD conditions could have substantial
implications in regions where large populations rely on seasonal snowpack-driven runoff
for water supply (e.g. for agriculture, human consumption, hydropower generation).
Specifically, smaller snowpack and earlier snowmelt lead to earlier peak flow, increased
winter flow, and decreased summer flow (Najafi et al. 2017). These changes could
impact water availability, especially in regions where built reservoir capacity is inade-
quate to cope with the seasonal shifts in supply (Barnett et al. 2005), and lead to
potentially large economic loss (Sturm et al. 2017). The decreasing contribution of
snowmelt to runoff also makes streamflow less predictable and water management more
challenging (Harpold et al. 2017). Additionally, natural ecosystems (e.g., vegetation,
aquatic habitat) could be impacted, e.g., snowpack loss and earlier snowmelt have been
associated with water stress on trees (Millar and Stephenson 2015) and increasing forest
fire risks (Trujillo et al. 2012; Gergel et al. 2017). Furthermore, a decreasing contribution
of snowmelt exacerbates stream warming during summer (Ficklin et al. 2013), which has
been associated with elevated mortality of adult sockeye salmon (Eliason et al. 2011).

These issues are very relevant to the large region in northwestern North America (NWNA),
where the majority of downstream flows originate from snowmelt runoff in “water towers” of
the mountains (Bonsal et al. 2020). This large (40° N to 75° N and 100° W to 160° W) region
in Western Canada and the USA contains the trans-boundary river basins of Yukon, Macken-
zie, Saskatchewan, Fraser, and Columbia, and parts of the region have been characterized as
“at risk” of transitioning from a snow-dominated to a rain-dominated winter precipitation
regime (Nolin and Daly 2006; Brown and Mote 2009). Furthermore, environmental and
freshwater demands/pressures are prevalent across the region, especially in more southern
river basins with higher population and infrastructure demand (Bonsal et al. 2020). Previous
studies indicated declining trends of multidecadal snow water equivalent (SWE) in parts of the
region, which have been attributed to anthropogenic forcings (Pierce et al. 2008; Najafi et al.
2017). Future climate projections over NWNA indicate a continuation of historical trends, i.e.,
declines in the magnitude, extent and duration of snow storage due to warming temperatures
(e.g., Diffenbaugh et al. 2013; Fyfe et al. 2017).
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However, highly spatially varied climatology (Fig. 1) together with differences in temper-
ature and precipitation projections across mid- to high-latitude regions suggests heterogeneous
snowpack responses in the river basins of the region. Specifically, enhanced warming at higher
latitudes, coupled with amplified poleward moisture transport (Min et al., 2008; Zhang et al.,
2013)—referred to as the Arctic amplification (Serreze and Barry 2011; Cohen et al. 2014)—
can be expected to lead to latitudinally varied snow responses across NWNA. The changes
could include a larger decrease in mean snowfall at mid-latitudes compared to high latitudes
(O’Gorman 2014) and a higher prevalence of low snow years at mid-latitudes (Diffenbaugh
et al. 2013). Also relevant is the temperature gradient across NWNA, with the mid-latitude
region’s winter temperatures, at present, closer to the freeze/melt threshold than high latitudes
(Fig. 1a). This suggests a higher sensitivity of the mid-latitude region’s snow regime to climate
warming and increased sensitivities at higher latitudes as the threshold shifts northward. In this
respect, while a number of previous studies have analyzed future snowpack changes across the
mid-latitudes (Fyfe et al. 2017; Dierauer et al. 2019), the spatial and temporal variability of
snowpack changes across the major river basins of this large region has not been investigated.
Such investigation can be helpful in characterizing second/third-order impacts, including water
supply, storage and ecosystem services, and thus, future adaptation strategies for these
important river basins in NWNA. Further, with the release of the Intergovernmental Panel
on Climate Change (IPCC) special report on Global Warming of 1.5 °C (IPCC 2018),
understanding basin-scale impacts at different policy-relevant goals (e.g., limiting global
warming to 1.5 °C or 2.0 °C) has become important.

Given the aforementioned knowledge gaps, the objective of this study is evaluating large
basin–scale snowpack response over the NWNA region. We develop a framework for
assessing the climatic controls on SWEmax responses and evaluating SD occurrences in a
warmer climate. We focus on two key research questions: (i) how do the climatic controls on
snow response vary across the river basins with a range of hydro-climatological regimes? (ii)
How does the frequency and severity of snow drought vary under different global warming
thresholds (1.0 °C to 4.0 °C above the pre-industrial period)? To address these questions, we
primarily utilize a large ensemble (50 realizations) of the Canadian Regional Climate Model
(CanRCM4-LE) (Scinocca et al. 2015), driven by historical and future simulations from the
Canadian Earth System Model (CanESM2) (Arora et al. 2011). We apply a machine-learning
model, random forests (Breiman 2001), to evaluate the relative importance of primary climatic

