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Abstract  The bulk aerodynamic flux equation is often
used to estimate snowpack sublimation since it requires
meteorological measurements at only one height above the
snow surface. However, to date the uncertainty of these
estimates and the individual input variables and input
parameters uncertainty have not been quantified. We
modeled sublimation for three (average snowpack in
2005, deep snowpack in 2011, and shallow snowpack in
2012) different water years (October 1 to September 30) at
West Glacier Lake watershed within the Glacier Lakes
Ecosystem Experiments Site in Wyoming. We performed a
Monte Carlo analysis to evaluate the sensitivity of modeled
sublimation to uncertainties of the input variables and
parameters from the bulk aerodynamic flux equation. Input
variable time series were uniformly adjusted by a normally
distributed random variable with a standard deviation
given as follows: 1) the manufacturer’s stated instrument
accuracy of 0.3°C for temperature (7), 0.3 m/s for wind
speed (U,), 2% for relative humidity (RH), and 1 mb for
pressure (P); 2) 0.0093 m for the aerodynamic roughness
length (zo) based on z, profiles calculations from multiple
heights; and 3) 0.08 m for measurement height (z). Often z
is held constant; here we used a constant z compared to the
ground surface, and subsequently altered z to account for
the change in snow depth (d,). The most important source
of uncertainty was z,, then RH. Accounting for measure-
ment height as it changed due to snowpack accumulation/
ablation was also relevant for deeper snow. Snow surface
sublimation uncertainties, from this study, are in the range
of 1% to 29% for individual input parameter perturbations.
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The mean cumulative uncertainty was 41% for the three
water years with 55%, 37%, and 32% occurring for the
wet, average, and low water years. The top three variables
(z varying with d,, zo, and RH) accounted for 74% to 84%
of the cumulative sublimation uncertainty.
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1 Introduction

In mountainous regions, such as the western United States,
most of the annual precipitation falls as snow and is stored
in high-elevation mountain snowpacks. Snowpack sub-
limation is an important hydrologic process which can
account for significant water losses to the atmosphere
(Hood et al., 1999; Liston and Elder, 2006a, b; Molotch et
al., 2007; Sexstone et al., 2016). However, the amount of
water that is exchanged between seasonal snowpacks and
the atmosphere through sublimation is still poorly under-
stood (Lang, 1981; Hood et al., 1999; Molotch et al.,
2007). The large degree of uncertainty can have significant
consequences on hydrologic studies, water supply fore-
casting, and water supply modelling.

Sublimation losses from the snowpack have been
estimated for various environments and can constitute a
significant component of the water balance, with net
sublimation losses estimated between 109%—35% of the
seasonal snow accumulation, specifically: 12%—33% in the
Canadian prairies (Woo et al., 2000), 19% in the Wyoming
Rocky Mountains (Hultstrand, 2006), 15% in the Colorado
Rocky Mountains (Hood et al., 1999), and 18% in the
Sierra Nevada Mountains (Kattelmann and Elder, 1991).
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Over a 40-day period in the Colorado Rocky Mountains,
total snowpack sublimation was greater than measured
precipitation (Molotch et al., 2007).

Sublimation occurs more readily under certain weather
conditions, such as low relative humidity (RH) and
increased wind speed (U,). Vapour pressure (¢) gradients
(Ae) between the snowpack and the atmosphere, snow
surface roughness length (z,), wind speed, and atmospheric
stability all have a significant contribution to sublimation
magnitude and direction (upward as a loss or downward as
vapour deposition). Methods for estimating sublimation
from a snowpack include the bulk aerodynamic flux (BF)
calculation, Bowen ratio-energy balance, snow evapora-
tion pans, and aerodynamic profile (AP) methods. Newer
techniques that directly measure atmospheric flux (eddy
covariance, EC) have also been tested for use in snowpack
sublimation monitoring in alpine and sub-alpine environ-
ments (Hood et al., 1999; Molotch et al., 2007; Marks et
al., 2008; Reba et al., 2012; Sexstone et al., 2016).

