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Abstract Future reduction in mountain snowpack due to anthropogenic climate change poses a threat
to many snow-adapted species worldwide. Mountain topography exerts a strong control on snowpack not
only due to elevation but also through the effect of slope and aspect on the surface energy balance. We
develop high-resolution projections of snowpack in order to provide improved, physically based estimates of
the spatial distribution of future snowpack to inform species conservation efforts for the wolverine (Gulo
gulo) in two study areas in the Rocky Mountains: one in Montana with known den sites and one in Colorado
with recent wolverine activity and potential for reintroduction. Here we assess springtime snowpack loss
in actual and potential denning areas under five future climate scenarios for the mid-21st century. Snowpack
in April and May is likely to persist into the mid-21st century in the upper half of current denning elevations
in all but the warmest future climate scenario, while large declines are projected for the lower

half of the denning elevations. We gain new insight into the influence of topographical aspect on future
snowpack and quantify the potential for enhanced snow persistence on north and east facing slopes under
future scenarios that is only revealed in simulations where terrain slopes are resolved.

Plain Language Summary Climate change and its effect on snow are a threat to high mountain
ecosystems and species worldwide. The future of mountain snowpack is complex, with multiple drivers,
and with a strong elevation dependence. What has received much less attention is the dependence on
topographical aspect—how will the snowpack on north facing versus south facing slopes respond differently
under climate change. In this paper we develop snow projections motivated by a conservation issue

for the wolverine: the future of the springtime snowpack at elevations of observed and potential wolverine
denning for two study areas in the Rocky Mountains by the mid-21st century. While there is significant
snowpack loss in the lower half of denning elevations, the upper denning elevations retain springtime
snowpack, supporting conservation actions through midcentury in these regions.

1. Introduction

Climate change is a threat to high mountain ecosystems and species worldwide (Hock et al., 2019; Huss
etal.,2017). In particular, the future of mountain snowpack is an important factor in assessing the vulnerabil-
ity of many snow-adapted species (e.g., Boelman et al., 2019; Carroll, 2007; Jackson et al., 2015; Johnston et
al., 2012; Mahoney et al., 2018; McKelvey et al., 2011; Sivy et al., 2018). The future of mountain snow is com-
plex (Brown & Mote, 2009; Kapnick & Delworth, 2013), with a strong elevation dependence. What has
received less attention is the dependence on topographical aspect (Loépez-Moreno et al., 2014; Lundquist &
Flint, 2006), which requires much finer-scale modeling to resolve yet may be important information to sup-
port conservation efforts. In this paper we develop high-resolution snow projections motivated by a conser-
vation issue for the wolverine: the future of the springtime snowpack at elevations of observed and potential
denning for two study areas in the Rocky Mountains, one in Montana and one in Colorado (Figure 1).

Wolverines (Gulo gulo) are the largest member of the mustelid family. They are Holarctic in their distribu-
tion (Copeland & Whitman, 2003; Hash, 1987) with generally low population density and correspondingly
low reproductive rates, compared to most carnivores (Persson et al., 2006; Royle et al., 2011). In North
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Figure 1. The high-resolution modeling study area domain (blue outline) consists of high-elevation areas within and in
the vicinity of Glacier (GLAC, left) and Rocky Mountain (ROMO, right) national parks. SNOTEL stations used for
model validation are indicated by red dots. Study areas were chosen to encompass drainages with elevations from the
ridgetops down to approximately 250 m below tree line and do not follow National Park boundaries.

America, wolverines (G. g. luscus) declined at the turn of the 19th century and were extirpated from much
of their formerly occupied habitat (Aubry et al., 2007; Schwartz et al., 2007). The recent population in the
conterminous United States has been estimated through statistical modeling to be 318 (range 249-626) indi-
viduals, with the largest numbers in the states of Washington, Montana, Idaho, and Wyoming (Inman
et al., 2013). This population is currently being re-evaluated for listing as a threatened species under the
Endangered Species Act (ESA) due to recent litigation (Defenders of Wildlife et al. vs. Sally Jewell
et al., 2016). Past regulatory action (United States Fish and Wildlife Service [USFWS], 2014) identified
climate change as a potential threat yet expressed significant uncertainty regarding how fine-scale spatial
changes in the springtime snowpack might affect denning site availability, providing the specific
motivation for this work.