Fig. 1 Baseline climatology (1961–2000) from CanRCM4-LE mean for the study region relevant to snow
accumulation and melt season. a October–March mean temperature. b October–March total precipitation. c
Annual maximum SWE. Numbers indicate nine river basins studied in detail: 1 Yukon, 2 Peel, 3 Liard, 4 Peace,
5 Athabasca, 6 Saskatchewan, 7 Skeena, 8 Fraser, and 9 Columbia. Mackenzie basin is shown by the red
boundary. Note that CanRCM4-LE extends approximately to the northern boundary of the Yukon River basin
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drivers (temperature and precipitation) on SWEmax response. Further, we define SD based on
categorical classifications (i.e., above-normal, near-normal and below-normal) of temperature,
precipitation, and snow conditions. Additionally, a detailed basin-scale prognosis of SWEmax

changes and SD occurrences is provided under 1.0 °C to 4.0 °C global warming.

2 Study region

Our study foci are the large river basins that originate in the Canadian portion of the
NWNA region (Fig. 1) and includes four major tributaries of the Mackenzie River (Peel,
Liard, Peace, and Athabasca), along with the entire Yukon, Skeena, Saskatchewan,
Fraser, and Columbia River basins (see Supplementary Material (SM) Table S1 for basin
characteristics). Climatic regimes of the region range from subarctic in the north to
temperate in the south. The region is highly varied in terms of temperature and precip-
itation, with a distinct temperature gradient from south to north and precipitation gradient
from interior to coast (Fig. 1 a and b). The resulting SWEmax response generally
corresponds to October–March precipitation, with higher accumulation in the coast
compared to interior (Fig. 1c). However, despite higher precipitation, SWEmax values
are lower in the southern coast due to above freezing October–March temperature.

The selected river basins are highly diverse in terms of water usage, thus, subject to
different levels of vulnerabilities. Particularly, the southern basins of Fraser, Columbia,
and Saskatchewan—which are home to large populations in Western Canada including the
major urban centers of Vancouver, Edmonton, and Calgary—have considerable demand
for drinking water, irrigation, and hydropower generation. Particularly, hydropower gen-
erated from the Columbia River supplies about 77% of the regional demand for electricity
inside the basin in the USA and Canada (Hamlet et al. 2002), while about 22% of flow is
diverted from Saskatchewan River for consumptive water use, mainly for irrigation
(Bruneau et al. 2009). Parts of the region, including Greater Vancouver and Calgary, are
vulnerable to flooding, which occur due to snowmelt-driven runoff in combination with
heavy rainfall events (Pomeroy et al. 2016; Shrestha et al. 2017). There are major
hydropower generation and oil-sand development in the Peace and Athabasca River
basins, respectively, with both highly dependent on snowmelt-driven runoff (Schnorbus
et al. 2014; Dibike et al. 2018). The northern region (including the Yukon, Peel, and Liard
basins) has a sparse population and limited development. However, snowpack loss
together with permafrost degradation could have major implications on infrastructure
and services (Instanes et al. 2016). Further, river systems draining to the coast, including
Fraser and Skeena, provide important spawning habitat for Pacific Salmon (Morrison et al.
2002; Beacham et al. 2014) and are highly sensitive to summer water temperature
increases (Eliason et al. 2011).

3 Data and methods

3.1 Model datasets

This study is primarily based on the large ensemble 0.44° CanRCM4 (CanRCM4-LE), a
regional climate model that was developed under the framework of coordinated global and
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regional climate modeling (Scinocca et al. 2015). CanRCM4 shares the same package of
physical parameterizations with the Canadian global atmospheric climate model (CanAM4)
(Von Salzen et al. 2013). By employing a spectral nudging procedure in the Canadian Earth
System Model (CanESM2) (Arora et al. 2011), which is designed to constrain its evolution to
follow any large-scale driving data, CanRCM4 is supplied at the lateral boundary with inputs
from its parent GCM (Scinocca et al. 2015). CanRCM4 also includes the Canadian Land
Surface Scheme (CLASS) version 2.7, which has been designed from the outset to account for
snowpack dynamics (Verseghy 2000; Bartlett et al. 2006). Specific features of CLASS
relevant to snowpack dynamics include a variable depth snow layer and snow-vegetation
interactions for water and energy flux calculations. CLASS considers canopy snow
interception in terms of variable leaf area index, while snowpack albedo and density vary
with time, depth, temperature, and new snow according to an exponential decay function.
Further details on CLASS snow model are available in Verseghy (2000) and Bartlett et al.
(2006).

The 50-member 0.44° CanRCM4-LE simulations over the North American domain are
driven at the boundary by CanESM2, with forcings from Coupled Model Intercomparison
Project Phase 5 (CMIP5) (Taylor et al. 2012) historical and representative concentration
pathway 8.5 (RCP8.5). The CanRCM4-LE runs were set up by initializing with five CanESM2
historical simulations and randomly perturbing the initial conditions in the year 1950 and
performing 10 runs for each CMIP5 ensemble member (Kirchmeier-Young et al. 2017).
CanRCM4-LE has also been used by Fyfe et al. (2017) for the projection of near-term snow
response in the western USA.