Sublimation losses from the snowpack are typically
calculated from a mass transfer equation, as per Dingman
(2002) and Fassnacht (2004). The latent heat flux (Qf in
kJ-s7'-m™) is equal to the product of the latent heat of
sublimation (Lg as 2838 klJ/kg at a temperature (7) of 0°C;
Datt, 2011) and the rate of latent mass transfer (£ in
kg-s'-m?). The most common method for estimating
snowpack sublimation is measuring snowpack Qf using
the BF equation (Moore, 1983). This method has the
advantage of requiring meteorological measurements at
only one height above the snow surface. However, a
primary assumption applied to the BF method is that the
snow surface temperature follows the air temperature for
the estimation of saturation vapour pressure (e,,). This
assumption is often inaccurate at temperatures colder than
0°C (Raleigh et al.,, 2013) and can lead to an over-
estimation of sublimation (Bernier and Edwards, 1989;
Marks et al., 2008). In addition, this method also assumes
the snow surface is saturated with respect to ice or water
(i.e., 100% relative humidity), which may not always be
the case (Box and Steffen, 2001). With the surface
temperature and humidity assumptions, the estimated
sublimation loss (upward flux) is a function of the
difference in vapour pressure between the measurement
height and the surface (Fassnacht, 2004) and can never be
downward, such as in the form of frost deposition
(Sexstone et al., 2016). In reality, the snow surface
temperature is limited to 0°C but the air temperature can
be warmer and vapour deposition can occur depending on
the relative humidity of the air, i.e., the vapour gradient.

A more accurate method for calculating the snowpack
QOr and snowpack turbulent fluxes as compared to the BF
method is the AP method which requires the measurement
of U,, T, and RH at multiple heights above the snowpack
(Cline, 1997a; Hood et al., 1999; Sexstone et al., 2016).
Both the BF and AP methods require an estimate of z to
define the U, profile. Using z, as a variable rather than a
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constant parameter will alter the computed snowpack
sublimation loss estimates (Fassnacht, 2010); zy has been
seen to vary by almost three orders of magnitude (2x 10~
t0 9.76 x 10~ m) (Brock et al., 2006). Previous research has
used z, as a parameter with values of 1x10° m
(Hultstrand, 2006), 5x102 m (Fassnacht, 2004) and
5x10™* m (Box and Steffen, 2001).

The EC method is considered the most accurate/direct
method for calculating snowpack O (Molotch et al., 2007;
Sexstone et al., 2016). A two-tower approach (two eddy
covariance sensors) 35 miles north of Bangor, ME was
used to test the EC method uncertainties in O measure-
ments, results from the study state that a QO measurement
uncertainty of 0.005 kJ-s™-m™ was reported for an entire
calendar year (Hollinger and Richardson, 2005). This
method is considered a direct atmospheric flux measure-
ment technique to determine the vertical turbulent fluxes
within the atmospheric boundary layer. While EC systems
are fairly robust, the EC procedure requires adequate site
conditions, such as long fetches, and a high frequency
sonic anemometer that can be cost and energy prohibitive.
Sublimation measurements that require extensive meteor-
ological measurements and equipment for the EC and AP
methods are relatively limited in complex mountain
regions (Sexstone et al., 2016), typically limited to
research facilities, which makes the BF calculation the
most common method used to estimate snowpack
sublimation at local and regional scales.

The objectives of this research for one seasonally snow-
covered alpine environment are (i) to quantify the
sensitivity of sublimation estimates using the BF method
from the uncertainty of the input measurements; (ii) to
quantify snow sublimation uncertainty as a function of
peak snow water equivalent and total precipitation; and
(iii) to provide guidance to account for instrumentation
errors and what input variables need the greatest attention
while quantifying snowpack sublimation. This study
provides an evaluation of the sensitivity of snow sublima-
tion calculations and possible uncertainties which can
improve our understanding of water resources, water
supply forecasting, and water supply modelling.