Persistent spring snowpack has been cited as an important factor in determining suitable habitat for the wol-
verine (e.g., Aubry et al., 2007; Peacock, 2011) and in particular for den site location. This empirical relation-
ship was the motivation for the climate envelope analysis by Copeland et al. (2010) and McKelvey
et al. (2011), henceforth McKelvey. In McKelvey, climate change projections of snowpack using coarse-scale
hydrologic modeling (>30 km* per gridcell) were then used to characterize future wolverine habitat.
Reduction in the area of this climate envelope of 33% by 2045 and 67% by 2085 (for the mean of an ensemble
of climate model projections) and a fragmentation of this envelope were cited as a potential threat to the via-
bility of this wolverine population by the end of the 21st century. Availability of snow at current wolverine
denning elevations was only considered indirectly in these studies. Recent work (Aronsson & Persson, 2017
Jokinen et al., 2019) has documented wolverine denning in areas with minimal or no persistent spring snow
cover, questioning the absolute necessity of persistent springtime snow for wolverine denning success.
Nonetheless, the strength of the above empirical relationships, and the use of Copeland et al. (2010) and
McKelvey studies in prior regulatory litigation, justifies the investigation into the future of snowpack
amount and extent.
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Numerous studies document declines in western U.S. snowpack (Mote et al., 2005, 2018; Pederson
et al., 2011; Pierce et al., 2008). Reduction in western U.S. snow water equivalent (SWE) has been formally
attributed to anthropogenic climate change (Pierce et al., 2008) through the impacts of warmer tempera-
tures on accumulation and melt. A common feature of these studies is that the greatest losses are docu-
mented for elevations and latitudes where winter temperatures are near freezing, particularly in coastal
mountain ranges and the lower elevations of interior ranges (Regonda et al., 2005). At higher elevations
in the Rockies the observed trends have been dominated by precipitation forcing rather than by tempera-
ture (Mote et al., 2018).

Western U.S. snowpack is projected to decline further as the climate warms. The resolution of global climate
models is typically insufficient to directly simulate snowpack in mountainous regions. Dynamical downscal-
ing (~50 km, McCrary & Mearns, 2019; Rhoades et al., 2017), variable-resolution climate models (~28 km,
Rhoades et al., 2017) and statistical downscaling followed by fine scale hydrologic modeling (6-12 km,
Christensen & Lettenmaier, 2007; Littell et al., 2011; Mote et al., 2018) have all been used to model snowpack
change over the Western United States and project overall decline in snowpack, while considering multiple
future climate scenarios. As with historical snowpack changes, the vulnerability of snowpack has a strong
elevation dependence in mountainous terrain (Christensen & Lettenmaier, 2007; Rhoades et al., 2017).
Additionally, for much of the northern tier of the United States, most of the climate models in the
Coupled Model Intercomparison Project, Phase 5 (CMIP5, Taylor et al., 2012) project an increase in winter-
time precipitation (Collins et al., 2013). Increasing precipitation may offset temperature-driven snow loss at
higher elevations within a mountain range, provided winter temperatures remain cold enough such that suf-
ficient snowpack may accumulate before the critical denning period of March through May in this region.
While snowfall (vs. rain) is directly affected by air temperature (and humidity), snowmelt depends on the
net energy flux into the snowpack, and hence on solar and longwave radiation, sensible and latent turbulent
fluxes, and heat flux from the ground and from precipitation (e.g., Jennings et al., 2018). Solar radiation
depends strongly on topographic aspect. The differing energy balance on north vs. south facing slopes has
been shown, for a small number of individual locations (Lépez-Moreno et al., 2014) and for small areas
(Keller et al., 2005), to lead to greater snow persistence on north facing slopes under climate warming sce-
narios. Snow albedo (modulated by dust deposition, for example) also strongly affects the surface energy bal-
ance during the melt season and interacts nonlinearly with other climate change drivers (Deems et al., 2013).
However, we do not consider changes in dust deposition in this study.

