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Abstract snow sublimation is an important component of the snow mass balance, but the spatial and
temporal variability of this process is not well understood in mountain environments. This study combines a
process-based snow model (SnowModel) with eddy covariance (EC) measurements to investigate (1) the
spatio-temporal variability of simulated snow sublimation with respect to station observations, (2) the
contribution of snow sublimation to the ablation of the snowpack, and (3) the sensitivity and response of
snow sublimation to bark beetle-induced forest mortality and climate warming across the north-central
Colorado Rocky Mountains. EC-based observations of snow sublimation compared well with simulated
snow sublimation at stations dominated by surface and canopy sublimation, but blowing snow sublimation
in alpine areas was not well captured by the EC instrumentation. Water balance calculations provided an
important validation of simulated sublimation at the watershed scale. Simulated snow sublimation across
the study area was equivalent to 28% of winter precipitation on average, and the highest relative snow
sublimation fluxes occurred during the lowest snow years. Snow sublimation from forested areas accounted
for the majority of sublimation fluxes, highlighting the importance of canopy and sub-canopy surface
sublimation in this region. Simulations incorporating the effects of tree mortality due to bark-beetle
disturbance resulted in a 4% reduction in snow sublimation from forested areas. Snow sublimation rates
corresponding to climate warming simulations remained unchanged or slightly increased, but total
sublimation losses decreased by up to 6% because of a reduction in snow covered area and duration.

1. Introduction

In mountainous and cold regions of the world, snow water equivalent (SWE) stored in seasonal snowpacks
provides a critical water resource for ecological and human needs. In the simplest terms, the melted water
from snow that is available for subsurface recharge, vegetation uptake, and runoff to streams each year can
be described as total winter precipitation minus net snow sublimation (Liston & Sturm, 2004), where snow
sublimation is defined as the transfer of water directly between snow and the atmosphere through phase
change. However, this basic mass balance is challenging to evaluate due to variability in seasonal snow
cover over space and time that results from wind-induced snow transport and its interactions with topogra-
phy and forest canopy features (e.g., Elder et al., 1991). Additionally, there is considerable uncertainty in
measuring both precipitation (e.g., Goodison et al., 1998) and snow sublimation (e.g., Sexstone et al,, 2016),
and reliable winter observations of these variables in seasonally snow-covered areas are sparse (Bales et al.,
2006). In arid and semi-arid regions, previous work suggests that snow sublimation represents an important
component of the snow mass balance (Cline, 1997; Gustafson et al., 2010; Hood et al., 1999; Kattelmann &
Elder, 1991; Knowles et al.,, 2015; Marks & Dozier, 1992; Marks et al., 2008; Meiman & Grant, 1974; Molotch
et al,, 2007; Montesi et al., 2004; Reba et al.,, 2012; Sexstone et al.,, 2016). However, many of these investiga-
tions were based on point measurements, and few studies have rigorously evaluated the spatial and tempo-
ral variability of snow sublimation within complex mountainous terrain (e.g., Gascoin et al, 2013;
MacDonald et al, 2010; Strasser et al., 2008). Given the importance of seasonal snow cover to water
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resources, there is a need to better understand the spatio-temporal contribution of snow sublimation to the
annual water balance in mountainous regions.

Snow sublimation, hereafter referred to as sublimation, encompasses water vapor fluxes between the
atmosphere and the snowpack surface (surface sublimation), intercepted snow held within the forest can-
opy (canopy sublimation), and snow that is transported by wind (blowing snow sublimation). The key
mechanisms that drive sublimation flux are the (1) available energy for turbulent flux, (2) vapor pressure
gradient between the snow and atmosphere, and (3) wind speed and exposure (e.g., Sexstone et al.,
2016). Previous studies have reported that surface sublimation in mountainous areas is equivalent to 10-
20% of winter precipitation in open areas (Hood et al., 1999; Kattelmann & Elder, 1991; Marks & Dozier,
1992; Reba et al., 2012; Sexstone et al,, 2016) and less than 10% of winter precipitation in sheltered and
sub-canopy areas (Marks et al., 2008; Reba et al., 2012). Canopy sublimation across various coniferous for-
est types has been reported on the order of 30-40% of annual snowfall (Pomeroy & Gray, 1995). In the
Colorado Rocky Mountains, canopy sublimation measured by Montesi et al. (2004) accounted for 20-30%
of total snowfall. Estimations of blowing snow sublimation from different environments vary greatly, but
can represent a significant loss term in the snow mass balance, ranging between 10 and 50% of seasonal
snowfall (Pomeroy & Essery, 1999; Pomeroy & Gray, 1995). However, other studies have suggested that
temperature and humidity feedbacks during blowing snow sublimation events limit this process (Dery
et al., 1998; Groot Zwaaftink et al., 2013). Since the spatial variability and relative importance of sublima-
tion in mountainous environments is based on how the driving mechanisms of sublimation interact with
variations of land cover and topography (e.g., Strasser et al., 2008), process-based snow modeling systems
that can simulate snowpack processes over space and time (e.g., Lehning et al., 2006; Liston & Elder,
2006b; Pomeroy et al, 2007) can constrain the role of sublimation across various snow and climate
regimes that rely on snowmelt as an important water resource.

Many studies have investigated the response of snowpack dynamics to forest disturbances and chang-
ing climate conditions, but potential changes to sublimation from these perturbations are not well
understood. For example, seasonally snow-covered forests in western North America have experienced
substantial disturbance from mountain pine beetle (Dendroctonus ponderosae) and spruce beetle (Den-
droctonus rufipennis) outbreaks (Potter & Conkling, 2016), which have resulted in widespread tree mor-
tality and thus changes to forest structure that are particularly relevant to canopy and surface
sublimation processes. Field studies that have focused on measuring SWE in both un-impacted and dis-
turbed forests have inferred decreasing (e.g., Boon, 2012; Pugh & Small, 2012) as well as steady or
increasing (e.g., Biederman et al., 2014; Harpold et al., 2014) net sublimation fluxes in the presence of
disturbance. In contrast, distributed watershed modeling studies considering beetle-induced forest
mortality (e.g., Livneh et al., 2015; Penn et al., 2016) have generally reported decreased evapotranspira-
tion, but have not specifically focused on the sublimation component of evapotranspiration. Although
changes to snow accumulation and melt processes from climate warming have been studied widely
(e.g., Clow, 2010; Harpold et al., 2012; Knowles et al., 2006; McCabe & Wolock, 2007; Mote, 2006; Mussel-
man et al., 2017; Rauscher et al., 2008; Stewart, 2009), the response of sublimation to climate change
has received little investigation. As a result, specific knowledge gaps remain including how the compo-
nents of sublimation will individually and collectively respond to changes in forcing mechanisms, in
addition to changing snow accumulation and melt dynamics. Process-based snow models that can inte-
grate responses and feedbacks of the snow energy balance offer the ability to evaluate sublimation
responses to these changing land cover and climate conditions, which is critically important to predic-
tive understanding of the water balance in snow-dominated regions.