Given the mountainous topography of the NWNA region, the 0.44° CanRCM4 (approx-
imately 50 × 50 km2) can be expected to result in elevation-dependent biases, especially when
considering grid-scale responses. Nevertheless, we used CanRCM4-LE because of the limited
availability of higher-resolution simulations covering the entire region. Furthermore, since our
analyses are based on basin-averaged responses (drainage areas: 57,000 km2 to 850,000 km2;
SM Table S1), the grid-scale uncertainty is assumed less critical. In addition, large ensemble
simulations (such as CanRCM4-LE) allow the consideration of a climate model’s internal
variability, and an amplitude of natural climate variability (Kay et al. 2015). As emphasized by
Deser et al. (2020), the consideration of internal variability is important because it is an
intrinsic property of a model and largely irreducible, and could account for a large fraction
of the CMIP5 GCMs inter-model spread. We also compared the CanRCM4 projections with
0.22° RCM-ensemble that comprise a single-member CanRCM4 and 3-member REMO RCM
(Jacob et al. 2012), and variable infiltration capacity (VIC) hydrologic model simulations for
the Liard, Peace, and Fraser basins (Shrestha et al. 2012, 2019; Schnorbus et al. 2014) (see SM
section S2).

3.2 Global mean temperature change calculation

We considered SWE, temperature, and precipitation changes under the policy-relevant thresh-
olds of 1.0 °C, 1.5 °C, 2.0 °C, 3.0 °C, and 4.0 °C global mean temperature (GMT) changes
with respect to the pre-industrial (PI) period of 1850–1900 following IPCC (2018). Given that
GCMs have different levels of climate sensitivities and biases, and respond differently to the
same radiative forcing scenario (Schleussner et al. 2016), the periods of GMT changes are
different for each GCM. In this study, the GMT changes for CanRCM4 were taken from Jeong
et al. (2019), in which the 31-year period of each GMT change was calculated relative to
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1986–2005, with a 0.79 °C temperature increase for the driving CanESM2 considered between
the PI period and 1986–2005 (SM Table S2). Since CanRCM4 simulations are not available
for the PI period, basin-scale comparisons of temperature, precipitation, and SWE changes at
different GMT levels were carried out with respect to the more recent baseline period of 1961–
2000.

3.3 Variable importance analysis

Following previous regression-based studies, which found high sensitivities of snow to
seasonal precipitation and temperature (e.g., Luce et al. 2014; Lute and Luce 2017;
Sospedra-Alfonso andMerryfield 2017), we evaluated the relative importance of these primary
climatic drivers (air temperature and precipitation corresponding to snow accumulation and
melt season) on snowpack response. We used the random forest (RF) ensemble machine
learning method for the predictor-response variable importance (VI) analysis because of its
ability to handle complex nonlinear problems including interactions between variables
(Breiman 2001), which is an important consideration given that the snow response is a result
of temperature and precipitation interactions. RFs have also been found to be efficient on large
databases (Wang et al. 2015) and provide reasonable estimation of VI, e.g. for identification of
climatic controls on snow and streamflow responses (Shrestha et al. 2019) and evaluation of
indices that contribute to flood hazard (Wang et al. 2015). See Breiman (2001) and Liaw &
Wiener (2002) for technical details on RF.

This study employed the “randomForest” R-package (Liaw and Wiener 2018) to setup a
separate RF model for each of the nine river basins. We used the RF model to evaluate the basin-
averaged annual maximum SWE (SWEmax) response as a function of snow season air temper-
ature (herein referred to as temperature) and precipitation, i.e., October–December (OND) and
January–March (JFM) temperature (T) and precipitation (P). The RF model inputs included four
variables, i.e., OND_T, OND_P, JFM_T, JFM_P and one output variable, i.e., SWEmax, with
anomalies of each variable relative to 1961–2000 used to assess the effects of temperature and
precipitation changes on SWEmax changes. In order to analyze VI covering the entire period of
1961–2100, all 50 ensemble members of CanRCM4-LE with a combined total of 7000 model
years (50 simulations × 140 years) were used for training the RF model. The predictability of the
response variable was assessed using the Nash-Sutcliffe coefficient of efficiency (NSE).