2 Study site

For this study, sublimation was estimated for the West
Glacier Lake watershed (WGLW) within the Snowy Range
Mountains, Wyoming (41°22'30"N latitude and 106°15’
30"W longitude) (Fig. 1). WGLW is part of the US Forest
Service’s Glacier Lakes Ecosystem Experiments Site
(GLEES) developed to conduct research on the effects of
atmospheric deposition on alpine and subalpine ecosys-
tems (Musselman, 1994). Approximately 575 ha in size,
GLEES consists of three small watersheds, beneath a
northeast-southwest ridge, and WGLW ranges in elevation
from 3277 m at the lake outlet to 3493 m at the top. Mean
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Fig. 1 Topographic map of West Glacier Lake watershed, located in the Snowy Range of the Medicine Bow Mountains of southern
Wyoming. The contour interval is 15 m. The solid dot shows location of lake outlet. The star shows the location of GLEES meteorological
station used in this study. Data from the GLEES tower were used in the study.

annual temperature is —1°C at the outlet and —2.5°C at the
top of the basin (Korfmacher and Hultstrand, 2006). Mean
annual precipitation is 1200 mm, with approximately 75%
to 85% falling as snow, which remains from late November
to early June (Wooldridge et al., 1996; Korfmacher and
Hultstrand, 2006). This region is dominated by high
westerly winds up to 26 m/s with an average of 8 m/s
(Korfmacher and Hultstrand, 2006). These climatic
conditions combine to create an environment where
snow accumulation, snow redistribution, and snowpack
sublimation can have significant impacts on the watershed
hydrology.

3 Methodology
3.1 Bulk aerodynamic flux

The meteorological variables needed for the BF equation
are T (in °C), RH (in %), U, (in m/s), and station pressure
(P in mb). For the BF method, the latent mass flux is
calculated as:

L 0.622°p,
TP, <Za+Zd>2’
In[ ——=

(M

where p, is the density of air (kg/m?), ¢,, is the stability
function for momentum calculated as a function of the
Richardson number (Ri, unitless), ¢, is the stability
function for water vapour calculated as a function of the
Ri, k is von Karman’s constant (0.4), ¢, is the specific
humidity (kg/kg) at the surface of the snow, ¢, is the
specific humidity at measurement height Z, (in m), and Z,
is the zero-plane displacement (in m). A value of zero is
used for Z,.

The ¢, at each level in the profile is determined by
(Saucier, 1983):

_0.622¢
- P-0.378¢

where e is the vapour pressure (in mb), calculated from the
equation:

9o 2)

_ €sat (RH )
=00 ®

where ey, is the saturation vapour pressure over water (in
mb), estimated from the equation:
17.3*T >

4)

= 6.11%exp( 0
Coat exp <T 12373

with T'in °C. Stability functions are calculated as a function
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of the Ri as described by Ohmura (1981). The Richardson
number is determined by:

06/0z >’ 5)

_£g
9 ((50/52)2

where g is the acceleration due to gravity (9.81 m/s?) and 0
is the mean potential temperature of the levels (in °C)
(Andreas, 2002). The stability factors (¢,, and ¢,) are
estimated as a function of the calculated Ri, based on the
value of Ri, as per Cline (1997a).

Air density is calculated from the equation:

P
TRT ©)

where P is air pressure (mb *100), R is the specific gas
constant (287.05 J/kg/K), and T is the air temperature in
degrees Kelvin.

