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ABSTRACT

Perennial snowfields are generally receding worldwide, though the precise mechanisms causing
recessions are not always well understood. Here we apply a numerical snowpack model to identify
the leading factors controlling the mass balance of two perennial snowfields that have significant
human interest: Arapaho Glacier, located at Niwot Ridge in the Colorado Rocky Mountains (United
States), and a snowfield located in the Ulaan Taiga (Mongolia). The two locations were chosen
because they differ in elevation, slope, and aspect. However, both have subarctic climates and are
located within semi-arid regions. We show that for these two locations the snowfield mass balance
is primarily sensitive to air temperature and wind speed, followed by precipitation and dust
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deposition amounts. The lack of sensitivity to dust deposition was most likely due to timing of
deposition and the overall small dust amounts. We find that the sensitivities are similar for the

center of the snowfield as well as the margins.

Introduction and background

Perennial snowfields and glaciers have generally been
receding or disappearing worldwide (e.g., Lemke et al.
2007; Vuille et al. 2008; Haugen et al. 2010; Rangwala and
Miller 2012; Veettil and Kamp 2019). The presumed
cause is that the global average temperature has increased
by about 1.2°C from 1900 to the present (Hawkins et al.
2017; Sherwood et al. 2020). However, changes in wind
speeds and snow accumulation (Fassnacht et al. 2018;
Mott et al. 2018), as well as darkening due to snow algae
(Dove et al. 2012), dust, and soot (Painter et al. 2007,
2013; Dozier et al. 2009; Gleason, Nolin, and Roth 2013;
Skiles and Painter 2017, 2019), are also important pro-
cesses, albeit more difficult to document.

Our work is motivated by the following questions:
Under what meteorological conditions will the perennial
snowfields vanish, and what condition is most impor-
tant? To address these questions, we evaluate the
meteorological and physical conditions impacting the
longevity of perennial snowfields in two specific loca-
tions: Arapaho Glacier, which is situated west of
Boulder, Colorado, in the Colorado Rocky Mountains,

and a perennial snowfield in the Ulaan Taiga mountains
of northern Mongolia within a large area of tundra and
larch forest. We chose these two specific locations
because they represent two distinct classes of snowpacks.
Arapaho Glacier is in a high-elevation mountainous
region and the snowfields in the Ulaan Taiga mountains
are at a lower elevation on comparatively flatter terrain.

In addition, both are of significant human interest.
Mongolian perennial snowpacks serve as an important
summer area for reindeer pastoralism (Taylor et al.
2019), and their loss would have cultural impact. The
Arapaho Glacier is part of the Boulder Creek watershed,
an important water source for Boulder, Colorado
(Murphy 2006). The Arapaho Glacier is not flowing
and is thus a perennial snowfield. Because of its use as
a water source, there is a detailed record of the size of the
Arapaho Glacier. Finally, the environmental data
needed to operate our model are available for both sites.

Snowfield properties

Perennial snowfields, defined as snowfields that persist
for at least an entire year, are a common feature of
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high-elevation landscapes (e.g., Higuchi et al. 1980;
Fountain, Glenn, and Basagic 2017). They are distin-
guished from glaciers in two important ways. First,
perennial snowfields do not flow; hence, mass accumu-
lation and mass loss occur over the same area. Because
they do not flow, the deepest layers of a snowfield date
back to its origin. The second difference is that some
perennial snowfields are present at elevations consider-
ably lower than the elevations of glaciers. Dohrenwend
(1984) showed that in the Western United States the
lowest elevation at which perennial snowfields survived
was 740 m lower than the glacial equilibrium line
altitude. Thus, mountain ranges that completely lack
glaciers may have perennial snowfields; for example,
the Japanese Alps and all other mountain ranges in
Japan (Higuchi et al. 1980).

Perennial snowfields are also found in very cold loca-
tions that have too little precipitation for glaciers. The
lower elevations of the McMurdo Dry Valleys of
Antarctica have numerous mountain glaciers (Fountain
et al. 1998). At higher elevations snow input is greatly
reduced (Fountain et al. 2010) and glaciers are replaced
by perennial snowfields. For example, University Valley
(77.86° S, 163.75° E, elevation 1,700 m), a hanging valley
with a mean annual air temperature of —23.4°C (Goordial
et al. 2016), does not have a glacier but has a large per-
ennial snowfield at one end and several smaller perennial
snowfields co-located with shallow ice-cemented ground
on the valley floor (McKay 2009).

Because perennial snowfields can occur at relatively
low elevations, they are often an important source of
meltwater and cool conditions in summer (e.g.,
Garwood et al. 2020). Taylor et al. (2019) reported on
perennial snowfields in Mongolia used in the summer by
reindeer (Rangifur tarandus) pastoralists to cool heat-
stressed animals. They found that in recent years, many
of these features have begun to melt entirely for the first
time in collective memory.

Snowfields can leave distinctive geological features
known as “nivation hollows” due to increased mechan-
ical particle transport and chemical weathering (Thorn
1976; Caine 1995). Eyles and Daurio (2015) reported on
relict nivation hollows in Ubehebe Crater in Death
Valley, California, whiched they suggest formed from
snowfields during the recent Little Ice Age cooling,
c. ~700 years B.P.

Perennial snowfields are also of archeological signifi-
cance because they preserve organic material, ash deposits,
and human artifacts associated with their use over thou-
sands of years. @degard et al. (2017) and Pilo et al. (2021)
reported on perennial snowfields in Norway for which the
bottom ice is 7,600 and 6,900 years old, respectively.

Mechanisms impacting snowfield longevity

The persistence of a snowfield depends on snowfall
amount, snow redistribution due to winds, avalanches,
and ablation via sublimation and meltwater runoff. Fujita
et al. (2010) reported on over forty years of ablation data at
the Hamaguri-yuki snowfield in the northern Japanese
Alps and compared solar radiation, wind speeds, and air
temperatures to meteorological records at the snowfield
over five years and at a permanent weather-recording
station 100 km from the snowfield. They concluded that
the snowfield reduced the wind speed by modifying topo-
graphy and thereby reduced ablation. They suggested that
this positive feedback could stabilize snowfields. Mott et al.
(2011) investigated these effects and concluded that snow
surfaces in a depression—such as a nivation hollow—had
reduced turbulent mixing compared to a flat snow surface.
Mott et al. (2013) conducted field studies using local eddy
flux measurements over snowfields and concluded that
ablation was primarily dependent on wind velocity, turbu-
lent intensity, fetch distance, and topographical curvature.
Burns et al. (2014) conducted a similar study in seasonal
snow on Niwot Ridge, Colorado, and reached similar con-
clusions, though their study was in a subalpine forest.
There is, not surprisingly, a similarity between mechanisms
that control the mass loss from a seasonal snowfield and
a perennial snowfield. Perennial snowfields, however, are
likely to have the added benefit of being nestled in hollows,
cirques, or other natural wind shelters that not only
decrease ablation but also drastically increase the snow
input, through either drifting or snow cornice avalanching
(Hansen, Chronic, and Matelock 1978).