The current study assesses the persistence of spring snow at the landscape scale with 250 m spatial resolution
for midcentury climate scenarios (nominally the climate of 2041-2070, centered on the year 2055) for the
purpose of ecological application. It builds on and refines the methods in McKelvey (see supporting informa-
tion for a methodological comparison). McKelvey and the other papers on which that study was based used
bulk measures of snowpack (extent and depth) as proxies for wolverine denning and habitat, motivating our
use of an energy-balance snow model rather than a more detailed model of snowpack structure. Further
motivation for this modeling choice comes from the observation that wolverine are relatively plastic in their
denning, with dens in rugged and steep mountains often associated with boulders, wood debris, and fallen
trees under the snow (Jokinen et al., 2019; Magoun & Copeland, 1998), so that snowpack internal structure
may be of less concern.

A key advance of this study, enabled by the high resolution, is to quantify the role of topographical aspect in
snow persistence under climate change scenarios and to include this effect in assessing the extent of snow
cover in climate projections. Furthermore, we explicitly consider a range of temperature and precipitation
change consistent with CMIP5 model projections and consider the role of variability—how snowpack in
wet and dry years may be impacted differently by climate change, whereas McKelvey chose future scenarios
based only on the range of temperature change. While climate studies at this resolution and scale are not
common, two are worth noting here. Cooper et al. (2016) simulated two large river basins in Oregon at
250 m resolution using an energy balance snow model and concluded that recent low-snow years were
not a close analog for future warming. Bavay et al. (2013) use a detailed snow process model, Alpine3D
(Lehning et al., 2006), for three future climate scenarios at 250 m resolution for a 7,000 km? domain in
Switzerland, finding an upward shift in snow climate of 200-400 m by midcentury and 400-800 m by the
end of this century.
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2. Methods and Data
2.1. Study Areas

Two study areas were selected in consultation with USFWS personnel. They comprise a northern, relatively
wet, and low-elevation mountainous area in Glacier National Park, Montana (Figure 1a, abbreviated GLAC)
that is currently occupied by wolverines, and a comparatively dry and high elevation area located about
1,000 km south in and near Rocky Mountain National Park, Colorado (Figure 1b, abbreviated ROMO) that
has had recent documented wolverine occurrence (Packila et al., 2017) and could be a potential reintroduc-
tion site for wolverines. Both model domains encompass contiguous hydrologic drainages that span eleva-
tions from approximately 250 m below tree line to the maximum elevation in each domain (962-3,166 m
in GLAC, and 2,563-4,253 m in ROMO). This elevation range includes a denning elevation band determined
from observed den sites (1,500-2,300 m) in GLAC and inferred denning elevations (2,700-3,600 m) in
ROMO (see below).

2.2. DHSVM Model and Inputs

The Distributed Hydrology Soil Vegetation Model (DHSVM version 3.1.2) provides a physically based simu-
lation of land surface hydrology, including snowpack. The physical processes include a full surface water
and energy balance model, a two-layer canopy model, a multilayer soil model, a two-layer snowpack model
(Wigmosta et al., 1994). It has been used in many studies that have provided realistic hydrologic simulations
in topographically complex areas (e.g., Livneh et al., 2015). The model has explicit treatment of topographic
slope and aspect. The model was selected for developing snowpack projections because it can be run at a fine
spatial scale yet is able to be run over extensive domains.

The model was set up for both study domains on a 250 m grid in Universal Transverse Mercator coordinates
within the modeling domain defined within the polygons shown in Figure 1. Soil properties (STATSGO,
Miller & White, 1998) and geologic information (Green, 1992) based on soil survey data, land cover at
30 m resolution (Wickham et al., 2014) as well as a digital elevation model (DEM) at 1/3 arc-second
(~10 m X 7 m at 45 N, Gesch et al., 2002) were adapted to the model grid, in order to generate the necessary
model input layers. A soil hydraulic routing network was also determined from the DEM, though in this pro-
jectwe do not investigate the runoff. The effect of slope and aspect on incoming solar radiation is implemen-
ted through a computation of the degree of shading for each 250 m pixel that was variable throughout the
day and differed from month to month based on the solar angle and the DEM. The model requires inputs
of time-varying meteorological fields on subdaily time scales. Snow water equivalent was output on the
1st and 15th of the month from 1 March to 1 June for every year of the simulation and projections (1998-
2013 and their future analogs using the delta method). The twice-monthly output is consistent with the
time-scales investigated in previous literature (Copeland et al., 2010; McKelvey et al., 2011), and with the
paucity of landscape-scale biological data on CONUS wolverine at submonthly scales. Future work on
the impacts of daily weather variations (of the type proposed in Boelman et al., 2019, for example) could
incorporate daily model output.