3.4 Snow drought characterization

We used a categorical framework, consisting of a combination of temperature, precipitation,
and SWEmax quantiles at the above-normal, near-normal, and below-normal classes for
evaluating the SD conditions. We divided the quantiles relative to the categorical tercile
boundaries of the baseline period (1961–2000): (i) < 33rd percentile as below-normal; (ii)
between the 33rd and 67th percentiles as near-normal; and (iii) > 67th percentile as above-
normal. The classification is analogous to the probabilistic climate forecasting in which shifts
in forecasts (e.g., precipitation and temperature) are stipulated against the historical climato-
logical distribution (Barnston & Tippett, 2014). We defined (i) below-normal SWEmax condi-
tions as SD; thus, SD occurs 33% of the time in the baseline climate and no-change future
condition. The 33rd percentile threshold lies between the climatological mean threshold in
Dierauer et al. (2019) and consecutive years of SWEmax < 25th percentile in Marshall et al.
(2019).
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We propose a generalized SD definition, applicable to primary mechanisms of SD occur-
rences in a range of hydro-climatic regimes, and in both historical and future climates (SM Fig.
S1). Given that SD could occur under both precipitation and temperature increases in a warmer
climate, we expanded the SD classifications by Harpold et al. (2017) and Dierauer et al. (2019)
to include the potential drought types. Accordingly, three main SD classes were identified:

SWEmax;i < SWEmax;33

� �
∧ Pi < P33ð Þ∧ Ti > T67ð Þ� �

→SDwarmþdry ð1Þ

SWEmax;i < SWEmax;33

� �
∧ P33 < Pi < P67ð Þ∧ Ti > T67ð Þ� �

→SDwarm ð2Þ

SWEmax;i < SWEmax;33

� �
∧ Pi > P67ð Þ∧ Ti > T67ð Þ� �

→SDwarmþwet ð3Þ
where SWEmax, i, Pi, and Ti are the basin-averaged maximum SWE, and October–March
precipitation and temperature, respectively, in year i. SWEmax;33, P33, and T33 are the 33rd
percentiles of SWEmax and October–March precipitation and temperature for the baseline
period (1961–2000), respectively. Likewise, P67, T67 are the 67th percentiles of the
October–March precipitation and temperature for the baseline period, respectively. Besides,
these three SD classes decrease in SWEmax could occur under other conditions, especially
below-normal precipitation (e.g., dry and cold + dry classes; SM Fig. 1). However, SD
occurrences under these conditions were found to be rare in our evaluation of future response
and were not considered.

4 Results and discussion

4.1 Future snow response under GMT change

The CanRCM4-LE temperature projections at 1.0 °C to 4.0 °C GMT change thresholds
indicate progressively higher warming with GMT increases, which is consistent with the
expectation of enhanced warming in the northern latitudes. Projected precipitation changes
are highly heterogeneous, with larger increases in the northern region and southern interior,
and progressively larger changes at higher GMTs (see SM Figs. S2 and S3). The signal-to-
noise ratios of temperature and precipitation changes—as represented by the ensemble mean
divided by standard deviation of the 50-member model simulations—are greater than one in
most areas, with the exception of precipitation changes at 1.0 °C and 1.5 °C warmings in the
southern parts. Thus, in most cases, the change signals arising from the GMT increases are
beyond the range of CanRCM4-LE internal variability. This also suggests that the strengths of
temperature and precipitation increase signals are robust across the domain, even at low GMT
increases.

In the case of SWEmax, the responses are spatially heterogeneous, with a general pattern of
increases in the northern region and declines in the southern and coastal regions (Fig. 2). These
results are in general agreement with the SWEmax trends over 2020–2050 using CMIP5 GCM
ensemble (Mudryk et al. 2018). At 1.0 °C GMT change, the region approximately north of 60°
N show increases in SWEmax, except for the Alaska coast areas where temperature increases
are higher (SM Fig. S2), while south of 60° N show decreases. Besides this north to south

Climatic Change (2021) 164: 40 Page 7 of 21 40



gradient, there is also an interior region to coast gradient of decreasing SWEmax. With the
GMT increases from 1.5 °C to 4.0 °C, the patterns of change are amplified, characterized by
progressively larger snow losses in the southern region, more intense losses in the coast, and
progressively larger increases in the northernmost region, while the areas with SWEmax losses
expand. Further, the SWEmax results at low GMT changes (i.e., 1.0 °C to 1.5 °C) are
characterized by strong loss signals (signal-to-noise ratios > 1) in the southern and coastal
regions, and relatively weak increased signals (signal-to-noise ratios < 1) in the northern
region. At 2.0 °C to 4.0 °C GMT increases, the change signals are strong across most of the
domain, with highly heterogeneous patterns of SWEmax declines in the south and increases in
the north, and weak signals in small transition areas.

Also relevant to SWEmax changes are the basin-scale winter temperature states. For
instance, Lute and Luce (2017) found April 1 SWE to winter precipitation ratios vary between
~ 1 and 0 in areas with − 8 °C to + 4 °C variations in winter temperatures. In this study, the
SWEmax changes in the three northern basins (Yukon, Peel, and Liard) are small, because the
basins will remain cold even under more intense warming (Fig. 3), and the temperature-driven
reduction in snowfall fraction is mostly compensated by increased precipitation (SM Fig. S3).
For the three interior basins (Peace, Athabasca, and Saskatchewan), such balance between
basin temperature and precipitation increases seem to mostly maintain the historical SWEmax

levels up to 2.0 °C warming. However, at 3.0 °C and 4.0 °C warmings, it is apparent that the
balance is no longer maintained and substantial loss in SWEmax occurs. In the case of three
coastal/southern basins (Skeena, Fraser, and Columbia), rapid declines in the SWEmax start at
1.5 °C GMT increase due to the proximity of the basin temperatures to the freeze/melt
threshold. Overall, a rapid SWEmax loss in the region seems to occur when the mean basin
October–March temperature goes above − 5.0 °C to − 6.0 °C. Rapid loss was also projected by
Fyfe et al. (2017) in their evaluation of near-term (2013–2033) SWEmax change over the