Snow ablation can occur in two forms: sublimation and
melt. There is evidence that sublimation can be responsible
for the majority of ablation for glaciers in high altitudes
and arid locations (Gascoin et al. 2013; Batbaatar et al.
2018). However, both the Ulaan Taiga and Arapaho
Glacier are in regions with cold continental climates, with
semi-arid conditions. Similar snowfields have sublimation
losses of 10 to 30 percent of total seasonal ablation
(Batbaatar et al. 2018; Sexstone et al. 2018; Stigter et al.
2018). Snowmelt initiation within the snowfield does not
immediately result in complete snowfield ablation but
instead initiates a complex process of snowfield ripening,
refreezing of percolated water within the snow layers, and
the eventual ablation of the snowfield via runoft and sub-
limation (DeWalle and Rango 2008), although sublimation
losses occur prior to snowmelt as well. Dust may play a role
in melt and sublimation by reducing the surface albedo of
the snowfield. Other physical attributes such as snowpack
elevation, slope, and aspect are fundamental controls on
snowpack accumulation and ablation (Elder, Dozier, and
Michaelsen 1991; Broberg 2021).



Characteristics of Arapaho Glacier and its
environment

Arapaho Glacier, elevation ~3,680 m.a.sl, is a complex
glacial relic that has been studied for the past century
(Waldrop 1964; Haugen et al. [2010] and references
therein). Portions of Arapaho Glacier consist of ice (with
a distinct bergschrund), together with other areas of coarse
granular firn, overlain by seasonal snow. Arapaho Glacier
has been receding since its historic stade maximum around
1860 (Waldrop 1964). In addition, since recordkeeping
began in 1900, Waldrop (1964) found that Arapaho
Glacier had thinned about 32 m. Since 1964, however, the
glacier thinning has slowed, and Haugen et al. (2010) esti-
mated it lost an additional 4.5 m between 1960 and 2005.

Arapaho Glacier (Figure 1) is situated in an eastward-
facing cirque, with varying slope (Waldrop 1964). From
Haugen et al. (2010) we estimate the steepest bed angle to
be approximately 25° with a due east aspect. Elevation
profiles in Haugen et al. (2010) indicate that the surface of
the snowfield is not level with the bed surface. Photos
indicate a steepened section of the snow surface in places;
hence, we added another 5° to the slope of the surface for
a total surface angle of 30°.

It is important to determine whether a snowfield is
sliding, because we use that as our operational definition
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Figure 1. Arapaho Glacier, taken 27 August 1960. Site map of the
Arapaho Glacier in Colorado, indicated by the red X, coordinates
40°01'24"” N 105°38'53” W, elevation 3,680 m. The distance
across the snowfield is about 600 m. The D1 site is also located
at the red X, being less than 1 km from the glacier, and is
therefore not shown at this scale. Neighboring states of Utah
(UT), Wyoming (WY), Nebraska (NE), Arizona (AZ), New Mexico
(NM), Oklahoma (OK), and Kansas (KS) are indicated. Image
credit: Henry Waldrop, 1960. Arapaho Glacier: From the Glacier
Photograph Collection. Boulder, Colorado: National Snow and Ice
Data Center. Digital media. Source: http://nsidc.org/data/gla
cier_photo/search/image_info/arapaho_waldrop_084.
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of a glacier (sliding) versus a perennial snowfield (not
sliding). We approach this question in the manner of
Fountain, Glenn, and Basagic (2017). Using the criterion
of Fountain, Glenn, and Basagic (2017) for a perennial
snowfield, we find that the computed basal shear stress
for Arapaho Glacier is

7, = pghsina (1)

where p is the ice density (using an upper limit of
900 kg m?>), g is acceleration due to gravity (9.8 m/s?),
h is thickness (m), and o is the surface slope angle.

Fountain, Glenn, and Basagic (2017) estimated h to
be 15 m, so the basal shear stress b = 0.56 x 10> Pa. The
theoretical yield stress threshold of ice is 10> Pa
(Paterson 1994). Note that conservative values were
chosen in order to obtain an upper limit to the basal
shear stress. Given that the threshold yield stress of ice is
greater than our calculated value of 73, Arapaho Glacier
should not be moving, so it is classified here as
a perennial snowfield rather than a glacier.

Meteorological conditions near Arapaho Glacier are
available from an hourly Long-term Ecological Research
(LTER) data set (Jennings and Molotch 2019) for the
Niwot Ridge, Colorado, “D1” site, an alpine tundra site
that has a similar elevation to Arapaho Glacier. The data
set includes air temperature, relative humidity, wind
speed, precipitation, downwelling shortwave (SW), and
downwelling longwave (LW) for the period
1 January 2013 to 31 December 2013. The annual tem-
perature and relative humidity are shown in Figure 2a
for 2013. The annual average air temperature was —2.9°C
and relative humidity was 68.9 percent for Arapaho
Glacier. For June, July, and August, the average air
temperature was 6.8°C and relative humidity was
63.2 percent. Wind speeds and precipitation are highly
variable but much lower in summer than in winter, as
shown in Figure 2b.

Characteristics of the Ulaan Taiga Mountains of
Mongolia and their environment

The Ulaan Taiga Mountains have been experiencing
a loss of glaciers and perennial snowfields within the
last several decades (Taylor et al. 2019). Glacier area has
decreased by ~30 percent over the last seventy years
(United Nations 2018). Simulations with the ECHAM
General Circulation Model predict snow cover decreases
of ~33 percent by 2040 (United Nations n.d.).

The elevation of the Mongolia snowfield in Figure 3 is
2,243 m. The slope for the Mongolian snowfield is close
to 0% photos from Taylor et al. (2019) indicate that at
least one of the perennial snowfields was situated on an
alluvial plain (Figure 3). Taylor et al. identified several
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Figure 2. (a) Hourly measurements of air temperature (°C) and relative humidity (RH, %) for the Niwot Ridge data set, used to drive the

Arapaho Glacier perennial snowfield model. T;, is the air temperature. (b) Wind speed and precipitation rate.

approximate locations of receding perennial snowfields.
The likely position of one of their identified sites, “Site
3,” is shown in the insert of Figure 3.