The DHSVM model inputs were derived in a multistep process. First, values of daily minimum temperature,
daily maximum temperature, and precipitation were extracted from the Livneh gridded dataset (Livneh
et al., 2015), which has a grid resolution of 1/16th degree in latitude and longitude (~7 X 5 km at 45 N).
These daily values were disaggregated in time using the VIC modeling system's utilities (Bohn et al., 2013).
Solar radiation, downwelling longwave radiation, and specific humidity were derived from empirical rela-
tionships using the MTCLIM algorithms in VIC modeling system. In addition to the global evaluation in
Bohn et al. (2013) the MTCLIM algorithms have been evaluated at two alpine sites in Colorado (Livneh
et al., 2014) finding small overall positive biases (<3% RH, <17 W m~2 shortwave, and <8 W m™2 longwave).
The radiative biases are small compared to the seasonal cycle in radiation, so the effect on snowmelt timing
is likely to be small and to affect the historical and future simulations similarly. The Livneh data were then
interpolated to the 250 m DHSVM grid using an inverse-distance weighting algorithm along with assumed
elevational dependence in temperature and precipitation. The baseline historical simulation was run for
January 1997-December 2013, with the first year removed from analysis as a model spin-up period. (Note
that a longer spin-up would be required to study soil moisture and runoff).
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Primary validation of the DHSVM historical simulation was done in comparison against snow data from
nine Snow Telemetry (SNOTEL, Natural Resources Conservation Service, n. d.) sites in the ROMO study
area that were in operation during 1998-2013, and three SNOTEL sites in and adjacent to the GLAC study
area that are noted in Figure 1. The spatial distribution of snow cover was assessed by comparison with
MODIS remotely sensed snow cover data (MODIS/Terra daily snow cover version 6, MOD10A1.006, K.
Hall & Riggs, 2015). Details of the model validation and parameter adjustment procedure are provided in
the supporting information, along with a discussion of caveats for our modeling approach.

2.3. Snow Depth Computation

DHSVM does not compute snow depth (SD) as a separate quantity but instead returns snow water equiva-
lent (SWE). To approximate the snow depth from SWE we adopt a uniform value of 2.5:1 for the SD:SWE
ratio, corresponding to a bulk snow density of 0.4 for 1 May and 15 May. For 15 April conditions, we adopt
a bulk density of 0.33 which yields a conversion factor of 3.0:1. Median 2000-2013 density among SNOTEL
stations in Figure 1 of 0.33 for April average and 0.38 for May average conditions. These values are typical for
mature springtime snowpack in this region as determined from observations (Mizukami & Perica, 2008).
Two spatially extensive products that model variable snow density were also investigated for comparison.
The Snow Data Assimilation System product (SNODAS, National Operational Hydrologic Remote Sensing
Center, 2004) from the NOAA National Operational Hydrologic Remote Sensing Center points to a very nar-
row density range of about 0.37-0.39 for 1 May conditions (not shown). Snow depth and SWE products from
the Littell et al. (2011) hydrologic model runs (data downloaded from https://cig.uw.edu/datasets/wus/ on
30 September 2016) used in McKelvey also indicate bulk snow densities in this range (not shown). In the
interest of simplicity, the above values were adopted for this study. Because snow depth is considered here
mainly as a proxy for the snow environment at denning elevations, the conclusions of this study are not sen-
sitive to the choice of conversion factor within the ranges indicated by the above analysis. In addition, we
show analyses for the elevation dependence of SWE changes (see Figure S6), which is not dependent on
assumptions about snow density.

2.4. Inferred Denning Elevation Band in ROMO

As there are no documented wolverine dens in the ROMO study area, the potential denning elevation band
was inferred from a least squares linear regression of den site elevations versus latitude for 47 documented
wolverine dens in the contiguous United States (Idaho, Montana, Wyoming, Washington, and California).
Taking into account the scatter in elevations about the regression line, the model indicates that potential
den sites in the ROMO study area would lie approximately between 2,700 and 3,600 m elevation. The proce-
dure is documented in more detail in the USFWS species status assessment for the wolverine (J. Guinotte,
pers. comm.). The total change in snow covered area and the analysis of SWE change versus aspect are
not strongly dependent on whether only the denning band is considered, or the entire domain.