Fig. 2 Projected changes in SWEmax under the GMT changes from 1.0 °C to 4.0 °C, relative to the mean of
baseline period 1961–2000. Hatching indicates areas where the mean of 50-member CanRCM4-LE divided by
standard deviation is greater than 1
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Western USA. Further, these results are in general agreement with previous studies that found
relatively larger snowpack declines at lower elevations than higher elevations, and by exten-
sion larger declines at higher basin temperatures (e.g., Cooper et al. 2016; Gergel et al. 2017;
Huning and AghaKouchak 2018; Marshall et al. 2019). However, the changes cannot be fully
explained in terms of mean basin temperatures. For instance, although the basin temperatures
are similar in Skeena, Fraser and Saskatchewan, the SWEmax reduction in the former two is
more amplified between 1.5 °C and 4.0 °C GMT compared to the latter.

4.2 Variable importance of snow changes

Figure 4 summarizes the VI percentage scores obtained from the RF model for the nine basins,
with the relative controls of CanRCM4-LE simulated OND and JFM temperature and precip-
itation changes on SWEmax changes depicted. The controls vary greatly across the NWNA
region, characterized by decreasing influence of precipitation and increasing influence of
temperature from northern (colder) to southern (warmer) basins. Specifically, while precipita-
tion exerts the highest influence on SWEmax in the northernmost and coldest Peel basin, there
is only a minor influence of OND and JFM precipitation (VI < 10%) on the coastal/southern
(Skeena, Fraser and Columbia) basins. Overall, the temperature control on the southernmost
basin (Columbia) is about three times higher than the northernmost basin (Peel), with
progressively higher sensitivities from north to south. Furthermore, there are differences in
the seasonal temperature controls on SWEmax, e.g., higher influence of OND_T for the three

Fig. 3 Changes in mean SWEmax relative to October–March mean basin temperatures, under 1.0 °C to 4.0 °C
GMT changes. The results depict 31-year means from 50-member CanRCM4-LE, and the changes are
considered relative to the mean of 1961–2000 baseline period
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northern basins (Yukon, Peel, Liard) and two interior basins (Peace, Athabasca) and higher
influence of JFM_T for the coastal/southern basins (Saskatchewan, Skeena, Fraser, Columbia).
Possible reasons for these differences include the temperature influence on the start of snow
accumulation, snowmelt initiation, and distribution of seasonal snowfall. Further, as explained
earlier, the snow accumulation/melt season (October–March) basin temperature state plays an
important role on snowpack response and its change (Fig. 3). In general, the warmer the basin
temperature state, the higher is the temperature control on SWEmax, and the smaller is the
influence of precipitation on SWEmax change.

The RF model predictability scores, summarized in terms of NSE values, indicate moderate
(0.4 to 0.6) to good (> 0.6) model fits. Comparing the colder northern basins to warmer
southern basins, the NSE values are higher with the predominant temperature controls in the
south. Further, given the high NSE values (> 0.8), the decline in SWEmax storage in the
Skeena, Fraser, and Columbia basins can be mostly explained by seasonal temperature
increases. The NSE values are lower for the northern basin, especially Peel and Liard, thus,
the seasonal temperature and precipitation changes do not sufficiently explain the SWEmax

change. The NSE-based performance also suggests a potential for developing predictive
snowpack models using RFs, with further decomposition of driving variables (e.g., rainfall
and snowfall) and model selection using different metrics offering possible pathways for
further improvements (e.g., Räisänen 2008; Lute and Luce 2017). This was not explored in
this study since we are only focused on VI of precipitation and temperature on SWEmax

response.
Further, we analyzed the sensitivities of SWEmax in relationship to October to March

temperature and precipitation changes, and at 1.0 °C to 4.0 °C GMT changes for the nine
selected basins (Fig. 5). The results depict contrasting responses to temperature and precipi-
tation changes, characterized by increasing sensitivities of SWEmax from north to south.
Specifically, while SWEmax generally declines with GMT increases, the magnitude of changes
varies across the region, i.e., small reductions under higher (4.0 °C) GMT change in the
northern basins (Yukon and Liard), moderate declines (~ 90% remaining at 2.0 °C and ~ 80%