Atmospheric data sets for Mongolian snowfields
are not available from local measurements. However,
there are data from the MERRA-2 reanalysis data set
(Gelaro et al. 2017). We use data for 2018. The loca-
tion used for the meteorology data was a 0.625 x 0.5°
grid cell centered on the point 52° N by 99° E. The
output fields included date, local time, air tempera-
ture at 2 m height, specific humidity, downwelling
SW, downwelling LW, wind at 2 m height,

precipitation mass, and surface pressure. The air tem-
perature and relative humidity are shown in
Figure 4a. The annual average air temperature was
—-6.6°C, and the average relative humidity was
69.4 percent. For June, July, and August the average
air temperature was 7.6°C and relative humidity was
66.0 percent. Hence, the ablation season air tempera-
ture was approximately 1°C warmer than Arapaho
Glacier, and relative humidity was approximately
3 percent higher than Arapaho Glacier. Wind speeds
were lower in summer than winter, but precipitation
was greater in the summer.
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Ulaanbaatar
[ J

MONGOLIA

Figure 3. Site map of the perennial snowfields in Mongolia, coordinates 51°10'45” N 98°58'06" E, elevation 2,243 m. The red X marks
the general location of the snowfields from Taylor et al. (2019). Insert A shows a snowfield that appears to be a river icing and a smaller
snowfield (B) that appears to be on the shore of the stream. These snowfields are close to, perhaps identical to, Site 3 from Taylor et al.
(2019). North is upward in the insert. Digital Globe Image was taken on 15 July 2015 and provided to the National Aeronautics and

Space Admininstration with no restrictions on use or copying.

Snowpack model
Description

The snowfield model used in this work is based on the
model in K. E. Williams et al. (2008) and Heldmann et al.
(2012). We use our model, instead of another popular
model such as SNOWPACK (Lehning et al. 1999),
because our model has a radiative transfer component
that permits the detailed modeling of dusty snow. On the
other hand, SNOWPACK does not explicitly model
radiative transfer but instead uses an empirical scheme
to model albedo decay based on meteorological condi-
tions. SNOWPACK does not explicitly take dust and
other albedo-reducing impurities into account.

Briefly, our model uses a finite volume approach that
tracks energy and mass within a one-dimensional column
of snow of variable depth underlain by 4 m of soil sub-
strate. Layer thicknesses are kept at approximately 1 cm
thick, though they are allowed to grow and shrink as the
model evolves in time. If a given layer gets significantly
thinner or thicker, we subtract a computational layer or
add one. There is no maximum to the number of snow
layers, though we have rarely run the model for more than
10 m of snow. The model is run until the sole remaining
computational snow layer is less than 1 cm thick, at which
point the snow is declared completely ablated.

The model uses a two-stream radiative transfer cal-
culation (Toon et al. 1989; McKay et al. 1994) to find the
energy deposition at depth for sunlight within the dusty
snow column. The radiative transfer code includes scat-
tering of light by dust and ice grains. The simplest way to

include scattering in the visible part of the spectrum is
through the use of a radiative transfer approach that
considers separately radiation propagating downward
and radiation propagating upward. These are known as
“two-stream methods.” We use a variant of the two-
stream method known as the “hemispheric constant,”
in which all diffuse radiation moving in the upward
direction is treated as a single upwelling irradiance
term F~ and, similarly, for the downward diffuse radia-
tion F* (Meador and Weaver 1980). The direct solar
beam is treated independently of the diffuse radiation.
Further details and error analysis of the two-stream
method is provided in Toon et al. (1989). The dust was
assumed to be red Saharan dust, with 2-pm particle
radii; the spectral albedo and asymmetry parameters
were derived from measurements of the complex refrac-
tive index as reported in Patterson (1977). The optical
properties for ice (snow) are from Warren (1984).

At the bottom of the 4 m soil substrate, the model
uses an initial condition of the mean annual soil surface
temperature and thereafter uses a bottom boundary
condition of the geothermal heat flux. The upper bound-
ary condition, at the snow surface, consists of a surface
energy budget calculation. The surface energy budget
terms include the sensible heat turbulent flux, latent
heat turbulent flux, heat conduction out of the substrate,
incoming solar shortwave, outgoing solar as determined
from the snowpack albedo via the radiative transfer
calculation, incoming longwave, and outgoing long-
wave. The sublimation is calculated via the latent heat
flux, as given in Appendix 1, and depends principally on
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Figure 4. (a) Hourly measurements of air temperature (°C) and relative humidity (%) used to drive the Ulaan Taiga perennial snowfield
model. T;, is the air temperature. (b) Wind speed and precipitation rate.

wind, temperature, and water vapor density. The equa-
tions used are discussed in K. E. Williams et al. (2008).
Appendix 1 has additional details concerning the atmo-
spheric turbulent flux calculations employed in the
model.

The ablation rate and timing of loss of snow for our
model were tested by comparison with both an empirical
data set and model output from another popular and
verified model: SNOWPACK (Lehning et al. 1999). We
found that, for a seasonal snowpack, our meltout dates
differed by less than one day from both the model and
the observations. Appendix 3 has model validation
details.

The model can be driven by either meteorological
reanalysis output fields or observations at hourly inter-
vals. We drive the model with fields that include date,
time, air temperature, relative humidity, wind speed,
downwelling SW flux, downwelling LW flux, and pre-
cipitation amounts. The sensible and latent heat turbu-
lent fluxes are calculated, because the driving data sets
do not provide these values. For the Ulaan Taiga region
of Mongolia we used reanalysis output fields for 2018
from the MERRA-2 data set, and for Arapaho Glacier we
used observations from 2013 (Jennings and Molotch
2019). We used 2013 for Arapaho Glacier because it
was the most recent year for which data were available



in the hourly LTER data set, and 2018 was used for
Mongolia because the MERRA data set was likely to be
well validated (Reichle et al. 2017; Baba et al. 2018).

Physical setting

Perennial snowfields may appear on flat ground as well as
slopes. They are frequently located in cirques or on the lee
side of ridges and often underneath wintertime snow
cornices. Pomeroy et al. (2001) found that mean accumu-
lation of snow water equivalent (SWE) on the lee side of
a crest can be twice that of the windward slope and that
snow cornices can contain six times the snow of the
windward slope. Arapaho Glacier is primarily nourished
by drifting snow, not direct precipitation (Hansen,
Chronic, and Matelock 1978). According to our driving
data set for the Niwot Ridge D1 station in 2013, snowfall
ended by 31 May and began again on 22 September. For
the Mongolia site in 2018, snow ended on 30 May and
began on 4 September. In our model we simulate drifting
snow by the daily deposition of clean snow, at midnight,
on the simulated perennial snowfield surface for the
months of snow deposition, using a temporally constant
deposition amount. We discuss some limitations of our
snow input model in the Discussion and Conclusion
section in this text. The blowing snow does not occur
continuously, but we have no independent blowing snow
data that we can use to validate more discrete approaches.
Using a simple threshold wind speed for blowing snow
would be much too crude, given that the snow erodibility
is not constant throughout the annual season. Note that
the snowdrift deposit was in addition to episodic deposi-
tion in precipitation events via rain or snow. If rain occurs
on top of the snow, the model determines via the existing
layer mass and latent heat addition whether the existing
snow mass and thermodynamics warrant melting of the
snow and/or refreezing of the rain.