2.5. Snow Depth Threshold

We analyze snow-covered area with depth of at least 1.0 m (denoted by SCA; o) on 15 April and at least 0.5 m
(SCA.5) on 15 May. The snow depth thresholds were arrived at by an analysis of the DHSVM modeled snow
depth at known wolverine denning sites in Glacier National Park (Table 1). With the exception of one site
that had melted out by 15 May, the other sites all have snowpack between 0.5 and 2.4 m on that date, with
amedian of 0.6 m. For 15 April the median modeled snow depth is 1.3 m with a range from 0.7 to 3.0 m, with
only one site below 1.0 m depth. Subgrid variations would result in locations of deeper and shallower snow
within the 250 m pixel that are not explicitly modeled, so we interpret modeled snow depth as an indicator of
snow availability at typical denning locations and times of year rather than an exact site-specific value.

2.6. Climate Change Scenarios

Climate change scenarios are implemented using a change-factor, or “delta” method. Some benefits and
drawbacks of the delta method for conservation applications are discussed in (Sofaer et al., 2017). Five future
climate scenarios are considered which encompass the range of CMIP5 cold-season temperature and preci-
pitation changes between the periods 1986-2015 and 2041-2070 (Table 2). We first compiled output for tem-
perature and precipitation projections for 34 CMIP5 GCMs (Table S3) from the Reclamation Downscaled
CMIP3 and CMIP5 Archive of 1-degree re-gridded raw GCM output for Representative Concentration
Pathways (RCP) 4.5 and 8.5, for a total of 68 GCM projections (Reclamation, 2013). Figure S11 shows
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Table 1
Modeled Snow Depth at Den Sites in the Glacier Study Area as Compiled by USFWS
Den Date observed (month- Melt-out date 15 April snow depth dhsvm 1 May snow depth dhsvim 15 May snow depth dhsvm
site year) (MODIS) (m) (m) (m) Den type
1 3 April 25/5/2003 1.32 1.07 1.04 Natal
2 3 May 25/5/2003 1.32 1.07 1.05 Maternal
3 4 April 4/6/2004 1.96 1.46 1.13 Natal
4 4 April 29/6/2004 1.0 0.75 0.54 Maternal
5 4 May 29/6/2004 1.07 0.83 0.65 Maternal
6 5 March 11/6/2005 1.6 1.11 0.58 Maternal
7 5 April 11/6/2005 1.6 1.11 0.58 Natal
8 5 May 11/6/2005 1 0.76 0.47 Maternal
9 6 March 25/5/2006 3.05 2.56 2.44 Unknown
10 6 April 14/5/2006 0.68 0.26 0 Unknown
11 6 April 7/6/2006 2.33 24 2.38 Unknown
12 6 May 31/5/2006 1.14 0.79 0.61 Maternal
13 6 May 31/5/2006 1.14 0.79 0.61 Natal
14 7 May 4/6/2007 1.82 1.28 0.68 Natal

Note. Melt-out date determined at each pixel from MODIS remotely sensed snow cover as the first day after March 1 when NDSI < 0.1.

these changes averaged over a latitude-longitude box encompassing the GLAC and ROMO study areas
for each of the 68 projections (red circles). We found a large range in daily average temperature increases
(1-4°C) and changes in precipitation (—5% to +20%) for these regions, reflecting uncertainty in model
sensitivity and to a lesser extent internal variability. Five GCM projections were chosen for each study
area (black circles) to largely span this uncertainty range. The filled blue circles show the three scenarios
considered in the McKelvey study for the 2030-2059 period, as inferred from the Littell et al. (2011)
hydrologic data, indicating that their choice of scenarios does not adequately represent the range of
possible precipitation futures for the ROMO study area. For each of these GCMs, we calculated changes
in average daily maximum temperature, minimum temperature, and precipitation for each month of the
year. These monthly change factors were applied to the maximum temperature, minimum temperature,
and precipitation inputs to DHSVM resulting in changes to humidity and radiation inputs through the
use of the MTCLIM algorithm. The chosen scenarios are listed in Table 2.