Pa

3.2 Data

The GLEES maintains an 18-meter tower equipped with
standard meteorological sensors located at 3286 m
elevation between east and west Glacier Lakes (Fig. 1).
T, RH, U,, wind Direction (W), solar radiation (Q},), and
soil temperature (7,;;) are measured every 15 minutes. For
this study, we utilized the quality controlled hourly
meteorological data (7, RH, U, P) from the GLEES
tower for the water years (October 1 to September 30)
2005, 2011, and 2012". These years were selected because
they represent an average snow season (2005), a wet snow
season with cooler 7, higher RH and above average
precipitation (2011), and a drier snow season that melted
out early with warmer 7, lower RH, and below average
precipitation (2012) (Fig. 2 and Table 1). Snow depth (d)
and snow water equivalent (SWE) were obtained from the
Natural Resources Conservation Service Snow Telemetry
(SNOTEL) site Brooklyn Lake, Wyoming located approxi-
mately 1 km to the southeast at an elevation of 3115 m
(Fig. 2)?. Snow depth data were only available since water
year 2004. The SNOTEL data were used to determine the
snow-cover period for the three water years and the
snowpack and average meteorological conditions were
computed (Table 1).

The z, parameter was empirically derived from a nearby
research site, Niwot Ridge Subnivean Lab Colorado that
measures meteorological variables at multiple heights
allowing for AP calculations. Niwot Ridge is similar in
elevation and meteorology as West Glacier Lake region
and is assumed that the Niwot Ridge z, parameter was
transposable to West Glacier Lake. The z, parameter
estimates were computed during the snowcover season
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(Cline, 1997b) using U, measurements at two different
heights, z, and z,:

(Uy*LN (z) = Up*LN (z,))
(Za_Zb) .

An average z; value of 0.0043 m and a standard
deviation to 0.0013 m were computed from sub-hourly
wind measurements that were at 0.5 and 2.0 m above the
snowpack for water years 1994 and 1995. These are similar
to values (0.0022 m to 0.0050 m) presented in Brock et al.
(20006).

Z, = exp

™)

3.3 Monte Carlo simulations

To evaluate the sensitivity of simulated sublimation using
the BF method to uncertainties of the input variables and
parameters data, we performed a Monte Carlo analysis.
Monte Carlo methods utilize computational algorithms to
model the probability of different outcomes in a process
that cannot easily be predicted due to the intervention of
random variables and/or uncertainty (Hastings, 1970).
Only one variable or parameter was perturbed at a time to
determine which one was most sensitive in the sublimation
calculation; we did not examine joint-uncertainties (Gra-
ham et al.,, 2010; Sexstone et al., 2016). Cumulative
sublimation uncertainty was quantified by the addition of
individual variable/parameter uncertainties (Bliss et al.,
2011). Seven numerical experiments were performed
(Table 2) by individually changing four meteorological
variables (T, RH, U, P) that had an hourly time step, two
parameters (zo and z) that are usually assumed to be
constant, and one parameter (z) that was used as a variable.
For each hourly time step, the variable or parameter was
adjusted using a random number that was selected from a
normal distribution with a mean of zero and a standard
deviation based on the instrumentation measurement error
range which was set to the manufacturer’s stated instru-
ment accuracy (Table 2). The perturbed RH values were
constrained to a maximum of 100%. For z,, a standard
deviation was calculated from field data, as presented
above (Eq. (7)). For the Monte Carlo analysis, sublimation
was computed for each year 1000 times, each of the 1000
times using the randomly selected perturbation to the
individual input variable or parameter to assess the
sensitivity of the sources of uncertainty. The measurement
height changes as snow accumulates or ablates, but z is
often held constant (Fassnacht, 2004). Therefore, z was
used as constant of 3.0 m with a standard deviation of
0.08 m based on stated instrument accuracy (Judd snow
depth sensor) (Ryan et al., 2008). The value of z was also
adjusted to account for the change in d; (Fig. 2); the Monte
Carlo approach was not used in this last test (Table 2).