In this study, we used SnowModel (Liston & Elder, 2006b), a well-validated process-based snow modeling
system, to simulate snowpack processes for five water years (WY) (i.e.,, T October to 30 September) over a
model domain that spanned 3,600 km? in north-central Colorado, United States (U.S.). Model simulations
allowed for annual quantification of the parsed surface, canopy, and blowing snow sublimation fluxes
across the study domain. The specific objectives of this study were to (1) compare and contrast the spatio-
temporal variability of simulated and measured (via the eddy covariance method) sublimation across the
domain, (2) quantify the contribution of simulated surface, canopy, and blowing snow sublimation fluxes to
the seasonal ablation of the snowpack, and (3) assess the sensitivity and response of simulated sublimation
to both forest disturbance and climate warming scenarios.
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2. Methodology

2.1. Study Area

The study area was a 40 km X 90 km domain that ranged in elevation from 2,261 m to 4,345 m (mean
elevation of 3,059 m) above sea level (Figure 1). Approximately 22% of this area was located above
treeline (i.e., bare rock and alpine tundra), 58% was forested (99% coniferous forest, 1% deciduous for-
est, and 0.02% mixed forest), and 20% was nonforested below treeline (i.e., grasslands, wetlands,
shrublands, open water, and developed) (accessed: <http://www.mrlc.gov/nlcd2011.php>). In general,
the lowest elevations were characterized by gently sloping topographic features compared to the
highest elevations, which exhibited steep and complex topography. The study domain included the
headwaters of the Upper Colorado, North Platte, and South Platte River Basins and was dominantly
composed of federal lands, including Rocky Mountain National Park and the Arapaho and Roosevelt
National Forests and associated Wildernesses; the North American Continental Divide intersected the
study domain from north to south. Continental snowpacks are typical of mountains in this area (Truji-
llo & Molotch, 2014), which can be characterized by persistent, transitional, or intermittent snow-cover
zones (Richer et al, 2013), and generally exhibit peak snow accumulation during the springtime
months of April and May.
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Figure 1. Study area map showing the (a) study domain location within the north-central Colorado Rocky Mountains,
U.S., (b) canopy density (Homer et al.,, 2015) with 500 m elevation contours and all model evaluation station locations
highlighted and labeled by station ID (identified in supporting information Table S1) and North American Land Data
Assimilation System (NLDAS-2) locations highlighted, and (c) tree mortality (1997-2015) and associated leaf area index
(LA/) reduction based on USDA Forest Service Insect and Disease Detection Surveys (accessed: <http://foresthealth.fs.
usda.gov/portal/Flex/IDS>).
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2.2, Model Description

SnowModel is a spatially distributed snow evolution modeling system specifically designed to apply to a wide
range of topography, land cover, and climate conditions where precipitation falls as snow (Liston & Elder,
2006b). SnowModel has been rigorously validated in seasonally snow-covered forested and alpine environ-
ments similar to the study area (e.g., Greene et al., 1999; Hiemstra et al., 2006; Liston & Elder, 2006a, 2006b; Lis-
ton et al, 2008; Prasad et al., 2001; Sproles et al., 2013). SnowModel includes four sub-models: MicroMet
(Liston & Elder, 2006a), which is a meteorological distribution model; EnBal (Liston, 1995), which calculates sur-
face energy exchanges between the snow and atmosphere; SnowPack (Liston & Hall, 1995), which simulates
the seasonal evolution of snowpack properties; and SnowTran-3D (Liston & Sturm, 1998; Liston et al.,, 2007),
which accounts for snow redistribution by wind. Spatially varying fields of elevation and land cover and tem-
porally varying meteorological forcing data are required to run SnowModel, in order to simulate the spatial dis-
tribution and seasonal evolution of snow using the first-order physics described in the sub-models above.
SnowModel’s ability to represent sublimation is critical to accurate simulation of the spatial distribution of SWE
in complex mountainous environments. In addition to surface sublimation from the snowpack, SnowModel
also simulates blowing snow sublimation processes that are particularly important in alpine tundra environ-
ments, as well as canopy interception and subsequent sublimation processes that are unique to forested envi-
ronments. The equations used for calculating each component of sublimation in SnowModel are described in
the supporting information (Hedstrom & Pomeroy, 1998; Liston, 1995; Liston & Elder, 2006b; Liston & Sturm,
1998; Louis, 1979; Mahat & Tarboton, 2014; Oke, 1987; Pomeroy et al., 1998; Price & Dunne, 1976).

2.3. Model Simulations

2.3.1. Baseline Simulations

SnowModel was run at an hourly time step for the entire model domain (Figure 1) at a grid resolution of
100 m from WY 2011 through WY 2015. These simulations are hereafter referred to as baseline simulations.
The spatially varying fields of elevation, land cover, and canopy cover fraction used for all simulations were
provided by the U.S. Geological Survey (USGS) national elevation data set and national land cover database
spatial data sets (30 m grid resolution) (accessed: <http://ned.usgs.gov> and <http://www.mrlc.gov/
nlcd2011.php>, respectively) and were resampled to a 100 m grid resolution. The land cover data set was
reclassified based on the pre-defined vegetation types defined by SnowModel (refer to Liston & Elder, 2006b).
Effective leaf area index (LA/*) values across the domain were created by scaling the maximum LA/* for each
forest class vegetation type (Table 1) by the fraction of canopy coverage (i.e, 100% canopy coverage equals
the maximum LAI*) for each 100 m grid as described by Broxton et al. (2015).

Hourly air temperature, precipitation, relative humidity, and wind speed and direction meteorological forcing
data were provided by the 1/8™-degree grid spacing North American Land Data Assimilation System (NLDAS-
2) reanalysis forcing data set (accessed: https://Idas.gsfc.nasa.gov/nldas/; (Mitchell et al., 2004)) (Figure 1). The
mean elevation of each NLDAS-2 grid cell was used by the MicroMet sub-model to downscale the meteoro-
logical forcing to a 100 m spatial resolution for the model simulations (e.g., Liston & Elder, 2006a; Liston &
Hiemstra, 2011; Liston et al., 2008) based on northern hemisphere monthly lapse rates (refer to Liston & Elder,
2006a) and the 100 m digital elevation model. Additionally, an observed negative bias in the NLDAS-2 precipi-
tation forcing data was adjusted for each of the baseline simulations using a linear scaling of the precipitation
forcing that ranged between 10 and 24% (supporting infomation Table S2). The NLDAS-2 precipitation forcing

adjustment for each year of the baseline simulations was determined

Table 1 based on a mean comparison between the MicroMet downscaled

Forest Class Descriptions and Associated Winter and Summer Maximum LAI* NLDAS-2 precipitation forcing and measured SNOTEL (SNOpack TELem-

Values etry) precipitation within the study area (Figure 1 and supporting info-

Forest class Maximum LA/* mation Tabl.e.S.Z). ) )

description Example forest type (winter/summer) 2.3.2. Sensitivity Simulations

Coniferous forest S 40/4.0 In adfiltlon to the baseline SnowModel 5|mule.1t‘|o.ns, tw9 model
ponderosa pine experiments were completed to assess the sensitivity of simulated

Deciduous forest Aspen 0.5/2.5 sublimation to scenarios representing changing land cover and cli-

Mixed forest Aspen spruce-fir lodgepole 23/33 mate. The first model experiment evaluated the sensitivity of subli-
b el mation to insect-related tree mortality that has been widespread

Note. Maximum LA/* values were derived from observed literature values within the study domain (Bright et al., 2013). The USDA Forest Ser-
within the study domain (Liston & Elder, 2006b; Turnipseed et al,, 2002). vice Insect and Disease Detection Survey spatial data sets (accessed:
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<http://foresthealth.fs.usda.gov/portal/Flex/IDS>) from 1997 through 2015 were compiled to quantify
tree mortality during the modeled time period within the study domain (Figure 1). The distribution of
tree mortality within the study domain was divided into four quantiles representing no mortality, light
mortality, moderate mortality, and severe mortality (Bright et al., 2013; Figure 1). These quantiles were
used to reduce the spatially variable LA/* across the study domain by 0%, 5%, 25%, and 40%, respectively
(Bright et al., 2013; Pugh & Gordon, 2013). A total of 29% of forested area within the study domain was
classified as light to severe mortality (10% light mortality, 8% moderate mortality, 11% severe mortality).
Reductions to LAI* were ingested into SnowModel to represent forest cover changes due to insect-
induced tree mortality during WY 2011 through WY 2015, and these results were subsequently compared
to the baseline simulations.