Images in Taylor et al. (2019), Haugen et al. (2010),
and Waldrop (1964) indicate that perennial snowfields
often have arcuate shapes with thinning edges. In the
case of Arapaho Glacier, ground-penetrating radar sur-
veys indicate that the edges are thin (but variable), with
increasing depth near the center of the snowfield
(Haugen et al. 2010). Arapaho Glacier is estimated to
have a maximum thickness of 15 m (Haugen et al. 2010).
The annual mass balance of the snowfield is therefore
a function of the longevity of the thinner snow at the
edges; if the edges are losing mass, then the center is
most likely also losing mass. In addition, thin snow
deposits may respond slightly differently to climate for-
cing than thicker snowfields, given that when snowfields
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get thinner than a few decimeters, the albedo of the
substrate becomes relevant (Wiscombe and Warren
1980).

We therefore model perennial snowfields by focus-
ing on the edges and, in particular, two initial thick-
nesses of 1.0 and 4.5 m for both Arapaho Glacier and
the modeled perennial snowfield in the Ulaan Taiga.
The thicknesses are set on 1 January; hence, they
represent an initial depth of the snow column prior
to any subsequent precipitation and ablation. An iden-
tical snowfield depth for both geographic locations
was chosen to facilitate comparison. We chose to
model depths of 1.0 m and 4.5 m for several reasons.
First, thin 1-m snowfields were found in our modeling
to be ephemeral, often disappearing by June. Such thin
snowfields on the edge of the perennial snowfields
may indicate sensitivities that thicker snowfields do
not. Second, we found by experimentation that thicker
4.5-m snowfields were necessary because (a) they were
able to survive an entire melt season until snow drift-
ing began and (b) 4.5 m was thick enough so that only
small daily amounts of snowdrift from September to
May were needed to maintain an annual mass balance
of zero over the single year being studied. The
1.0-m cases use the same drift as the 4.5-m cases
(even though those amounts of wind drift will not
lead a 1.0-m snowfield to have zero mass balance or,
indeed, to survive for an entire year), in order to
facilitate comparison.

Note that our 1-m cases are most likely not applicable
to seasonal snowpacks, given that the modeled 1-m cases
were assumed to be in the same geophysical setting as
the 4.5-m cases (e.g., cirques or nivation hollows), and
hence were subjected to the same intense snow input
amounts that result in the 4.5-m cases having zero mass
balance.

In general, mass balance is defined as

mass balance = accumulation — melt — sublimation
(2)

We analyze, in the Experiments section below, the sen-
sitivity of the annual mass balance to constant air tem-
perature warming, nighttime-only air temperature
warming, wind speed, surface dust deposition amounts,
and precipitation amounts. To study the effects of snow-
field aspect, inclination, and position relative to adjacent
surfaces on annual mass balance would require
a detailed study in itself, given the complicated and
location-specific effects of shadowing and surface re-
radiation. Hence, the focus of this modeling study is
on the atmospheric variables, rather than snowpack
geometry and orientation.
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We test our model, and set the model parameters, by
calculating the yearly date of loss of seasonal snow on
Niwot Ridge, Colorado, using the detailed meteorologi-
cal data collected at this site and comparing with obser-
vations. When applying the model to the Arapaho
Glacier and Mongolia locations, it is necessary to deter-
mine their locations and physical settings. The location
and setting of Arapaho Glacier is well documented. For
the Ulaan Taiga, however, we must model a general
location and setting due to a lack of precise location
information in Taylor et al. (2019). In their 2019 work,
Taylor et al. identified a large region where the loss of
perennial snowpacks presents a significant problem to
the indigenous people. From Taylor et al. (2019) it
appears that some of the disappearing snowfields are in
alcoves or nivation hollows, and at least one is on
a broad, flat floodplain. We therefore model this setting
as flat.

Experiments

We define a “base case” as a baseline model run where
parameters are fixed at their nominal values (Table 1) and
snow deposition/drifting equals losses. The wind drift for
the 4.5 m initial snow depth cases are adjusted so that the
net annual mass balance is zero for the “base case” (no
temperature offsets, no scaling of dust, precipitation, or
wind). By separate model runs, we found that by deposit-
ing 17.316 mm/day for Mongolia and 10.2 mm/day for
the Niwot Ridge D1 site (hereafter D1) we obtained
a neutral mass balance for the base case.

The sensitivity of snow ablation to near-surface air
temperature has been shown to be significant (Mote
2003, 2006; Pierce et al. 2008; Skiles et al. 2012; Clow,
Williams, and Schuster 2016). Dunn et al. (2020) esti-
mated that the global air temperature over land surfaces
will likely increase by 2°C in the next century. Nighttime
air temperature warming has been suggested to be
0.25°C greater than daytime warming over land surfaces
(Cox et al. 2020). Though some work has been done on
the effects of diurnal temperature changes on snowpack
ablation (Karl et al. 1991; Nayak et al. 2010), the general

Table 1. Base case model parameters for Ulaan Taiga, Mongolia,
and Arapaho Glacier, Colorado. These parameters are later varied
in order to determine model sensitivities.

Parameter Mongolia Arapaho Glacier
Slope angle 0° 30°

Aspect N/A 90 (clockwise from north)
Initial dust content of snow 1,000 ppm 1,000 ppm

Snow density 500 kg/m? 500 kg/m?

Snow grain diameter 120 microns 120 microns
Ground (substrate) density 1400 kg/m® 1400 kg/m?
Ground thermal conductivity 0.25W m™" K™ 025Wm K

question of the effects on snowpack ablation from the air
temperature warming being constant versus varying
diurnally has been less studied. Hence, in this study we
include separate experiments for both scenarios.

The work of Greenland (1989), which analyzed the
Niwot Ridge climate from 1951 to 1985, suggests that
precipitation at Niwot Ridge D1 site increased approxi-
mately 22 percent over that time. For Mongolia,
Nandintsetseg, Greene, and Goulden (2007) looked at
meteorological station data (1963-2002) from Hovsgol
lake (~75 km east of the Ulaan Taiga area) and found
a “slight increase” in precipitation during that time as
well. Unfortunately, we do not have more specific infor-
mation; hence, we ran the same experiment for
Mongolia as for the Niwot Ridge (D1) site: scaling the
precipitation in the base case by 1.22 (i.e., increasing
precipitation by 22 percent).

In general, global surface winds have been slowing
down over the past several decades (McVicar et al. 2012;
Dunn et al. 2020). The work of Dunn (2020) suggests
that this “global stilling” has reduced winds over North
America by 18 percent over the last century and in
Central Asia by 26 percent. Hence, in our experiments
we scale the base case winds by 0.82 for D1 and 0.74 for
Mongolia in order to anticipate changes that might
occur in the next few decades.