Fig. 4 Variable importance scores (%) for SWEmax change with respect to October–December and January–
March temperature and precipitation changes for nine river basins. Also shown are the model fits in terms of NSE
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remaining at 4.0 °C) in the interior (Peace, Athabasca and Saskatchewan), and steep declines
(~ 80% remaining at 2.0 °C and ~ 40% remaining at 4.0 °C) in the coastal/southern basins
(Skeena, Fraser, Columbia). As outlined earlier, the large SWEmax reductions in the southern
basins correspond to higher temperature sensitivities (Fig. 4), which in turn can be linked to the
near-freezing October–March temperatures in these basins (Fig. 3). Further, it is evident that
the precipitation increase is not able to offset the warming-induced decline in snow accumu-
lation. In contrast, in the relatively colder northern basins, the higher precipitation increases
mostly sustain the baseline SWEmax levels even with higher temperature increases. The
importance of the basin-scale temperature on future SWEmax response is illustrated by
contrasting responses between (b) Peel and (f) Saskatchewan basins. While the precipitation
increases for the two basins are in the similar ranges, there are more pronounced declines in
SWEmax in the warmer Saskatchewan basin even with smaller temperature increases. Never-
theless, the basin-scale precipitation change does have a role in SWEmax change. For instance,
comparing the (f) Saskatchewan and (g) Skeena basins, where temperature changes and
historical temperature ranges are similar, there is a smaller SWEmax decline in Saskatchewan
due to larger precipitation increase. Overall, under the warming scenarios, the basins with
higher temperature sensitivities will experience more substantive snow declines than the basins
with higher precipitation sensitivities, with the magnitude of precipitation increase determining
the magnitude of SWEmax change.

The higher SWEmax sensitivity to winter temperature for the warmer coastal/southern basins
is consistent with the observation-based spatial analog of snowpack response in the western
USA (Lute and Luce, 2017), where April 1 SWE to precipitation ratio tended to decline
rapidly with warmer temperatures compared to colder temperatures. Furthermore, the
results of this study align with the northern hemisphere snowpack variability assessment
by Sospedra-Alfonso and Merryfield (2017). Using CanESM2 1850-2100 simulations,
they found a threshold of − 5 ± 1 °C, below which the snowpack amount is primarily driven
by precipitation and above which it is primarily driven by temperature. The threshold also
aligns well with the start of the rapid snowpack decline in this study (Fig. 3). Thus, with the
twenty-first century warming, sensitivity of snowpack response to temperature in warmer
regions increases and even dominates, likely due to temperature-induced reduction of the
snowfall fraction, which is not compensated by precipitation increases. Additionally, the
regions currently with higher precipitation sensitivity would be expected to become more
sensitive to temperature.

4.3 Changes in snow drought characteristics

Next, we compared the quantiles of 50-member CanRCM4-LE spatially averaged SWEmax

under the scenarios of 1.0 °C to 4.0 °C GMT changes (Fig. 6). Corresponding to the SD
definition, the SWEmax values were normalized by the 33rd percentiles of the baseline period
(1961–2000). Thus, values below the normalized SWEmax = 1 (shown by a vertical line)
indicate SD conditions, while values between 33rd and 67th percentiles (shown by the second
vertical line) indicate near-normal snow conditions. The results generally reveal a consistent
pattern in terms of the direction of change, i.e., shift toward lower SWEmax values with higher
levels of warming. An exception is the Peel basin, where small shifts toward higher SWEmax

values are projected under higher warming thresholds. The difference can be mainly attributed
to the predominant precipitation control for this basin (Fig. 4), with the effects of precipitation
increases overshadowing the effects of warming. In the case of Yukon and Liard basins, there
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is some evidence of the counteracting influence of precipitation increases, as depicted by
almost identical quantile values at 1.0 °C, 1.5 °C, and 2.0 °C GMT changes. However, there
are distinct shifts in the quantile values from 2.0 °C to 4.0 °C. With higher temperature
controls in the interior and coastal/southern basins, the shifts in SWEmax quantiles are
increasingly larger. Consequently, the levels of warming at which majority of years are under
SD conditions vary across the region. Specifically, for the Peace, Athabasca, and Saskatche-
wan basins, SD conditions prevail for majority of years (> 50%) when the GMT increase
reaches 3.0 °C. The levels of warming at which majority of years are under SD conditions are
1.5 °C for Skeena and Fraser, and 1.0 °C for Columbia. For Yukon, Peel, and Liard, majority
of years do not reach SD conditions even at 4.0 °C GMT change.

Classifying SWEmax quantiles into three categories—above-normal, near-normal, and be-
low-normal—depict highly varied responses across the region (Fig. 7). For the Yukon, Peel,
and Liard basins, the below-normal conditions are less than the expected occurrences (33%),
except for ≥ 3.0 °C GMT change in Yukon and Liard. For rest of the region, however, the SD
conditions are greater than expected for all GMT changes including 1.0 °C. Further, for the

Fig. 5 Sensitivity plots for SWEmax change with respect to seasonal temperature change (°C) and precipitation
change (%) for nine river basins. The results depict 31-year means from 50-member CanRCM4-LE, and the
changes are considered relative to the mean of 1961–2000 baseline period
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Peace, Athabasca, and Saskatchewan basins, the mean frequencies of SD occurrences are
projected to increase from about 40% at 1.5 °C to about 45% at 2.0 °C, and 80% at 4.0 °C
GMT change. In the case of Skeena, Fraser, and Columbia, the mean SD frequencies are about
60% at 1.5 °C, 75% at 2.0 °C, and almost 100% at 4.0 °C GMT change.