The second model experiment was designed to evaluate the sensitivity of SnowModel simulated subli-
mation to future climate conditions predicted by general circulation models (GCMs) that were dynami-
cally downscaled using a regional climate model, RegCM3 (Hostetler et al., 2011). The RegCM3 regional
climate model simulations, described in detail by Hostetler et al. (2011), were derived for present and
future climate scenarios over western North America (15 km resolution) using output from four GCMs to
simulate boundary conditions. Trace gas concentrations for all RegCM3 and GCM simulations were
based on the 20" century and A2 scenarios developed for the Intergovernmental Panel on Climate
Change (IPCC) AR4 report (Solomon et al., 2007). The A2 scenario is similar to the representative concen-
tration pathway (RCP) 8.5 scenario developed for the IPCC AR5 report (Hostetler et al., 2011; Stocker
et al,, 2013). This study used the ensemble of RegCM3 GCM simulations (accessed: <https://cida.usgs.
gov/gdp/>) to compute area-weighted mean monthly air temperature, precipitation, relative humidity,
and wind speed across the SnowModel domain for three 20 year periods of time: the historic period
(1980-1999), future period S1 (2016-2035) (supporting infomation Figure S1), and future period S2
(2046-2065) (supporting infomation Figure S2). The monthly differences between the S1 and S2 periods
and the historic period were computed for each forcing variable (Table 2), and were subsequently used
to adjust the SnowModel meteorological forcing data from each of the baseline simulations. Therefore,
for WY 2011 through WY 2015, three model simulations (baseline, S1 (2016-2035), and S2 (2046-2065))
were evaluated to assess the sensitivity of sublimation to future warming climate conditions. During the
winter (October-May), the mean perturbations to climate prescribed by this study were increased air
temperature of 0.6°C and 1.7°C, increased precipitation of 1.5% and 2.3%, decreased relative humidity
of —0.3% and —1.0%, and decreased wind speed of —0.1ms~ ' and —0.1 m s~ " in the S1 and S2 scenar-
ios, respectively (Table 2).

Table 2
Month-Varying Perturbations Applied to Air Temperature, Precipitation, Relative Humidity, and Wind Speed Meteorological
Forcing Data for the S1 (2016-2035) and S2 (2046-2065) SnowModel Climate Sensitivity Simulations

Air
temperature Precipitation Relative Wind speed

(°Q) (% change) humidity (%) (ms™)
Month S1 S2 S1 S2 S1 S2 S1 S2
10 11 2.2 —9.7 —-1.2 —0.8 —-1.6 —0.2 —0.1
n 1.2 23 14.3 4.5 —0.6 —-1.6 —0.2 —04
12 0.6 1.9 —-1.5 4.1 =11 —-1.3 —-0.9 —0.3
1 0.4 1.4 0.8 16.1 0.2 0.3 04 0.0
2 0.8 1.0 5.1 0.6 0.2 -03 =03 —0.6
3 0.5 1.5 0.4 10.3 —-04 —0.5 0.2 0.6
4 0.1 1.5 4.5 —23 0.1 —1.2 —0.3 0.2
5 0.3 1.9 -17 —13.6 0.4 —-17 04 0.2
6 0.6 24 34 7.5 —-1.0 —27 0.0 -03
7 0.7 25 —9.0 —15.2 —2.7 —44 0.1 0.2
8 0.8 24 —144 -9.0 =341 —37 0.3 0.0
9 0.5 2.1 —4.7 —38 —-0.6 —0.6 0.4 0.4
Mean 0.6 1.9 -1.0 —0.2 —0.8 —-1.6 0.0 0.0
Std dev 0.3 0.5 7.7 9.4 1.1 1.4 0.4 0.3
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2.4. Model Evaluation

2.4.1. Meteorological and Show Observations

Daily mean observations from 34 meteorological stations within the model domain were used to evaluate the
meteorological forcing and snowpack evolution of the baseline model simulations (Figure 1 and supporting
infomation Table S1). SNOTEL stations (n = 18) were also used to adjust the mean bias of the NLDAS-2 precip-
itation forcing (supporting infomation Table S2). Model evaluation performance statistics were computed
based on daily values using the coefficient of determination (R?), mean bias (Bias) for daily variables, percent
bias (PBias) for cumulative variables, and root mean squared error (RMSE). SNOTEL stations were used to evalu-
ate the performance of the precipitation forcing magnitude and variability. Additionally, other meteorological
stations within the study area (n = 16) were used to evaluate meteorological forcing due to air temperature,
relative humidity, and wind speed. Daily observations of SWE at SNOTEL stations were used to assess the per-
formance of the simulated snow mass balance; values equal to zero were not included in this analysis. Given
that SWE measurements at SNOTEL stations are generally located in small sheltered forest openings, simu-
lated SWE was assumed not to be influenced by forest canopy interception or wind redistribution processes.
Land cover grids (100 m) that overlapped SNOTEL station locations were classified as grassland vegetation
type, and snow redistribution by wind was not simulated for these specific grid cells. Additionally, daily obser-
vations of snow depth at other meteorological stations (n = 6) were used to constrain simulated snow depth
evolution, and were not evaluated when observed or simulated values were equal to zero. These stations
were generally located in exposed locations that were useful for evaluating the model’s ability to simulate
snow depth in areas characterized by persistent wind redistribution of snow. Lastly, simulated snow cover
duration was evaluated using remotely sensed Moderate Resolution Imaging Spectroradiometer (MODIS)
snow covered area (SCA) data from the MOD10A2 product (accessed: <https://nsidc.org/data/mod10a2>).
Model grid cells were flagged as snow-covered if the simulated SWE was greater than 10 mm on the same
day (Gascoin et al.,, 2013). The maximum snow cover extent across the model domain (observed by MODIS for
every 8 day period) was compared to the maximum snow cover extent simulated by SnowModel during the
same period. The 8 day MODIS SCA product was used in favor of the daily MODIS SCA product in order to
minimize the influence of cloud coverage on the model evaluation of snow cover duration.