Dust in the snow affects the melt rates by lowering the
albedo of the snow. Although dust deposition at Arapaho
Glacier is not as pronounced as in the Southern Rockies (cf.
Clow, Williams, and Schuster 2016), there can still be large
loading events on Niwot Ridge. Heindel et al. (2020) ana-
lyzed seasonal dust fluxes and composition from
November 2017 to November 2018 and found that the
dust fluxes for the Niwot Ridge Saddle area (211 m lower
in elevation than D1) were 6.8 (+1.4) g/m2 for July to
September, a total of ninety-one days. We accordingly
adopt 0.075 g/m?/day of dust flux for our base case. Dust
events are designated to occur between 1 July and
30 September, daily at midnight with a net deposition
following Heindel et al. (2020). The dust is mixed into
the top computational layer for the snow, which is usually
less than 1 cm in thickness. Dust deposition amounts on
snowpacks have been estimated by Clow, Williams, and
Schuster (2016) to have increased by 81 percent in the
Southern Rockies from 1993 to 2014. Similarly,
Mahowald et al. (2010) found that desert dust emissions
doubled during the twentieth century. Hence, in our
experiments we double the dust deposition amounts
found by Heindel et al. (2020) and used in our base case,
in order to anticipate dust levels that might occur later in
this century. Unfortunately, there are no data concerning
Ulaan Taiga, Mongolia, dust fluxes on snowpacks; hence,
we scaled the base case by the same amount as D1.



For each geographic location (Arapaho Glacier, Ulaan
Taiga) we conduct six model runs for the 4.5 m scenario
and six model runs for the 1.0 m scenario. The modeled
cases include the following: base, constant warming,
nighttime warming only, precipitation scaling, dust scal-
ing, and wind scaling. The base case is the datum with
which we compare the subsequent cases and where, as
explained previously, mass balance has been adjusted via
snow drift amounts to be essentially zero. The base case
dust flux, wind, precipitation, and temperature are taken
from modern data measured at Niwot Ridge or from
MERRA-2 for Mongolia. The constant warming case
applies a temperature offset throughout the entire day/
year (+2°C). The nighttime warming only case only
applies a temperature offset (+0.25°C) between sundown
and sunrise. The precipitation and wind scaling cases
apply a scaling factor to any existing winds (0.82 times
or 0.74 times) and precipitation (1.22 times). The dust
scaling case applies dust scaling (2 times) to any dust
events. Observations in the Upper Colorado River Basin
in 2005 to 2010 by Painter et al. (2012) for dust events
found surface snow concentrations of 860 to 4,160 ppm
(ug g "). Hence, the lower snow layers are initialized with
1,000 ppm of dust content (Painter et al. 2012; Taylor et al.
2019). When snow ablates from the top, the dust is left as
a growing lag on the surface. The base case model para-
meters for Mongolia and Arapaho Glacier are summar-
ized in Table 1.

The Schwerdtfeger (1963) formula is used to find the
thermal conductivity of ice as a function of temperature.
Roughness length scale and flux calculations used in the
surface energy balance are all described in Appendix 1.
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Simulation Results

The simulation results for the 4.5-m cases are shown in
Figures 5 and 6, and the 1-m cases are shown in Figures
7 and 8. Additional details of the simulations are given
in Appendix 2, in Tables A1, A2 and A3. The 4.5-m cases
survive for an entire year and hence the figures show the
percentage change in mass balance for each experiment
relative to the base case. A negative mass balance indi-
cates an annual mass loss, and a positive mass balance
indicates a mass gain. With a single exception (the
Arapaho Glacier, wind 0.82 times case), none of the
1.0-m cases survived for an entire year, and hence
Figures 7 and 8 show the lifetime variation relative to
the base case, which had a lifetime of 247 days (meltout
on 3 September 2013) for D1 and 221 days (meltout on
8 August 2018) for Mongolia.

As shown in Figure 5, the 4.5-m case with Arapaho
Glacier, the primary sensitivity was to wind reduction,
followed closely by air temperature (constant warming)
and precipitation. The 4.5-m case for Mongolia, shown
in Figure 6, indicates that the primary sensitivity was to
air temperature, followed by wind and precipitation. In
both cases, nighttime warming and dust deposition had
relatively small effects on the mass balance.

The base case lifetime for the Arapaho Glacier
1.0 m experiment was 247 days. The snow, in the wind
case for the Arapaho Glacier 1.0 m experiment (Figure 7),
survived for an entire year, with an initial mass of
504.5 kg, an ending mass of 1,574.8 kg, and a mass change
of 212.12 percent. The primary sensitivity was to wind,
followed by precipitation and constant warming of tem-
perature. Nighttime warming had only a very small effect.
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Figure 5. Sensitivity of the snow column mass balance to experiments for the Arapaho Glacier case where the initial modeled snow
depth is 4.5 m. “C. Warming” and “N. Warming” refer to constant warming and nighttime warming scenarios, respectively.
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Figure 6. Sensitivity of the snow column mass balance to experiments for the Ulaan Taiga, Mongolia, case where the initial modeled
snow depth is 4.5 m. “C. Warming” and “N. Warming” refer to constant warming and nighttime warming scenarios, respectively.
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Figure 7. Change in modeled snowpack lifetime for the 1.0-m Arapaho Glacier cases. The base case lifetime for 1-m snowpack was
247 days. As explained in the text, the wind case survived for an entire year and is therefore plotted as 48 percent longer than the base
case lifetime. “C. Warming” and “N. Warming” refer to constant warming and nighttime warming scenarios, respectively.

The base case lifetime for the Mongolia 1.0 m experiment
was 221 days. There, as shown in Figure 8, the primary
sensitivity was to wind, followed by the constantly
warmed air temperature. For Mongolia the nighttime
warming had no discernable effect on the mass balance.
For both Mongolia and Arapaho Glacier, the sensi-
tivity of the mass balance to dust deposition was very
low. There is no doubt that the presence of the dust
during the three months of dust deposition coinciding
with the height of the ablation season had an effect at

that time on the melting by accelerating the melt. The
snowpack only needs to survive to the start of the
autumn snowfall, however, before the effects of the
dust are quickly erased or buried via snow drifting.
The nighttime warming cases had little effect on the
mass balance, primarily given that the temperature
increase was relatively small (0.25°C). This is under-
standable given that the majority of ablation occurs
during the daytime when the solar illumination is
strong.
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Figure 8. Change in modeled snowpack lifetime for the 1.0-m cases for Ulaan Taiga, Mongolia, experiments. The base case lifetime for
a 1-m snowpack was 221 days. “C. Warming” and “N. Warming” refer to constant warming and nighttime warming scenarios,

respectively.