1) Data are available at https://www.fs.usda.gov/rds/archive/Product/RDS-2006-0003-2/

2) Data are available at https://www.wcc.nres.usda.gov/
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Fig. 2 Brooklyn Lake SNOTEL (a) snow depth and (b) snow water equivalent, and (c) the calculated unperturbed and range of
perturbed cumulative sublimation for water year 2005, 2011, and 2012. The median d; (2004 to 2017) and SWE (1981-2017) are
included. In Fig. 2(c), the shaded zones are the upper and lower limits of the perturbed computations.
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Table 1 Snowpack and mean meteorological conditions for October—
May, the period when temperatures are below 0°C and conducive for
sublimation, plus the unperturbed sublimation estimated from the BF
method

Variable/parameter WY2005 WY2011 WY2012
Temperature 7/°C -478 —6.18 —482
Relative humidity RH/% 67.8 72.3 62.4
Wind speed U,/(m-s ') 4.99 5.42 5.28
Saturation vapor pressure e;/mb 4.71 4.36 4.85
Station pressure P/mb 684 685 687
Vapour pressure e/mb 2.92 2.89 2.66
Momentum stability function; ¢, 0.94 1.01 0.98
Water vapour stability function; ¢, 0.99 1.05 1.01
Total precipitation/mm 777 1303 671
Peak snow water equivalent SWE/mm 521 1087 450
Snow cover period/days 234 249 220
Unperturbed sublimation/mm 290 276 350

Table 2 Summary of the seven numerical tests that were performed in
the sensitivity analysis for sublimation calculations. The mean and
standard deviation used in the perturbations for the variables and

parameters is listed

Test# Variable/parameter Mean Standard
1 Temperature/°C Time series 0.3

2 Relative humidity/% Time series 2

3 Wind speed/(m-s ') Time series 0.3

4 Station pressue/mb Time series 1

5 Aerodynamic roughness length/m 0.0043 0.0013
6 Measurement height (z) is constant/m 3 0.08

7 z varies with dy/m Time series Not used
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3.4 Surface temperature estimates

We evaluated the use of dewpoint temperature to represent
the snow surface temperature, as shown in Raleigh et al.
(2013). Sublimation was computed using air temperature
and relative humidity to estimate the dewpoint temperature
(Eq. (4)), without perturbations. These sublimation
estimates were compared to the base case scenarios for
the three years.

4 Results

For the three different snow years, the estimated sublima-
tion for the non-perturbed base case (Table 1 and lines in
Fig. 2(c)) was inversely related with the amount of snow
(Figs. 2(a) and 2(b)), which is in part a function of the other
meteorological conditions. The simulated sublimation was
somewhat consistent over the winter of 2011, as seen by
approximately constant slope of cumulative sublimation
(Fig. 2(c)). In 2012, the change in cumulative sublimation
rate decreased after February while in 2005 it started to
increase then (Fig. 2(c)).

Using the Monte Carlo approach with input variable/
parameter perturbations yielded a range of results
(Table 3), which were consistent for some variables, such
as RH, U, and z,. The range of variability from the
perturbations became larger in mid-February 2011, mid-
March 2012, and early April 2011 (Fig. 2(c)). The shape of
the z, simulation was similar for each year (Fig. 3 and the
standard deviation in Table 2) and coefficient of variation
was the same (Table 3). Sublimation sensitivity based on
the perturbed input variables/parameters with the Monte
Carlo simulations show consistent inter-annual variability
in the simulations for RH, U, and z,, but not for T or the
two z tests (Fig. 4 and Table 3). Since the instrument
accuracy of P was so high (~0.1%), the P perturbations has

20
B WY 2005
BEWY 2011
< BWY 2012
15

i

Frequency/%
=
=
1 11 1 1 1 1 1 Il 1 1 1 1 Il 1 11 1

200 220 240 260 280 300 320

340 360 380 400 420 440 460

Simulated sublimation/mm

Fig. 3 Histogram of 1000 modeled sublimation simulations for z, perturbations for water year 2005 (unperturbed 290 mm), 2011

(unperturbed 276 mm), and 2012 (unperturbed 350 mm).
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a negligible effect on sublimation estimates.

Calculated sublimation was most sensitive to the
perturbations of zy, RH, z (in 2011 due to deep snow;
Fig. 4(b)), U, and finally 7 (Table 3 and Fig. 4).
Temperature perturbation yielded the most noticeable
sublimation variability in 2005 (Fig. 4), about four to
five as much as in the other years likely since 2005 had the
most freezing days. However, this variation in temperature
was small compared to the other years. When the
snowpack is shallower, such as in 2005 and 2012 (Fig. 2
(a)), z has less of an influence on the sensitivity of the
calculated sublimation (Figs. 3(a) and 3(c)).