2.4.2. Sublimation Observations

Surface-atmosphere water vapor fluxes were measured directly using the eddy covariance (EC) method dur-
ing snow-covered periods, and were used to quantify sublimation at four stations within the model domain
(purple triangles in Figure 1). Sublimation has been quantified using the EC method by many studies (e.g.,
Helgason & Pomeroy, 2012; Knowles et al,, 2012; Marks et al., 2008; Molotch et al., 2007; Pomeroy & Essery,
1999; Reba et al., 2012; Sexstone et al., 2016); Sexstone et al. (2016) discussed the relative merits and limita-
tions of this method for monitoring surface sublimation. EC measurements were made at the Arrow (grass-
land forest opening), Andrews Meadow (subalpine meadow), US-NR1 AmeriFlux (subalpine forest), and T-
Van (alpine tundra) stations (Figure 1 and supporting infomation Table S1). The Arrow station (2,955 m) is
located within a moderately sloping (20%; 290° aspect), large (~ 600 m) grassland opening of surrounding
lodgepole pine (Pinus contorta) forest. The Andrews Meadow station (3,205 m) is located in a small (~
200 m) subalpine wetland meadow within the Loch Vale watershed, Rocky Mountain National Park. Meas-
urements collected by EC were made at the Arrow and Andrews Meadow stations during the snow-covered
periods of WY 2014 and WY 2015. The US-NR1 station (3,050 m) is positioned within subalpine forest pri-
marily composed of subalpine fir (Abies lasiocarpa), Engelmann spruce (Picea engelmannii), and lodgepole
pine with EC instrumentation located approximately 10 m above the top of the forest canopy. The T-Van
station (3,503 m) is located on a gently sloping (8%) alpine tundra meadow. Both the US-NR1 and T-Van sta-
tions are contained within the Niwot Ridge Long Term Ecological Research (LTER) Program study area, and
EC measurements at these stations were collected during October 2011 through December 2014 of the
study period. Water vapor fluxes were calculated at each station from the covariance between fluctuations
of the vertical wind speed and water vapor density. Post processing of the EC water vapor fluxes consisted
of standard EC corrections, data screening, and gap-filling (e.g., Reba et al., 2009). A description of the spe-
cific post-processing methods used for the Arrow and Andrews Meadow stations is described in Sexstone
et al. (2016), and details for post processing of the US-NR1 and T-Van fluxes can be found in Burns et al.
(2014) and Knowles et al. (2012), respectively.

The simulated cumulative snow season and daily sublimation were compared to water vapor fluxes mea-
sured at the four EC stations within the model domain. Simulated sublimation at each observation station
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Table 3

Mean Summary Values of Annual Station Performance Statistics for Each of the

Model Evaluation Variables

was averaged among the grid cells that were 400 m in the upwind direction from each station to represent
the typical statistical measurement (flux) footprint at these stations. Although flux footprints can be variable
over space and time (Sogachev et al., 2004), this work did not investigate the implications of selecting dif-
ferent footprint sizes for model evaluation following Svoma (2017) who determined that simulated sublima-
tion was insensitive to footprint size for a similar analysis. The evaluation of simulated sublimation at the
Arrow, Andrews Meadow, US-NR1 and T-Van stations included a comparison of simulated surface, canopy,
and blowing snow sublimation to the observed EC sublimation flux.

2.4.3. Water Balance

To evaluate simulated sublimation fluxes at the watershed scale, water balance calculations were computed for 11
USGS-gaged watersheds within the model domain (Figure 1 and supporting infomation Table S1) during the snow
accumulation and melt period (1 October to 31 July) of each simulation year using the water balance equation:

Runoff = precipitation —sublimation = blowing snow transport — evapotranspiration. (1)

Observed runoff was calculated from stream-gage records for each watershed (USGS National Water Information
System: <http://doi.org/10.5066/F7P55KJN>). Precipitation, sublimation, and blowing snow transport were
derived from spatially distributed SnowModel output and totaled for each watershed during the snow accumula-
tion and melt period. Since SnowModel does not simulate evapotranspiration (ET), ET was estimated for each
watershed using output from the MODIS-based Simplified Surface Energy Balance (SSEBop) model (Senay et al,,
2013). Area-weighted monthly mean SSEBop ET estimates for each watershed from April through July of each
water year were used to quantify growing season ET (accessed: <https://cida.usgs.gov/gdp/>). Changes in water-
shed storage were not estimated in the water balance evaluation, thus storage is an unresolved loss not included
in equation (1). To characterize uncertainty in the water balance, uncertainty associated with individual water bal-
ance components was estimated and summed. The uncertainty in both simulated cumulative precipitation and
simulated sublimation was calculated based on the mean of absolute values of percent bias calculations from each
year. The uncertainties for blowing snow transport, ET, and runoff were estimated to be 25%, 25% (Senay et al,,
2013), and 10%, respectively for each year. Uncertainties in the individual water balance components were com-
bined using the standard error propagation formula (e.g., Knowles et al., 2015; Sexstone et al., 2016; Taylor, 1997).

3. Results and Discussion

3.1. Model Evaluation

The MicroMet sub-model provided a well-simulated representation of the meteorological conditions across
the study area during each of the baseline simulations (Table 3). The daily mean simulated air temperature
was linearly related with daily mean observations, with R? values rang-
ing from 0.89 to 0.98 (all p-values < 0.01; supporting infomation Table
S3) and a mean bias of —0.4°C amongst all stations and years (sup-
porting infomation Table S3). Simulated relative humidity was also sig-
nificantly related (mean R? = 0.68; all p-values < 0.01) to daily mean

Variable

meteorological observations (supporting infomation Table S4), but

Air temperature (°C)

Relative humidity (%)

Wind speed (ms™")
Cumulative precipitation (mm)
Snow water equivalent (mm)
Snow depth (m)

Snow covered area (fraction)
Cumulative sublimation (mm)
Cumulative sublimation® (mm)
Sublimation rate (mm/d)
Sublimation rate® (mm/d)

Number

stations R? Bias RMSE  was consistently biased low (mean bias = —5%; Table 3), which could
16 0.95 04 20 contribute to an overestimation of simulated snow sublimation. Simu-
16 0.68 -5 13 lated wind speeds were modestly related with daily wind speed
15 048 -0.2 3.0 observations (mean R?=0.48; all p-values < 0.01), and were biased

@

7 0.59 8% 9 high at low elevation stations and biased low at high elevation sta-
18 0.86 €5% 71 . ) . )
6 075 @09 031 tions across the domain. The overall mean wind speed bias of —0.2 m
A 0.87 0.06 0.14 s~" could affect simulated snow sublimation based on elevation
4 0.92 @67% 62 (Table 3 and supporting infomation Table S5). Simulated and
4 0.97 ©-4% 20 observed cumulative precipitation were highly linearly related (mean
© ik 024 1.6 R?=0.99; all p-values<0.01); simulated precipitation was biased
4 0.19 —0.11 0.8

slightly high with a mean PBias of 8% and RMSE of 59 mm (Table 3

Note. See supporting information Tables S3 through S13 for model evalua-

and supporting infomation Table S6).

tion statistics for individual stations and water years.

“Simulated snow sublimation excluding the simulated blowing snow subli-
mation component. Summary values of mean bias are provided for all varia-
bles unless denoted by ©, which indicates percent bias was computed.

Simulated and observed SWE were highly linearly related (mean
R? =0.86; all p-values < 0.01), but the simulated SWE overestimated
(mean PBias = 5%) daily mean SWE measurements at SNOTEL stations
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Figure 2. Time series plots and model evaluation statistics of daily observed
SNOTEL snow water equivalent (SWE) compared to daily simulated SWE at the
(a) Berthoud Summit, (b) Joe Wright, and (c) Niwot SNOTEL stations; daily
observed snow depth (ds) compared to daily simulated d; at the (d) Andrews
Meadow, (e) Ranch Creek, and (f) Snow Mountain Ranch stations; and (g)
observed MODIS 8 day maximum snow cover extent compared to simulated
8 day maximum snow cover extent across the model domain.

(Table 3 and supporting infomation Table S7). Errors in simulated SWE
were most related to errors in simulated precipitation amount and/or
springtime precipitation phase (Figure 2). Simulated SWE errors may
be attributed to differences in precipitation gage undercatch among
precipitation observations used to adjust the precipitation forcing
data set (e.g. Fassnacht, 2004; Goodison et al, 1998; Meyer et al,
2012) or the scale difference between the model grid and SNOTEL
snow pillow measurements (Kashipazha, 2012; Meromy et al., 2013).