In any physical model there are parameters that
are approximated, and in our snowpack model those
parameters include the initial snow density, the
ground thermal conductivity and density, the initial
snow grain diameter, slope angle and aspect, and
initial snow dust content. We have accordingly cal-
culated the sensitivity of a nominal model case to
variation of these parameters within their likely
deviations. The sensitivity studies we performed
represent the uncertainly in the modeling results
and are in that way conceptually equivalent to the
error bars on a field or laboratory measurement. The
slope angle test decreased the slope from the base
value of 30° to a value of 20° because uncertainties
in the slope measurements within the cirque of
Arapaho Glacier could easily account for 10°
(Waldrop 1964; Haugen et al. 2010). Similarly, a 10°
slope aspect uncertainty is also plausible, given the
shape of the cirque of the Arapaho Glacier (Waldrop
1964). We therefore vary the aspect by +10° in the
sensitivity test. The initial dust content estimate for
the snow can easily vary between 100 ppm and 1000
ppm, depending on the dust deposition history for
a given season and area (Painter et al. 2012; Taylor
et al. 2019). Accordingly, the “snow dust” sensitivity
case is a 90 percent reduction of the initial dust
content to 100 ppm, corresponding to relatively
“clean” snow. The initial snow density uncertainty
may easily be 20 percent, especially given that the

snow will likely have variable density at different
locations within the snowfield. Hence, the “snow
density” case corresponds to a reduction of the
snow density from 500 kg/m’ to 400 kg/m’, which
is within the range of measured snow densities for
the area (Williams et al. 2020). Soil density can vary
considerably depending on moisture content and
composition of parent material (Schueler 2000), so
the “ground density” case was a 14 percent increase
in soil density to 1,600 kg/m’. The “snow grain
diameter” test increased the grain diameter by 50 per-
cent to 180 pum. Underneath the snow column, the
ground thermal conductivity will vary depending on
the amount of water or ice within the soil pores,
parent mineralogy of the soil, and amount and state
of any plant material mixed into the soil. The ground
thermal conductivity test increased the soil thermal
conductivity by 40 percent to 0.35 W m~" K~ (Abu-
Hamdeh and Reeder 2000). The model sensitivity
tests were computed for the Arapaho Glacier
4.5-m case and are shown in Figure 9. The largest
sensitivity was to the initial dust content, followed by
snow grain diameter, aspect, and snow density. The
sensitivity to each of the varied parameters in
Figure 9 is much smaller than the major sensitivities
illustrated in Figures 5 to 8. This means the model’s
sensitivity to its initial parameters is markedly lower
than the mass balance changes produced by the
imposed scenarios. This gives us confidence that the
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Figure 9. Model sensitivity test analysis for the Arapaho Glacier 4.5-m case. Note change of scale relative to Figures 5 to 8.

scenarios we examined are likely to exert
a controlling influence on the two snowfields in this
study.

The mass ablation for a snow column for the canoni-
cal base cases for both Mongolia and Arapaho Glacier is
shown in Figure 10. For 1-m snowfields, 4 percent of the
Mongolian snowfield ablation was due to sublimation,
whereas 13 percent of the Arapaho Glacier ablation was
due to sublimation. The remainder was due to snow
melt. For the 4.5-m cases, Mongolia snowfield’s ablation
due to sublimation was 5 percent and Arapaho Glacier
was 17 percent. Hence, overall, both Mongolia and

Arapaho Glacier primarily lost mass due to snowmelt.
However, the Mongolia perennial snowfields had less
sublimation mass loss than Arapaho Glacier.

Discussion

We can compare our results to previous work on glaciers
and seasonal snowfields. These comparisons are useful
because perennial snowfields fit between glaciers and
seasonal snowfields in terms of climate conditions.
Rupper and Roe (2008) analyzed the equilibrium line
altitudes (ELAs) for glaciers in Central Asia and found
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Figure 10. Total snowpack ablation amounts due to sublimation and melting for both snowfields in both locations. The amounts are
shown for the base case. The Arapaho Glacier and Mongolia experiments were conducted with a 4.5-m snowpack.



that equilibrium line altitudes for glaciers in melt-
dominated regions were more sensitive to air tempera-
tures than those in sublimation dominated locations.
That finding is consistent with our perennial snowfield
model results as well, as shown in Figures 5 to 8. We
found for both melt-dominated locations, as well as for
both snowfield depths, that ablation was sensitive to
increases in air temperatures. Snowpack ablation parti-
tioning was as expected. Recall that Arapaho Glacier is
located at a much higher elevation than the Ulaan Taiga
site. Sublimation was greater both in absolute amounts
as well as relative percentages of ablation at Arapaho
Glacier. Similar to Rupper and Roe (2008), we found
that Arapaho Glacier, being higher in elevation than the
Mongolia snowfield, shows a greater sensitivity to
precipitation.

Our results showing sensitivity of mass balance to air
temperature are also consistent with previous work on
seasonal snowpacks. In our 1-m case for Mongolia, we
found that the constant warming scenario (2°C) resulted
in the complete snowpack melt fourteen days earlier
than in the base case. Similarly, for Arapaho Glacier we
found the constant warming resulted in a 1-m snowpack
disappearing twenty-six days earlier than in the base
case. These results of our 1-m case are similar to the
results of Clow (2010), who was studying seasonal snow-
packs. Research by Clow (2010) has recently found that,
for the Colorado Rocky Mountains, air temperature has
been increasing and SWE of seasonal snowfields has
been decreasing. Clow (2010) found that, from 1978 to
2007, November to May air temperatures increased by
a median of 0.9°C/decade at U.S. Department of
Agriculture Snow Telemetry sites in Colorado. At the
same sites, Clow (2010) also found that 1 April SWE
declined by a median of 4.1 cm/decade and maximum
SWE declined by 3.6 cm/decade. At Niwot Ridge,
a modeling study indicated each 1°C of warming is
associated with alpine melt timing shifting 6.2 days ear-
lier and a contraction of 10.7 days in the snow cover
season (Jennings and Molotch 2020).

Dust deposition in our model occurs during the late
summer. For the annual mass balance of a perennial
snowfield, however, the key point is whether any snow
survives the summer ablation. If it does, then the snow
column will quickly become replenished in the fall/win-
ter season. Note that for seasonal snowpacks, however,
dust should have a large effect on meltout dates, because
deposition would occur in the summer when the dwind-
ling seasonal snowpacks are thin. Other research finds
that dust and wildfire char deposition can markedly
advance snowfield melt onset through reductions in
snow surface albedo (Painter et al. 2017; Skiles and
Painter 2017; Skiles et al. 2018; Gleason et al. 2019).
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Simulations indicate extreme dust loading (~4,000
ppm) can shift the snowmelt season three to six weeks
earlier compared to moderate dust loading (Deems et al.
2013). Similarly, char deposition in a burned forest
advanced complete snowpack melt by forty-seven days
compared to snow in an unburned forest (Gleason,
Nolin, and Roth 2013). Variations in wind speed and
turbulent fluxes are known to drive patterns in snow
persistence and disappearance in alpine catchments
(Marks and Winstral 2001; Winstral, Elder, and Davis
2002; Mott et al. 2011; Dadic et al. 2013).