Figure 8 summarizes the below-normal SWEmax conditions in terms of three SD classes:
SDwarm + dry, SDwarm, and SDwarm + wet, as defined by Eqs. (1), (2), and (3), respectively. The
results show that SDwarm + wet is the dominant class across the region, which is an expected
outcome of the future warming and wetting. SDwarm and SDwarm + dry occur less frequently
because near-normal or below-normal precipitation is less common in a warmer climate. Also
note that results for SDwarm and SDwarm + dry classes have high uncertainties as the ranges
CanRCM4-LE internal variability (as expressed by 50 ensemble members, shown by whiskers)
are greater than the mean values for majority of outputs. In the case of SDwarm + wet, the outputs
have greater confidence because the mean values are generally higher than the ranges obtained
from the internal variability of CanRCM4-LE. Considering the variability across the region, SD
occurrences are more frequent in the warmer coastal/southern basins than the northern basins,
again emphasizing the role of temperature control on SWEmax. Thus, the higher the temperature
controls, the higher are the SD frequencies with GMT increases. Conversely, the lower
temperature controls on SWEmax in the colder northern basins will make the SD conditions
less likely (except for 3.0 °C or higher GMT change).

The severity of SD—expressed in terms of remaining SWEmax percentage relative to the
33rd percentile—indicates small reductions for the northern basins, gradual reductions for
the interior basins, and substantial reductions for the coastal/southern basins, with larger
changes at higher GMT increases (Fig. 9). Specifically, the remaining SWEmax for the three
SD classes are in the order of ~ 80% at 1.5 °C GMT change, and ~ 60% at 4.0 °C for the
interior basins compared to the 33rd percentile of the baseline. In the case of the coastal/
southern basins, the corresponding reductions are ~ 75% and ~ 40%, respectively. Note that
these values are only based on SD classes and are different from SWEmax losses in Fig. 3,
where changes relative to the mean SWEmax for all years (regardless of SD occurrence)
were considered. Again, the severity of SD occurrences, e.g., more severe SD in the
southern/coastal regions, can be linked to the predominant temperature control. As expect-
ed, the reduction in SWEmax, thus the severity of SD, are greater with decreased wetness,
i.e., progressively larger SWEmax reductions from SDwarm + wet to SDwarm, and to SDwarm +

dry. Hence, although SWEmax change is primarily a temperature-controlled process (Fig. 4),
precipitation change does play an important role in amplifying or reducing the effect of
temperature-driven SWEmax loss.

Thus, under 1.0 °C to 4.0 °C global warming thresholds, areas in the southern NWNA are
projected to experience progressively larger declines in snowpack storage leading to predom-
inant SD conditions. The severity and frequencies of SD are most extreme in the Columbia and
Fraser basins, where water demands derived primarily from snowmelt-driven runoff, are
currently the highest. Furthermore, the basins in the interior regions, i.e., Peace, Athabasca,
and Saskatchewan, also have substantial water demand, and are projected to experience SD
conditions when GMT increases are 3.0 °C or higher. Additionally, there are considerable
differences in SD severity and frequency between 1.5 °C and 2.0 °C for the coastal/southern
basins and large differences between 2.0 °C and 3.0 °C for the coastal/southern basins and
interior basins. Thus, the differences in impacts will be substantially less if the GMT increase
were to be limited to 1.5 °C.
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4.4 Evaluation of CanRCM4-LE simulations

We evaluated the historical CanRCM4-LE simulation of temperature, precipitation, and SWE
by comparing with available snow pillow observations and reanalysis snow data product.
These datasets are summarized in SM Table S3, and comparison results are described in detail
in SM Section S2. In summary, while CanRCM4 is able to capture some patterns of the
observations, there are biases in SWE simulations attributable to mismatch of location and
elevation of the point observation with the coarse resolution model grid and uncertainties in
SWE simulation by CLASS model. Overall, the limited number of point observations and
uncertainties in the data products make it difficult to assess the reliability of CanRCM4
simulations and conduct basin-scale SD analysis using observations.

Comparing the results with VIC simulations for Liard, Peace, and Fraser basins (SM Figs. S7–
S10), although the directions of changes are consistent, there are differences in the magnitudes,
especially for the Fraser basin (e.g., SD frequencies are smaller for VIC at higher GMT changes).
The differences arise from a number of factors, including differences in the snowmodel algorithm in
VIC and CLASS (in CanRCM4), model resolution (VIC: 0.0625°; CanRCM4-LE: 0.44°), driving
GCM structure and their internal variability, and different generations of GCMs (Fraser and Peace
VIC simulations are from CMIP3 GCMs), and biases in driving temperature and precipitation.
However, the distribution of SWEmax classes, SD frequency, and severity obtained fromCanRCM4-
LE (Figs. 7, 8, and 9) are generally consistent with those from 0.22° RCM-ensemble (SM Figs.