The relation between simulated and observed snow depth was variable
on an inter-annual basis (supporting infomation Table S8) (mean
R?=0.75). Simulated snow depth generally underestimated (mean
PBias = —9%) snow depth measurements at measurement stations
(Table 3) located in open areas that were useful for evaluating simu-
lated blowing snow processes (e.g., transport and sublimation). Figure 2
compares simulated and observed snow depth at three of the snow
depth measurement stations that experienced varying degrees of blow-
ing snow redistribution (based on field observations). The largest errors
in simulated snow depth occurred at the Andrews Meadow station (Fig-
ure 2d), which was characterized by moderate blowing snow redistribu-
tion. Errors in simulated snow depth may thus be influenced by an
overestimation of simulated wind redistribution at this station, or by
errors in simulated precipitation as shown by nearby SNOTEL stations
(supporting infomation Table S6). Simulated snow depth compared
favorably to observations at the Ranch Creek station (Figure 2e), which
was located in an alpine environment with substantial amounts of
blowing snow redistribution, and at the lower-elevation (minimal blow-
ing snow redistribution) Snow Mountain Ranch station (Figure 2f).
Domain-wide simulated snow cover duration was significantly related
to remotely sensed MODIS SCA remotely sensed observations (R rang-
ing from 0.75 to 0.93; all p-values < 0.01; supporting infomation Table
S9), particularly during the snowmelt period (Figure 2g). The mean bias
of the simulated domain snow cover fraction showed a slightly positive
bias that ranged from 0.04 to 0.08. These results indicate that the base-
line SnowModel simulations reasonably represented important snow
accumulation, redistribution, duration, and melt processes.

Simulated cumulative sublimation from stations located in forest
openings (Arrow, Andrews Meadow) and alpine tundra (T-Van) were
biased high compared to EC observations (Figure 3). EC observations
at these stations were similar in both magnitude and temporal evolu-
tion to simulated cumulative sublimation excluding simulated blow-
ing snow sublimation (Table 3; supporting information Tables S10 and
S11). In contrast, simulated cumulative sublimation estimates from
the forested station (US-NR1) compared favorably with EC observa-
tions (mean PBias = —0.4%; supporting infomation Table S10). Overall,
daily simulated sublimation rates and daily observed EC sublimation
rates exhibited considerable scatter around the one-to-one line and
similar correlation and bias to the comparison of simulated and
observed cumulative sublimation (Figure 4).

The evaluation of simulated versus observed sublimation at the US-NR1 station included a combination of
canopy and sub-canopy sublimation processes that occur in forested areas. Although EC observations from
below the canopy at US-NR1 were not available during the study period, Molotch et al. (2007) used EC

observations from 1 March through 10 April 2002 to contrast sub-canopy surface (0.41 mm d™~

") and canopy

(0.71 mm d~") sublimation rates at this site. For comparison, the mean simulated sub-canopy surface
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Figure 3. Time series plots of the daily observed eddy covariance (EC) cumulative sublimation flux (blue line) and associ-
ated measurement uncertainty (gray shading) (=20%; Andreas et al., 2010) compared to the daily simulated sublimation
flux (red line) and individual sublimation components (surface sublimation, purple dashed line; canopy sublimation, green
dotted line; blowing snow sublimation; orange dashed-dotted line) for each of the baseline SnowModel simulations. The
observed EC cumulative sublimation is only shown for periods when data were available during the snow-covered period
(as determined by snow depth sensors or nearby SNOTEL stations).

sublimation and canopy sublimation rates during that time period determined by this study were 0.32 mm
d~"and 0.97 mm d~’, respectively.

Biases between simulated and observed sublimation fluxes could be related to site specific conditions that
were not well represented by model simulations or to methodological limitations of EC observations in
complex terrain. For example, at the Arrow station, a positive bias in simulated wind speed (supporting info-
mation Table S5) likely contributed to an overestimation of simulated blowing snow sublimation that was
not reported by Sexstone et al. (2016). Conversely, the discrepancy in simulated versus observed sublima-
tion at the T-Van station (station 5503) was more likely related to the representativeness of the in-situ EC
observations made at 3 m above the surface. In very high wind speeds that are characteristic of the T-Van
station, EC sensors located close to the snow surface may neglect blowing snow transport and sublimation
that is expected to occur from blowing snow within turbulent suspension (Pomeroy & Male, 1992) up to a
height of approximately 10 m above the snow surface (Pomeroy & Gray, 1995). Knowles et al. (2012)
assumed that measured EC sublimation from the T-Van station (2007 through 2009) was only representative
of surface sublimation, and estimated winter blowing snow sublimation to include an additional 188-
281 mm of sublimation, which is similar to the range of simulated blowing snow sublimation at T-Van in
this study (78 - 261 mm). Based on this assessment, comparison between EC observations and simulated
sublimation excluding blowing snow sublimation can be used to characterize simulated sublimation error.

SnowModel results were compared to streamflow observations and water balance calculations in order to
evaluate model performance at the watershed scale. October through July runoff from 11 high-elevation
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Figure 4. Relation between the observed daily eddy covariance (EC) sublimation flux versus the simulated daily sublima-
tion flux at the (a) Arrow, (b) Andrews Meadow, (c) US-NR1, and (d) T-Van stations. Red filled circles represent all compo-
nents of simulated sublimation whereas blue open circles exclude the blowing snow sublimation component. The black
line represents the 1:1 line.

gaged watersheds that encompassed both alpine and forested areas (Figure 1) averaged 437 mm during
the 5-water-year study period (Figure 5). During that time, the average annual simulated watershed precipi-
tation was 946 mm, the mean runoff ratio was 0.45, the mean SSEBop growing season ET was 294 mm, and
the mean simulated total watershed sublimation was 227 mm. Water balance calculations for each water-
shed showed significant linear relation (R? = 0.56; p-value < 0.001) between observed and predicted water-
shed inputs and outputs (equation (1); Figure 5). Watershed inputs (precipitation) were on average 26 mm
less than the watershed outputs (runoff, snow sublimation, blowing snow transport, ET); we interpret this
residual to represent the combination of changes in watershed storage (not calculated) and uncertainty.
However, major changes in watershed storage would not be expected during the October to July period
(e.g., Clow et al., 2003). The uncertainty in simulated cumulative precipitation and sublimation ranged from
8 to 17% (supporting infomation Table S$6) and from 16 to 35% (mean = 21%) (supporting infomation Table
S11), respectively. Based on this error assessment, mean water balance inputs and outputs plus or minus
their estimated uncertainty for each year were not significantly different (Taylor, 1997) (Figure 5).

3.2. Sublimation Variability and Importance to the Water Balance

Baseline SnowModel simulations indicated substantial spatial variability of the three components of subli-
mation across the model domain (Figure 6 and Table 4). Simulated surface sublimation was generally least
at the lowest elevations and within forested areas (i.e., sub-canopy), whereas the greatest simulated surface
sublimation occurred at the highest elevations in both alpine and forested areas (Figure 6). Coniferous for-
ests dominated the land cover across the domain (section 2.1), and within these high canopy density areas
(Figure 1), simulated canopy sublimation increased with increasing elevation, precipitation, and canopy
density (i.e., increasing LA/*) (Figure 6). Canopy sublimation was the dominant simulated sublimation flux in
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Figure 5. Comparison of water balance components for (a) the average of all watersheds by water year and (b) individual
watersheds for each water year; shading represents the 95% confidence level interval of the linear regression. Water
balance components represent October-July of each water year. The error bars in (a) correspond to measurement
uncertainty.

the baseline simulations, accounting for 58% of total sublimation losses to the atmosphere on average
across the model domain. Simulated blowing snow sublimation was limited to non-forested areas and gen-
erally increased with elevation and was greatest in alpine areas (Figure 6). Simulated blowing snow sublima-
tion losses were moderate when averaged across the model domain (Table 4); however, localized totals on
exposed alpine ridges reached up to 450 mm when averaged across all years (Figure 6). Across the model
domain, the mean simulated total sublimation (sum of surface, canopy, and blowing snow sublimation) was
greatest at the highest elevations with substantial sublimation losses in both subalpine and alpine areas
(Figure 6).