Dust deposition amounts have increased dramatically
since the nineteenth century. Neft et al. (2008) found that
dust loading in the Western United States has increased
500 percent over the late Holocene average since the
nineteenth century. Snow cover duration has been
found to be sensitive to dust content in the snow. Clow,
Williams, and Schuster (2016) found that the amount of
winter and spring dust deposition increased by 81 percent
over 1993 to 2014. They also found that snowmelt initia-
tion was accelerated seven to eighteen days by dust
deposition on the snow surface. Painter et al. (2007)
found that, for the San Juan mountains in southwestern
Colorado, snow cover duration was shortened by eighteen
to thirty-five days by the surface deposition of dust during
the ablation season. Dust is prominent in the capital of
Mongolia, Ulaanbaatar, which has extremely high con-
centrations of PM10. Though soot and other pollutants
are both present, mineral dust particles are also in high
abundance (Hasenkopf et al. 2016). For our 1-m case at
Arapaho Glacier, we found that dust doubling shortened
the snowpack lifetime by two days. The reason for the
reduced lifetime seems to be the dust deposition occurred
during July to September, a time when rainfall was occur-
ring and altering the cold content of the snowpack. The
I-m dust-doubling case for Mongolia only resulted in
a 1-hour shorter lifetime. Again, the occurrence of daily
rain during the dust deposition season must account for
a larger thermodynamic influence on the snowpack than
the meager radiative forcing contribution from the dust
doubling. It is possible that larger dust deposition events/
amounts, similar to those observed by Clow, Williams,
and Schuster (2016), would have more dramatic effects on
perennial snowpack lifetimes, however.

A shortcoming of the model presented here is that
our simplified scheme for snow deposition neglects the
fact that blowing snow becomes less mobile as the melt
season progresses. To quantify such effects would
require a detailed coupled snow erosion model and
thermal model and is beyond the scope of this study.
In addition, we assume that the nivation hollows/cirques
are accumulating windblown snow but losing snow via
sublimation and melting; our model does not allow
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winds to remove snow from the hollow/cirque. It is
certainly possible that the variables we study, such as
wind speed, temperature, and precipitation, could them-
selves affect the snow deposition rates and hence the
snowpack lifetimes. Those effects, however, are indirect
effects in the sense that they arise from interactions
among the variables. We do not investigate these effects
in this study but hope to do so in future work.

Given the near-ubiquitous observed declines in seaso-
nal snowpack water storage, perennial snowfield dura-
tions, and glacier mass balances (Hock et al. 2019), it is
important to consider the downstream consequences of
such losses. In the Western United States, streamflow is
inextricably linked to SWE and snowmelt timing (Bales
et al. 2006; Li et al. 2017), meaning that snowpack and
snowfield changes manifest in streamflow variations
(Stewart, Cayan, and Dettinger 2005; Stewart 2009). On
Niwot Ridge, home to Arapaho Glacier, researchers posit
that late-summer streamflow produced by melting gla-
ciers and snowfields will decline over the decades ahead as
these cryosphere features disappear (Leopold et al. 2015).

Conclusions

We have developed a detailed numerical model of the
energy balance of perennial snowfields and use this to
investigate annual net mass gain (or loss) from the
snowfield resulting from changes in temperature, wind,
dust influx, and precipitation. We applied the model to
two perennial snowfields, Arapaho Glacier, located in
the Colorado Rocky Mountains (United States), and
a snowfield located in the Ulaan Taiga (Mongolia),
both of which are used by local human populations
and both of which are experiencing reductions in snow
mass. The model incorporates year-round atmospheric
data sets from each location.

From our analysis we draw the following conclusions:

First, we show that for these two locations the snow-
field mass balance is primarily sensitive to air tempera-
ture and wind speed, followed by precipitation and dust
deposition amounts.

Secondly, we find that the sensitivities are similar for the
center of the snowfield as well as the margins.

Third, we find that the partitioning of ablation
between sublimation and snowmelt are slightly different
for the two sites. The higher elevation site, Arapaho
Glacier, has a larger proportion of its ablation due to
sublimation than the Mongolia site, which is at a lower
elevation.

In particular, we conclude that the mass loss observed
since the little ice age at the Arapaho Glacier, and much
more recently at the Ulaan Taiga snowfield, is most
likely due to increasing air temperatures.

This analysis of perennial snowfields could inform
future investigations by emphasizing the role of subli-
mation losses in semi-arid continental montane cli-
mates. Much of the sublimation loss of perennial
snowfields is driven by winds. Winds also replenish the
snowfields by snow drifts, however, so the net effects are
not obvious. Air temperature and humidity play impor-
tant roles as well. Humidity, though correlated with
precipitation, will factor prominently into sublimation
losses. There is still important work to be done in the
future. Understanding the complex relationship
between timing of precipitation and dust deposition,
immediate burial of dust by snow, or snow by dust,
can likely have large implications in the overall longevity
of snowfields. Clearly, more work remains to be done on
these and other aspects of snowpack mass balance.
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Appendix 1: Snowfield Model Description

The turbulent fluxes of sensible and latent heat have profound effects on the overall surface energy budget of the snow. Different
approaches to computing these fluxes can result in large differences in calculated mass losses. We have modified the original
snowfield model from Williams et al. (2008) and Heldmann et al. (2012) by introducing a more sophisticated treatment of the
sensible and latent heat fluxes. The surface energy balance and model are described in both Williams et al. (2008) and Heldmann
et al. (2012). Here we describe the new treatment of the sensible and latent heat turbulent fluxes, which the present snowfield
model contains. In this model we use the formulations as outlined in Brock et al. (2000), where the turbulent sensible heat flux is
given by

(A1)

and turbulent latent heat flux is

pwAk?u, (e, — e;)/P
<ln (—) + aMz/L) (1n (—) + aEz/L) ’

where ) is the latent heat of vaporization of ice, C, is the specific heat capacity of air at constant pressure, P is air pressure, z is the
instrument height, T, is air temperature at instrument height, T; is the surface temperature, u, is wind speed at instrument height,
and L is the Monin-Obukhov length scale. Sublimation is calculated via the latent heat flux. The vapor pressure at the snow surface
is given by e, and the partial pressure at instrument height is given by e,. The roughness length scales for momentum, temperature,
and water vapor are designed by zy, z,, and z,. The ratio of the molecular weight of water vapor to air is given by w. The stability
correction constants ayy, ay, and ag are for momentum, heat, and humidity, respectively, and are commonly assumed to be equal
to five (Brock et al., 2000). We will discuss this value in the context of atmospheric stability.

The Monin-Obukhov length scale, L, is computed as

LH =

(A2)

pCouT
S i Ay A3
kgSH (A3)
where u* is the friction velocity, p is air density, k is the Von Karman constant, g is acceleration due to gravity, and SH is the
sensible heat calculated from Equation (A1).
The friction velocity is calculated as

poo ke (A4)

In (—) +agz/L

where a, is another stability correction (where, again, a, =15), and L is the length scale from Equation (A3).