Fig. 6 Changes in the mean of CanRCM4-LE SWEmax quantiles for nine river basins under 1.0 °C to 4.0 °C
GMT change. The SWEmax values are normalized by the 33rd percentile of the 1961–2000 baseline period
(shown by a vertical line). Second vertical line depict the 67th percentile
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S11–S13) at different GMT thresholds. The uncertainty range obtained from the internal variability
of CanRCM4 also covers the ranges of the RCM-ensemble driven by four GCMs. Overall, despite
some differences in magnitudes, the general consistency in the directions of change amongst
CanRCM4-LE, RCM-ensemble and VIC results indicate the robustness of CanRCM4-LE for
analyzing basin-scale responses.

5 Summary and conclusions

This study provided an assessment of snowpack changes for large river basins over the
northwestern North America region that span a range of hydro-climatic conditions. Further,
by applying the RF machine learning model, and defining SD in a categorical framework, we
provided novel perspectives on climatic controls on snowpack changes and snow drought
occurrences. Additionally, by using the large ensemble of CanRCM4 simulations under 1.0 °C
to 4.0 °C GMT increases above the PI period, the study provided a snapshot of basin-scale
snowpack changes with respect to IPCCs policy-relevant goals.

The results indicate substantial declines in SWEmax in the coastal/southern basins (i.e.,
Skeena, Fraser, and Columbia), moderate decline in the interior basins (i.e., Athabasca, Peace,
and Saskatchewan), and marginal increase or decrease in the northern basins (i.e., Yukon, Peel,

Fig. 7 Frequencies of the three categorical SWEmax classes: above-normal (> 67th percentile), near-normal
(between 33rd and 67th percentiles), and below-normal (< 33rd percentile) with respect to the baseline period
1961–2000 under 1.0 °C to 4.0 °C GMT change. The frequencies signify percentage occurrences of each SWEmax

class, with 33% occurrence under baseline and no-change future conditions. The bars depict mean frequencies for
the three SWEmax classes and whiskers depict maximum-minimum range over 50-member ensemble
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and Liard), with more contrasting differences under higher warming thresholds. We find that
SWEmax change is primarily temperature controlled, especially for the coastal/southern basins,
with the influence of precipitation increasing in the north. An important factor for these
differences is the basin-scale mean temperature state, particularly a proximity to the freeze/
melt threshold, with higher SWEmax losses for basins closer to the threshold.

Using the categorical framework of below-normal, near-normal, and above-normal season-
al temperature, precipitation and annual SWEmax to define SD revealed that SD primarily
occurs under above-normal temperature and precipitation. Although SD occurrence under
above-normal precipitation may appear counter-intuitive, such a condition implies that pre-
cipitation increase cannot compensate the temperature-driven decline in snowpack. However,
precipitation change does play a role in amplifying or reducing the effect of temperature-driven
SWE loss. Overall, there are considerable differences in SD severity and frequency amongst
1.5 °C, 2.0 °C, and 3.0 °C; thus, the differences in impacts will be substantially less if the
GMT increase were to be limited to 1.5 °C. The changes in snowpack storage in NWNA will
have implications on future water availability in the region. The projected snowpack loss is
highest, and SD occurrence is more frequent in the coastal/southern basins, i.e., Columbia and
Fraser, where current water demands are the highest. Given that the snowpack loss is
accompanied by earlier peak flow and increased winter flow (e.g., Shrestha et al. 2012;
Schnorbus et al. 2014), the future water resource management in these coastal/southern basins
could be impacted.

Fig. 8 SD frequencies for below-normal SWEmax conditions with respect to baseline period 1961–2000 under
1.0 °C to 4.0 °C GMT change. The bars depict mean frequencies for three main driving climatic classes (warm +
dry; warm and warm + wet) and whiskers maximum-minimum ranges over 50-member ensemble
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An important issue not considered in this study is the elevation effect on snowpack
storage, and the shift in freeze/melt threshold along with the center of mass of snowpack
(e.g., Huning & AghaKouchak, 2018). It was assumed that the resolution effect is not
critical for basin-averaged responses, which is supported by general consistency of
CanRCM4-LE results with the higher-resolution RCM-ensemble and VIC model results.
Nevertheless, the development of fine resolution snow and hydrologic models needs to be
prioritized for future research, especially in areas with high elevation gradient and poten-
tially large snowpack loss.

Overall, the insights from this study on snowpack changes, their climatic controls, and
interactions with basin-scale mean temperature state, are applicable over wider snow-
dominated regions spanning a range of hydro-climatological conditions. Additionally, the
categorical SD classification methodology developed in this study has a wider applicability
for analyzing SD occurrences in a warming climate.

Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1007/s10584-021-02968-7.
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