Total simulated winter (1 October through 31 May) precipitation was variable from year-to-year, and
decreased by a factor of 1.8 from the wettest year (WY 2011) to the driest year (WY 2012) of the study (Table
4). Total simulated sublimation was generally greatest in years with the greatest simulated winter precipita-
tion and snow cover duration and also linearly related with simulated mean vapor pressure gradient
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Figure 6. Spatial variability of the 5 year simulated mean (a) total surface sublimation, (b) total canopy sublimation, (c) total blowing snow sublimation, (d) total
snow sublimation, (e) total winter precipitation, and (f) the percent of winter precipitation that was sublimated across the model domain. White circles show
meteorological evaluation stations and the dashed white line shows the Continental Divide. Note the scale change with each panel.

between the snow and the atmosphere (R*=0.71; p-value < 0.1) and the simulated mean wind speed
(R?=0.77; p-value < 0.1) (Table 4). On average, 28% of simulated winter precipitation was sublimated. This
percentage was generally greatest in years with lower winter precipitation and/or snow cover duration
(Table 4). The sublimation/precipitation ratio (relative sublimation loss; Figure 6f) was strongly linked to the
distribution of land cover type. Although mean annual simulated sublimation was substantial in alpine areas
(Figure 7), this flux accounted for a relatively greater percentage of winter precipitation within forested
areas due to significant canopy sublimation (Figure 7). The mean simulated sublimation within open areas
below treeline included a moderate contribution from surface sublimation as well as a small contribution
from blowing snow sublimation and was 33% and 133% less than the mean simulated sublimation from
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Table 4

Total and Component Simulated Sublimation, Simulated Days With Greater Than 20% Domain Snow Cover, Total Winter (1
October to 31 May) Simulated Precipitation, Percentage of Simulated Winter Precipitation Lost to the Atmosphere by
Simulated Sublimation, Mean Winter Vapor Pressure Gradient Between the Snowpack and the Atmosphere, Mean Winter
Available Energy for Turbulent Flux, and Mean Winter Wind Speed Across the Model Domain for Each Water Year of the
Modeling Study

Water year 2011 2012 2013 2014 2015 Mean Std dev
Surface sublimation (mm) 74 59 54 68 45 60 1
Canopy sublimation (mm) 153 95 97 130 91 113 27
Blowing snow sublimation (mm) 34 34 10 28 13 24 12
Total sublimation (mm) 260 187 161 225 149 196 46
Snow cover > 20% (days) 266 219 230 258 236 242 20
Winter precipitation (mm) 932 515 592 806 681 705 167
Sublimation loss (%) 28 36 27 28 22 28 5
Vapor pressure gradient (Pa) 15.1 9.4 9.9 14.8 0.2 9.9 6.1
Available energy (W m?) 12.3 13.3 11.9 10.6 11.0 11.8 1.1
Wind speed (m g ) 39 3.7 3.5 3.8 3.1 3.6 0.3

alpine and forested areas, respectively (Figure 7). Considering the land cover distribution of the model
domain (approximately 22% alpine, 58% forest, and 20% open below treeline), it is evident that sublimation
fluxes from forested areas are particularly important to the integrated snow mass balance across the model
domain. Accordingly, this work highlights the value of future experimental designs that represent sublima-
tion from both alpine and forested areas, as well as forest openings below treeline.

A key finding of this research is that 28% of winter precipitation was sublimated to the atmosphere over a 5
year period in the north-central Colorado Rocky Mountains. For comparison, another recent modeling study
that simulated the spatio-temporal variability of sublimation showed that spatial variations of sublimation
ranged from 10 to 90% of annual snowfall, but averaged 22% across Berchtesgaden National Park, Germany
(Strasser et al., 2008). Both the current study and Strasser et al. (2008) highlight that domain-averaged can-
opy sublimation represents the greatest sublimation loss, followed by surface sublimation, then blowing
snow sublimation (Table 4). For context, MacDonald et al. (2010) estimated sublimation losses to account
for 20 to 32% of cumulative snowfall in an alpine region of the Canadian Rocky Mountains, and Gascoin
et al. (2013) suggested that sublimation accounted for 71% of total snowpack ablation in the Dry Andes of

Chile. Higher sublimation fluxes shown by Gascoin et al. (2013) were

open the combined result of low precipitation, an arid climate, high wind

1000

750

500+

Millimeters

2504

20%

speed, and exposed topography. The results presented herein contrib-
ute to refining our understanding of the watershed-scale importance
of sublimation in semi-arid mountain regions around the world, and
highlight the importance of both total winter precipitation as well as
meteorological forcing conditions to the interannual variability of
both total and relative fluxes (Table 4).

3.3. Sensitivity to Bark-Beetle Forest Disturbance

Bark-beetle disturbance simulations indicated an overall minor
decrease in simulated sublimation from forested areas when com-
pared to the baseline simulations (Figure 8a). Specifically, simulated
sublimation losses from forested areas across the model domain

35%

15%

gain

Winter
precipitation

T
loss

gain

Surface
sublimation

were reduced by 8 mm (or 4%) in response to the LA/* reduction
that was prescribed to represent current bark-beetle conditions. The
simulated sublimation reduction was a product of decreased canopy
sublimation (=12 mm; —7%) but increased surface sublimation

T T
gain loss

. Canopy
sublimation

T
loss
Blowing snow
sublimation

Figure 7. Comparison of the 5 year simulated mean sublimation flux to simu-
lated winter precipitation within the alpine, forest, and open land cover types.
The percentage listed above the “loss” column represents the percentage of
winter precipitation that was sublimated within each land cover type. Error
bars denote the 5 year standard error of the mean.

(4 mm; 9%) (Figure 8a). The mean domain-wide difference in simu-
lated daily sublimation rates between the baseline and bark-beetle
simulations was —0.03 mm d~' (Wilcoxon signed-rank test p-
value < 0.001).
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Figure 8. Comparison of the 5 year mean simulated total sublimation and indi-
vidual sublimation components from forested areas modeled by the baseline
and bark-beetle (LA/* reduction) SnowModel simulations. The error bars on
each column represent the 5 year standard error of the mean.