3. Results

3.1. Overview

To orient the reader, a brief overview of the methods is presented here. Results are shown for the two study
areas defined above: GLAC in Montana and ROMO in Colorado (Figure 1). The DHSVM model at 250 m
horizontal resolution is used to simulate the evolution of the snowpack over the historical period 1998-
2013. Five future climate scenarios are considered that largely encompass the range of CMIP5 cold-season
temperature and precipitation changes between the periods 1986-2015 and 2041-2070 (Table 2). These

Table 2
Change in Cold Season (October-April Average) Temperature and Precipitation, and Change in Snow Covered Area of 1 m Depth on 15 April and 0.5 m on 15 May,
for Five Climate Change Scenarios

GLAC study area (Montana) ROMO study area (Colorado)
A SCA1.0 15 A SCA0.5 15 A SCA1.0 15 A SCA0.5 15

Scenario (GCM) AT (K) AP (%) April (%) May (%) AT (K) AP (%) April (%) May (%)
Central (cnrm) 2.2 5 -23 -31 2.5 8 +1 —24
Hot Very Wet (canesm) 3.2 20 -32 -39 — — — —

Hot Dry (hadgem) — — — 3.5 -5 -7 —43
Hot Wet (miroc) 4.2 10 —71 —60 3.7 18 +1 —32
Warm Wet (giss) 1 10 —-11 -13 2.3 7 +8 -8
Warm Dry (fio) 1.6 =5 —26 =22 0.8 =5 —26 —20

Note. The CMIP5 GCM from which the scenario was developed is noted below the scenario name.
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Figure 2. Snow covered area (km?) for dry, near normal, and wet years in the historical simulation and five future
scenarios. (a) GLAC 15 April 1.0 m depth (SCA1.0), (b) ROMO 15 April 1.0 m depth. Only the denning elevation
bands were included in the calculation of snow covered area. See supporting information for choice of representative
years.

simulations form the basis for our analysis of the change in snow covered area, and how this change depends
on elevation and aspect.

3.2. Change in Snow Covered Area

As noted above, we consider the area with modeled snow depths of at least 1.0 m (SCA; ) on 15 April and at
least 0.5 m (SCAys) on 15 May as indicators of snow availability at typical denning locations and times of
year. On average SCA; on 15 April decreases in all scenarios for GLAC, with changes ranging from
—11% to —71%. SCAqs on 15 May shows similar declines. For the ROMO study area the changes on 15
April range from +8% to —26% and on 15 May from —8% to —43%. Overall, this suggests that the ROMO
study area may be more resilient to snow loss than GLAC, particularly for April snowpack.

Variability in the snowpack from year to year is large in these regions; therefore we evaluate snow covered
area for representative wet, near normal, and dry years (Figure 2). The wet and near normal years retain
large areas of snow cover at denning elevations under all scenarios, with the exception of the Hot/Wet sce-
nario for GLAC. Conversely, the dry year in GLAC has a large loss of SCA in all but the Warm/Wet scenario.
The pattern in ROMO is quite different, with several scenarios showing an increase in 15 April SCA; o, while
the Warm/Dry scenario loses almost all its deep snow cover in dry years, indicating the influence of changes
in wintertime precipitation on the early springtime snowpack. The two driest years in the historical simula-
tion for ROMO (2002 and 2012) had excessive snow cover in the eastern part of the ROMO domain compared
to MODIS snow cover observations, even with the best set of model parameters (see supporting informa-
tion), so that the future percent reduction in snow covered area is likely to be underestimated for dry years.
All scenarios show a decrease for SCAy s on 15 May with the exception of the representative wet year in
GLAC (Figure S1).

Given the year-to-year variability in snowpack, it is useful to see where on the landscape reliable (at least 14
out of 16 years) snowpack will persist in the future scenarios. This summary statistic is analogous to that
used by the Copeland et al. (2010) study, who found denning preference where there was persistent snow
in 6-7 out of the 7 years they analyzed. We consider more than twice as many years, and these maps use
a higher threshold of modeled snow appropriate for denning elevations. Figure 3 shows the number of years
with at least 1.0 m of snow on 15 April (out of 16 years that were simulated for the current and future cli-
mates) for the historical simulations, and the scenarios that show the least change, and greatest snowpack
loss for each study area. Results for the three other scenarios and for 15 May are shown in Figures S2 and
S3. As expected in a generally warming climate, by 15 May (and by 15 April in GLAC) the most reliable
snowpack retreats to smaller, higher elevation areas. However, the effects vary widely among future climate
scenarios. For 15 April in ROMO, only the Warm/Dry scenario shows this retreat, again indicating the
potential resilience of early springtime snowpack in ROMO.
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16