Previous snow modeling literature has indicated issues with the Monin-Obukhov approach (Essery et al. 2013; Jennings et al,
2018); however, these issues are most likely the result of the difficulty of choosing stability corrections for the stable stratification
regime. There has been considerable discussion in the literature regarding the appropriate values for the stability corrections
“constants” ay;, ay, ap, and a,, especially in the context of strongly stable atmospheres. Over snow and ice surfaces, the
atmospheric profile is frequently stably stratified (Andreas 2002). For glacial surfaces, Brock et al. (2000) elected to use
a constant value of five for all correction constants, regardless of atmospheric stability conditions. The work of Andreas (2002)
suggests that, for stable conditions, the functional forms of Holtslag and DeBruin (1988) are recommended instead. In that
formulation, we replace the terms containing ayz/L, apz/L, and agz/L in the denominators of Equation (A1) and (A2) with the
following stratification corrections for heat and momentum (Jordan, Andreas, and Makshtas 1999):

Y, = ¥y = —[0.7¢ +0.75(¢ — 14.28)e ¥ +10.71],

where the stratification parameter { = z/L. In this case, we also make the substitution (Andreas 2002) of %= = y,,. Sexstone et al.
(2016) used the same bulk formulation from Andreas (2002) and showed promising comparisons between this bulk formulation
and sublimation fluxes measured by eddy covariance over a seasonal snowpack in Colorado. For unstable stratification, we retain
the formulation with a, = a,, = a;, = 5.

The value for the roughness length scales over snow and ice has also been debated in the literature, where a significant spread in
values is found, ranging from 0.2 mm to 30 mm for snow surfaces (Brock, Willis, and Sharp 2006). The roughness length scales
used in our model are taken from Brock, Willis, and Sharp (2006) and Munro (1989), where we use a value of 6.0 mm
corresponding to “glacier snow” for all roughness length scales zj, z,, and z.. As in Wagnon et al. (2003), we have treated the
roughness length scales for heat, momentum, and vapor as equal. They are almost certainly not equal, but the investigation of the
actual values is an involved undertaking that we hope to perform in the future.
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Precipitation in the form of rain or snow was allowed to fall on the snowfield surface. We used a simple scheme to partition the
precipitation into rain or snow. Precipitation was designated as rain when the wetbulb air temperature was greater than 0.5°C and
designated as snow otherwise (Jennings et al. 2018).

The snow surface density in this study was assumed to be 500 kg/m’. This value was representative of wind-packed snow at
Niwot Ridge (M. Williams, J. Morse, and Niwot Ridge LTER 2020). The snow density profile was initialized using the density
profile of Paterson (1994) where the density p increases with depth z as

p(z) = p; = (pi — p,)exp(—Cz).

Here p, is the density of ice (917 kg/m’) and p, is the density of the surface snow (500 kg/m” in this study). C is a constant for

a given site, where in this case we used the value of 0.0246 m™' (Paterson 1994).

Appendix 2: Model Results

Table A1. Arapaho Glacier 4.5-m case.

Experiments—Arapaho Glacier

Start mass (kg)

End mass (kg)

Change (%)

Base case

Constant warming (2°C)
Nighttime warming (0.25°C)
Precipitation increase (1.22 times)
Wind decrease (0.82)

Dust increase (2 times)

2,347.6
2,347.6
2,347.6
2,347.6
2,347.6
2,347.6

2,345.7
1,277.0
2,274.1
2,762.4
3,499.8
2,295.5

-0.08
—45.60
-3.13
17.67
49.08
=222

Table A2. Mongolia 4.5-m case

Experiments—Mongolia

Start mass (kg)

End mass (kg)

Change (%)

Base case

Constant warming (2°C)
Nighttime warming (0.25°C)
Precipitation increase (1.22 times)
Wind decrease (0.74)

Dust increase (2 times)

2,347.6
2,347.6
2,347.6
2,347.6
2,347.6
2,347.6

2,348.7
1,452.8
2,307.5
2,430.1
3,161.3
2,339.9

0.05
-38.12
=171
3.51
34.66
-0.33

Table A3. Arapaho Glacier 1.0-m case

End mass (kg)

Experiments—Arapaho Glacier Start mass (kg) or base case lifetime or lifetime Change (%)
Base case 247 days 247 days 0.00
Constant warming (2°C) 247 days 224 days —-0.09
Nighttime warming (0.25°C) 247 days 244 days —-0.01
Precipitation increase (1.22 times) 247 days 270 days 0.09
Wind decrease (0.82) 504.5 kg 1,574.8 kg 212.12
Dust increase (2 times) 247 days 245 days -0.01
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Table A4. Mongolia 1.0-m case

Experiments—Mongolia Start mass (kg) or base case lifetime End mass (kg) or lifetime Change (%)
Base case 221 days 221 days 0.00
Constant warming (2°C) 221 days 207 days —-0.06
Nighttime warming (0.25°C) 221 days 220 days 0.00
Precipitation increase (1.22 times) 221 days 223 days 0.01
Wind decrease (0.74) 221 days 239 days 0.08
Dust increase (2 times) 221 days 221 days 0.00

Table A5. Model sensitivity tests done with the Arapaho Glacier 4.5-m case

Sensitivity tests—Arapaho Glacier Start mass (kg) End mass (kg) Change (%)
Slope 30° to >20° 2,347.6 2,366.7 0.82
Aspect 90° to >100° 2,347.6 2,285.5 -2.65
Aspect 90° to >80° 2,347.6 2,407.3 2.54
Snow density 500 to >400 kg/m3 1,922.0 1,970.1 2.50
Initial dust 1000 to >100 ppm 2,349.7 2,523.9 7.42
Ground density 1400 to >1600 kg/m3 2,347.6 2,345.6 —0.08
Snow grain diameter 120 to >180 um 2,347.6 2,239.3 —4.61
k_prime_ground 0.25 to >0.35 w/mK 2,347.6 2,3455 —0.09

Appendix 3: Model Validation Details

For model validation, the ablation rate and timing of our model was tested by comparison with our (a) Niwot Ridge Saddle data set
and (b) model output from a popular and verified model: SNOWPACK (Lehning et al. 1999). Given an initial snow depth on
16 May 2017 of 1.71 m, SNOWPACK found that the snow completed melted away by 26 June 2017 at 21:00. Observations found it
disappeared on 27 June 2017 at 04:00. Our model found the snowfield completed melted away on 25 June 2017 at 14:00 (7-hour
difference from SNOWPACK and 14-hour difference from observations), using relatively clean snow (100 ppm dust), snow
density 450 kg/m’, and 0.20-mm-diameter snow grains. The difference of 14 hours between our model result and the observed
meltout is significantly smaller than the spread of snowfield modeling results in the literature for various models (for a given
simulation, often differing by over one month; cf. Essery et al. 2013).

For model validation with Mongolia, a ground truth was not available; hence, we modeled the longevity of a dusty (1,000 ppm)
1-m snowpack (500 kg/m”) at the Ulaan Taiga location, emplaced on 1 January 2018. No snow drifting was included because we
were just modeling an exposed snowfield on flat ground, not a perennial snowfield. The modeled meltout date was found to be
12 June 2018. The monthly area-averaged snow cover from MODIS of the Ulaan Taiga location showed meltout occurring in early
June. Given numerous free parameters (e.g., initial snowpack density, dustiness of snow) of this modeling case, the correspon-
dence between the MODIS data and the model output are within the range of the variations expected from the parameter
uncertainties.
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