Decreased simulated canopy sublimation in the presence of bark-
beetle disturbance resulted from a reduction in canopy intercepted
snow that was consistent throughout the snow season (Figure 9). In
contrast, increased simulated surface sublimation in the bark-beetle
scenario was a more complex response caused by changes to the
sub-canopy radiation balance and available energy, increased sub-
canopy wind speeds, and a decreased vapor pressure gradient
between the sub-canopy snow and the atmosphere. The LA/* reduc-
tion in the bark-beetle scenario yielded increased simulated incoming
shortwave radiation that increased throughout the snow season (Fig-
ure 9). However, simulated incoming and outgoing longwave radia-
tion (i.e, snow surface temperature) consistently decreased
throughout the snow season, which outweighed the incoming short-
wave radiation increases, and yielded a decrease in net radiation dur-
ing the majority of the winter period (Figure 9). The overall simulated
available energy for turbulent flux was consistently higher in the bark-
beetle scenario, and the mean simulated sub-canopy wind speeds
were 5% greater (Figure 9). However, the simulated vapor pressure
gradient between the snow surface and the atmosphere decreased in
the bark-beetle scenario in proportion to simulated snow surface tem-
peratures that consistently decreased as a result of snow energy bal-
ance changes that yielded a lower vapor pressure at the snow surface
(Figure 9). Therefore, increased simulated sub-canopy sublimation

was promoted by greater available energy for turbulent flux and greater sub-canopy wind speeds, but also
damped by the decreased snow-atmosphere vapor pressure gradient.

Given the potential importance of the radiation balance to forest sublimation in the presence of disturbance
(e.g., Biederman et al.,, 2014; Harpold et al., 2014), we assessed the variability of simulated forest sublimation
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Figure 9. Comparison of monthly simulated (a) mean SWE, (b) total surface sublimation, (c) total canopy sublimation, (d)
total canopy unloading, (€) mean wind speed, (f) incoming shortwave radiation, (g) incoming longwave radiation, (h)
mean vapor pressure gradient between the snow and the atmosphere, (i) mean available energy for turbulent flux, and (j)
mean energy available for melt for the baseline and bark-beetle simulations. The percentages listed in each panel repre-
sent the percent difference between the yearly averages of each variable from the baseline scenario. “Denotes that the
percent difference calculations are based on November-May as opposed to the yearly average.
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Figure 10. Comparison of monthly simulated (a) mean snow water equivalent
(SWE), (b) snow covered area (SCA), (c) mean percentage of precipitation falling
as snow, (d) total surface sublimation, (e) total canopy sublimation, (f) total
blowing snow sublimation, (g) mean incoming shortwave radiation, (h) mean
incoming longwave radiation, (i) mean energy available for melt, (j) mean vapor
pressure gradient between the snow and the atmosphere, (k) mean available
energy for turbulent flux, and (I) mean wind speed for the baseline and S1 and
S2 climate change simulations. The percentages listed in each panel represent
the percent difference between the yearly averages of each variable from the
baseline scenario. “Denotes that the percent difference calculations are based
on November-May.

between south facing (135°-225°) and north facing (315°-45°) aspects
(Figures 8b and 8c). Comparing south- to north-facing aspects, surface
sublimation was 16% greater, canopy sublimation was 20% less, and
total sublimation was 9% less in the bark-beetle scenario. However,
the south- and north-facing surface and canopy sublimation
responses to bark-beetle disturbance were not significantly different
from the domain-wide average, consistently demonstrating a minor
decrease in simulated sublimation (Figures 8b and 8c).

In the context of previous research, these results allow for new insight
specific to the mechanisms that may be important for driving subli-
mation processes in the presence of disturbance. In particular, the
modeled reduction in simulated canopy sublimation was comparable
to a recent modeling study from a low-latitude mountainous water-
shed in Arizona (Svoma, 2017). Additionally, the simulated increase in
sub-canopy surface sublimation was similar in magnitude to an esti-
mation in the Colorado Rocky Mountains (Penn et al., 2016), but oppo-
site in sign to that of Svoma (2017). Given that the decrease in sub-
canopy surface sublimation simulated by Svoma (2017) was attributed
to decreased incoming longwave radiation from the forest canopy,
the sub-canopy surface sublimation response to bark-beetle distur-
bance may vary from low to mid-latitudes. Taken together, recent
studies have highlighted that sub-canopy surface sublimation
increases can be equal to or greater than canopy sublimation
decreases in catchments subject to beetle- or fire-induced tree mortal-
ity (Biederman et al.,, 2014; Harpold et al., 2014); this result was not
produced in the current study and suggests that site-specific changes
to the sublimation forcing mechanisms are likely important to the
overall sublimation response. The overall 4% decrease in simulated
sublimation due to bark-beetles identified by this work is generally a
smaller decrease than results from other modeling experiments in the
Rocky Mountains that showed an overall decrease in annual ET (e.g.,
Chen et al,, 2015; Livneh et al,, 2015; Penn et al., 2016). Since the simu-
lated water balance in this study (Figure 5) suggested that sublimation
fluxes and growing season ET were equivalent to 52% and 67% of run-
off, an overall 4% decrease in simulated sublimation would account
for an increase in water available for snowmelt equivalent to 2% of
watershed runoff. Given that Livneh et al. (2015) show an annual
decrease in simulated ET (including sublimation) of approximately
15% in a comparable bark-beetle scenario, and that Chen et al. (2015)
and Penn et al. (2016) highlight a 10-11% reduction in ET, our results
imply that decreases in growing season ET are likely to be greater in
magnitude than decreases in sublimation. Accordingly, the results of
this study contribute to a more refined understanding of how chang-
ing sublimation dynamics may affect the integrated hydrologic
response of bark-beetle disturbance-affected watersheds (e.g., Bearup
et al., 2014; Biederman et al., 2015).

3.4. Sensitivity to Climate Warming

SnowModel simulations representing future climate conditions indi-
cated an overall 2% decrease in simulated sublimation in the ST sce-
nario (2016-2035) and a 6% decrease in the S2 scenario (2046-2065).
Each component of simulated sublimation decreased in the future
warming conditions. Simulated surface sublimation decreased by 2%
and 5%, canopy sublimation decreased by 1% and 6%, and blowing
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snow sublimation decreased by 4% and 6% in the S1 and S2 scenarios, respectively (Figure 10). The mean
domain-wide differences in simulated daily sublimation rates between the baseline and S1 and S2 simula-
tions were —0.01 mm d~ ' and —0.02 mm d " (Wilcoxon signed-rank test p-value < 0.001).

The simulated mean peak SWE increased by 2% in the S1 scenario but decreased by 5% in the S2 scenario.
In contrast, snow cover duration decreased in both scenarios as a result of both greater energy available for
melt and a decrease in the fraction of snow precipitation (Figure 10). The available energy for turbulent flux
increased by 1% in the S1 scenario and by 14% in the S2 scenario; however, the simulated vapor pressure
gradient between the snow and the atmosphere decreased by 2% in the S1 scenario and by 11% in the S2
scenario, as a result of greater atmospheric vapor pressure due to warming climate conditions (Figure 10).
Additionally, simulated wind speeds were on average 1% less than baseline conditions in the S1 and S2 sce-
narios. Therefore, despite greater available energy for turbulent flux in the warming climate scenarios, the
overall decrease in simulated sublimation totals in the ST and S2 scenarios resulted from a reduction in sim-
ulated snow cover duration, vapor pressure gradients, and wind speed.

In order to remove the influence of snow cover duration, we also restricted the sublimation response to
changing climate analysis to time periods with snow-covered conditions. Therefore, the simulated daily mean
sublimation rate was computed for snow-covered areas only during the mid-winter months of January-April
for each of the baseline and future climate scenarios. The distribution of simulated sublimation rates for each
scenario was further subset into four elevation zones, to assess the elevational sensitivity of mid-winter subli-
mation rates in the future (Figure 11). Across the domain, the simulated sublimation rates did not change
from the baseline to S1 scenarios, and were increased by 1% between the baseline to S2 scenarios. While the
lowest elevations showed minor increases (1%) in simulated sublimation for both climate scenarios, simulated
sublimation at the middle elevations slightly decreased (1%) in the S1 scenario but modestly increased (2%)
in the S2 scenario (Figure 11). At the highest elevations (alpine), simulated sublimation rates decreased for
both the S1 (<1%) and S2 (1%) scenarios (Figure 11). For each of the elevation zones, the largest magnitude
change in simulated sublimation was an increase at the highest sublimation rates (95 percentile) (Figure 11).