Figure 3. Number of years (out of 16 simulated) with snow depth >1.0 m on 15 April for GLAC (left column) and ROMO
(right column). Historical simulation (top row); Warm/Wet scenario (second row), and Hot/Wet (GLAC)/Hot/Dry
(ROMO) scenario. Scenarios are described in Table 1. Shaded topography is that used in the modeling study. North is up,
and for distance scale see Figure 1.

3.3. Elevation Dependence of Snow Loss

We find a strong dependence of snowpack loss with elevation. In the Warm/Dry and Hot/Dry scenarios,
reduction in precipitation and warming conspire to reduce Spring snowpack. For the other scenarios, the
effects of warming can be offset by an increase in precipitation, provided that the midwinter temperature
remains cold enough to accumulate snow. Figure 4a shows the percent change in 15 April SCA;, for
GLAC, computed for 200 m elevation bands. The elevations of observed den sites are noted by triangles, ran-
ging from approximately 1,500 to 2,300 m. In the denning elevation band, snowpack change is very sensitive
to elevation and to the particular future climate scenario. There is a stark difference between the upper and
lower portions of the denning elevations. There is only moderate change (<30%) at 2,000 m for four of the
five scenarios and almost no change above 2,200 m, yet there is greater than 50% loss of SCA;, below
1,400 m for all but one scenario. Changes in 15 May SCA, s (Figure S4) show a similar elevational gradient,
with even more severe losses at low elevations.

BARSUGLI ET AL.

8of13



Ay

v
I Earth's Future 10.1029/2020EF001537
ADVANCING EARTH
AND SPACE SCIENCE
3000 GLAC Apri5 Snow Covered Area > 1 m depth 4000 ROMO Apr15 Snow Covered Area > 1 m depth
T T T r T T T T T
2800 F 3800
2600 [ 3600
2400
__ 3400 g
E 2000}" £
c a < 3200 1
2 2000 fa 2
g S 3000 -
D 1800 % o
[} [}
2800 1
1600 - Central(cnrm)
——— Hot/Very Wet(canesm) 2600 | ——— Central(cnrm) .
1400 Hot/Wet (miroc) i —— Hot/Dry(hadgem2)
= Warm/Wet (giss) Hot/Very Wet (miroc)
1200 Warm/Dry (fio) 1 2400 Warm/Wet (giss) i
A den elevations ——— Warm/Dry (fio)
1000 n . L L 2200 n L . n
-100 -80 -60 -40 -20 0 -100 -80 -60 -40 -20 0
percent change percent change

Figure 4. Elevation dependence of snow covered area (SCA): (a) GLAC projected change in SCA; ¢ on 15 April (b)
ROMO projected change in SCA; o on 15 April. Elevations of observed den sites in GLAC and the modeled elevation
range of potential denning in ROMO are indicated by triangles.

Comparison between changes in SCA and changes in SWE (Figure S6) indicates that modest declines in
SWE may have little appreciable effect on SCA at high elevations for the depth thresholds we have chosen.
The implication is that the relatively wet, cold climate of GLAC, in addition to the generally increasing win-
ter precipitation in this study area can act as a buffer to change, but only above 2,000 m elevation. A vertical
displacement of approximately 200 m in the denning band would offset much of the risk of depleted snow
from four of the five scenarios, provided suitable terrain is available at these higher elevations. This vertical
shift in snow climate is at the low end of the 200-400 m range projected by Bavay et al. (2013) for midcentury
in the Alps.