Results from the climate warming sensitivity simulations highlight that sublimation rates are expected to be
similar or slightly increased in the future. However, given that snow cover duration is projected to decrease,
total sublimation fluxes are also expected to decrease by up to 6%. Therefore, the net result of earlier, slower
snowmelt (e.g., Clow, 2010; Musselman et al., 2017), and potential future shifts in the percentage of snow ver-
sus rain (e.g., Trujillo & Molotch, 2014), may lead to similar or slightly increased future sublimation fluxes in
this region. These results differ from a recent study that highlighted the potential for significant decreases to
sublimation fluxes due to changing climate conditions in the Reynolds Creek Experimental Watershed, Idaho

(Rasouli et al., 2015). As a possible explanation for this difference, we

invoke the relative humidity perturbation prescribed in our climate
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Figure 11. Boxplots of mean daily simulated sublimation rates from the base-
line, S1, and S2 simulations for areas covered by snow during January through
July and elevations ranging (a) < 2,750 m, (b) > 2,750-3,000 m, (c) > 3,000—
3,300 m, (d) > 3300 m. Boxplots are represented by the 5% and 95t percentiles
(whiskers), 25" and 75 percentiles (box) and median (horizontal line).

change experiments (Table 2). Climate model projections often assume
constant relative humidity with increasing air temperature because
higher surface temperatures increase evaporation over oceans (Dessler
& Sherwood, 2009). However, over arid and semi-arid landscapes that
are subject to seasonal moisture limitation, future relative humidity
decreases are expected (Pierce et al., 2013), and were included in the
dynamically downscaled RegCM3 GCM simulations prescribed by this
study (Table 2). These relative humidity decreases were important for
damping the simulated decreases in vapor pressure gradient between
the snow and the atmosphere (Figure 10). Given that recent work has
highlighted the importance of sublimation fluxes to snowpack resil-
iency in arid and semi-arid environments (Harpold & Brooks, 2018;
Lépez-Moreno et al.,, 2017), this study evaluated the role of sublimation,
in order to contextualize the integrated snowpack response to chang-
ing climate conditions.

3.5. Sublimation Modeling Uncertainty
The evaluation of simulated sublimation using EC observations pre-
sented by this work indicates that SnowModel is able to realistically
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represent the seasonal evolution and magnitude of surface and canopy sublimation within or near the
range of EC measurement uncertainty (Knowles et al., 2012, 2015; Sexstone et al.,, 2016; Figure 3). An error
analysis of simulated sublimation (excluding simulated blowing snow sublimation) suggests that uncer-
tainty in simulated sublimation ranged from 16 to 35% (mean = 21%). These biases are comparable to pre-
vious modeling studies in the region (e.g., Broxton et al., 2015; Mahat et al., 2013; Svoma, 2017). However,
this model evaluation also highlighted potential limitations in modeling specific site conditions, particularly
in complex terrain and alpine environments where substantial blowing snow occurs. Given that model veri-
fication of blowing snow sublimation was not possible with the experimental design of this study, blowing
snow sublimation is an important source of uncertainty in simulated sublimation estimates. These findings
suggest that future investigations capable of measuring both surface and blowing snow sublimation fluxes
in alpine regions are needed to better constrain total sublimation estimates in the mountains.

Uncertainty associated with the sublimation model (supporting information Text S1) could also have
affected the results of this work. Recent advances in LiDAR data collection capabilities have led to advances
in model representations of canopy snow interactions (Broxton et al., 2015; Moeser et al., 2015; Musselman
et al, 2013). The current study represents canopy conditions across 100 m grid cells based on an estimated
LAI*, which may produce uncertainty resultant from unresolved sub-grid canopy structure and associated
canopy interception and sublimation (Moeser et al., 2016). Additionally, SnowModel unloads melting snow
from the canopy (Liston & Elder, 2006b), and this study implemented a continuous unloading scheme
(Mahat & Tarboton, 2014) during cold conditions to represent unloading of snow by wind and bending of
branches (supporting information Text S1). However, field observations of canopy unloading within the
study area suggest that these events are episodic and can unload substantial amounts of snow in short
amounts of time; therefore, they are not likely to be well represented within the model.

Uncertainty associated with modeling the spatial variability of sublimation can be directly related to uncer-
tainty in the spatially interpolated meteorological forcing data, particularly wind speed and relative humid-
ity (Dadic et al., 2013; Raleigh et al., 2015). This study completed a rigorous error assessment of simulated
meteorological forcing variables using station observations, and highlighted biases in relative humidity and
wind speed that likely contributed to the simulated sublimation uncertainty. Gascoin et al. (2013) found
that the windflow model used by SnowModel (Liston et al., 2007) accurately represented synoptic wind con-
ditions in high elevation areas, but that the model was not able to represent windflow important in valley
locations that are increasingly influenced by local topography and diurnal variability. Musselman et al.
(2015) evaluated three windflow models, including that of Liston et al. (2007), and found that the snow
mass balance was highly sensitive to the model configuration; differences in simulated windflow produced
a range of blowing snow sublimation from 10.5% to 19% of seasonal snowfall (Musselman et al., 2015). As a
result, we recommend that future studies seeking to simulate sublimation fluxes rigorously evaluate and
consider bias correcting meteorological forcing data to minimize model uncertainty.

4. Conclusions

Model evaluation based on snow and micrometeorological observations, water balance calculations, and
comparisons to previous work were used to show that SnowModel reasonably represented the seasonal
evolution and magnitude of sublimation within a 3,600 km? model domain in the Colorado Rocky Moun-
tains. The resulting simulated sublimation flux was equivalent to an average of 28% of winter precipitation.
Although the magnitude of annual sublimation increased with increasing winter precipitation, the impor-
tance of sublimation (as a percentage of winter precipitation) increased in low snow years. The spatial vari-
ability of sublimation was controlled by the interaction of meteorology (e.g., available energy, vapor
pressure gradient, and wind speed), topographic position, and variations in land cover type and physiogra-
phy. The highest simulated sublimation rates occurred in alpine (20% of winter precipitation) and forested
areas (35% of winter precipitation), and relatively lower rates occurred in open areas below treeline (15% of
winter precipitation). Across the model domain, sublimation from forested areas dominated water vapor
losses from the snowpack, indicating the importance of canopy sublimation in this region. Model simula-
tions that incorporated an LA/* reduction due to bark-beetle-induced forest mortality within the study area
showed a 4% decrease in the sublimation flux from forested areas, which was the product of decreased can-
opy sublimation but increased sub-canopy surface sublimation. Although model simulations representing
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future climate conditions highlighted that future sublimation rates in this region are likely to remain
unchanged or to slightly increase, total sublimation losses are expected to decrease by up to 6% due to a
reduction in snow covered area and duration. This work therefore suggests that uncertainty in modeled
sublimation may be particularly sensitive to the ability of a given snow model to accurately simulate precip-
itation phase and amount and, thus, domain-wide snow cover duration, which was well validated in this
study. These results constrain the importance of surface, canopy, and blowing snow sublimation compo-
nents to the water balance of a semi-arid, mountainous region during winter, and can be used to inform
future decision making and water management practices.
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