Figure 4b shows the 15 April SCA; o for ROMO. As there are no currently observed den sites in ROMO, the
denning elevation band is inferred from a linear regression model (see Methods). For elevations above
3,200 m only modest losses are seen (under 30%, with four of the five scenarios), and the Warm/Wet scenario
shows an increase. Below 3,200 m the losses in SWE are much larger. By 15 May losses have increased at
3,200 m, but the snowpack at 3,400 m largely persists. The overall picture is similar to GLAC, with the upper
range of (potential) denning relatively insensitive to warming for four of the five scenarios, and the lower
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Figure 5. Topographical aspect dependence of 15 April snowpack loss for five future midcentury climate scenarios for (a)
GLAC and (b) ROMO. Only areas within the denning elevation band in each study area were included in the analysis.
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range of potential denning subject to large losses in snowpack. However, comparison with SWE changes
(Figure S6) shows that the relationship between SWE loss and SCA loss in ROMO is not always straightfor-
ward as in GLAC, with a more complicated elevation dependence for SCA than for SWE.

The existence of a critical elevation below which temperature dominates snowpack variability is well sup-
ported in the literature (e.g., Sospedra-Alfonso et al., 2015, for a site near the GLAC study area). Scalzitti
et al. (2016) find that this critical elevation is projected to rise by about 200-250 m by late-century for the
central and northern Rockies (for a single RCP 6.0 climate scenario). While it is difficult to compare these
results directly to the present study due to differences in methodology, the qualitative picture remains—pro-
jected warming has a much larger effect at lower elevations whereas projected precipitation changes domi-
nate the future springtime snowpack in the high country for most midcentury scenarios. This study shows
that the transition between temperature and precipitation dominance for early-to-mid spring lies in the mid-
dle of the denning elevation bands.

3.4. Aspect Dependence of Snow Loss

We also find a strong dependence of snowpack loss on aspect—the compass direction that the slope faces.
South and southwest facing slopes are projected to have considerably greater loss of snow water equivalent
(SWE) than other aspects (Figure 5). The magnitude of this effect varies widely depending on the future cli-
mate scenario. Most scenarios have upwards of 50% greater loss on southerly exposures, but, for example, the
Hot/Very Wet scenario for ROMO on 15 April has almost a threefold difference. The analysis for 15 May
(Figure S5) shows a similar dependence on aspect, but with greater differentiation among the climate change
scenarios. How the future energy balance on north versus south facing slopes may change in a warmer cli-
mate depends on many factors, including latitude, slope angle, and time of year (Lundquist & Flint, 2006). A
qualitative consideration of these effects led Lundquist and Flint (2006) to suggest that north-facing slopes
may react more slowly to anthropogenic warming and thus provide the potential for ecological refugia.
Our results quantitatively support this hypothesis.

4. Discussion

We investigated projections of snowpack loss in two study areas: a northern, relatively wet and low-elevation
area in Montana (GLAC), and a southern, relatively dry and high elevation area in Colorado (ROMO). In
both areas we find general declines in snow-covered area for 15 May (both areas) and for 15 April in
GLAC. For ROMO 15 April 1.0 m snow covered area in the denning elevation band is controlled by precipi-
tation change, for which there is a considerable range among projections. However, we report that the
springtime snowpack is projected to persist in roughly the upper half of the current denning zone for many
future scenarios to the mid-21st century. We also find a strong dependence of snow loss on topographical
aspect supporting the hypothesis of Lundquist and Flint (2006) that northerly slopes could provide refugia
for snow adapted species.

The present study paints a more complex picture of the evolution of the snowpack by midcentury than does
McKelvey. Much of their modeled snow loss was located at the lower margins of the springtime snowpack as
would be expected in a warming climate, albeit the results were not resolved at the scale of individual moun-
tain slopes. In contrast, this study focuses explicitly on snow cover at current observed and inferred denning
elevations. Deliberate sampling of the range of precipitation projections in this study improves the charac-
terization of risk, given that increased winter precipitation in some of the CMIP5 scenarios may buffer the
loss of snowpack at high elevations. It should be noted that even in the most extreme scenario in
McKelvey, “miroc 20807, the highest elevation model pixels in the Rocky Mountains retain snow cover even
to the end of the century.

Assuming that persistent spring snowpack plays a significant, if not determinative, role in den site availabil-
ity, these findings support the viability of continued conservation efforts through at least midcentury, includ-
ing the potential for reintroduction of wolverines in certain areas. This study does not address the questions
of wolverine biology related to snowpack, such as whether den site availability is a limiting factor for this
wolverine population, or whether other effects of climate change such as the loss of lower elevation snow
and subsequent ecological disturbance will be significant stressors.
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