The range of variability in calculated sublimation using
the Monte Carlo approach was most for 2011 and least for
2005 (Fig. 2(c)). However, the variation in simulated
sublimation (Table 4) was much greater for the lower snow
years when taken as a percentage of peak SWE (Fig. 2(b))
and annual precipitation (Table 1). The range of simulated
sublimation to peak SWE and to annual total precipitation
was greater by a factor of two for both 2005 and 2012
(Table 4). More importantly, sublimation was estimated to
be at least half of the peak SWE in 2012, and a third of
peak SWE in 2005 (Table 4). The maximum simulated
sublimation was more than two-thirds for 2005 and almost
100% for 2012 (Table 4). These values can be considered
scaled when subsequently compared to the annual
precipitation total, since peak SWE was 67% of annual
precipitation in both 2005 and 2012; it was 83% in 2011
(Table 1). For the base case, sublimation was computed to
be 37%, 21%, and 52% of the annual precipitation in 2005,
2011, and 2012, respectively (Table 4).

The average daytime dewpoint temperature has a
negative bias (Raleigh et al., 2013). This use of dewpoint
temperature (7)) for the surface temperature (7;) yielded a
negative cumulative sublimation estimate throughout the
winter for each year (Fig. 5), which is not correct.

525 1
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Interestingly, this assumption yielded the most deposition
(negative cumulative sublimation in Fig. 5) and were
somewhat of a translation of the base case (Fig. 2(c)). The
computed mean hourly sublimation rate is also negative
every hour and smaller in magnitude than when the surface
air temperature is used, as stated above (Fig. 6). Therefore,
using dewpoint temperature for surface temperature was
not evaluated further.

5 Discussion

The three snow seasons represent a range of snow
conditions within the available period of record. Given
the large variability in the amount of snowfall (Fig. 2 and
Table 1), the importance of sublimation to the seasonal
water balance varied widely (Hultstrand, 2006; Table 4).
There were large variations in calculated sublimation were
due to z, (Fig. 3) and there is much uncertainty in
estimating the value of z, (Andreas, 2002; Fassnacht et al.,
2015), as it varies spatially and temporally (Brock et al.,
2006). Only for deep snow (2011; Fig. 2(a)) was
perturbation in z relevant (Fig. 4(c)). When using the BF
method, the actual measurement height should be
estimated from snow depth (e.g., Fig. 2(a); Fassnacht,
2010).

There was some sensitivity to U,, but much less to T
(mostly in 2005), and essentially none to P (Fig. 4). The
calculated sublimation sensitivity due to RH and U, is
based on instrumentation accuracy. More advanced
methods, such as the EC method (Box and Steffen,
2001; Reba et al., 2012; Sexstone et al., 2016), could
improve accuracy. However, such more accurate sensors
may not be as robust in the field (Sexstone et al., 2016).

The mean BF cumulative sublimation uncertainty was
41% for the three water years with 55%, 37%, and 32%
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Fig. 4 Sensitivity statistics by water year (a) 2005, (b) 2011, and (c) 2012 for the Monte Carlo simulation from uniformly perturbing
input sublimation variables and parameters (see Table 2). The unperturbed sublimation is shown as a dotted line for each water year.
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Table 3 Uncertainty summary statistics by Water Year based on Monte Carlo simulation from uniformly perturbing input sublimation variables/

parameters: T is air temperature, RH is relative humidity, U, is wind speed, z, is the aerodynamic roughness length, z = 3, is a constant measurement

height of 3.0 m, and z is the height of the instrumentation above the snow surface that varies as a function of the snow depth. The variable z was not

perturbed (Table 2) so no range is available. The P perturbations are not included as they did not impact the calculated sublimation

Variable Year T RH U. 2 z=3 z=Ad)
Standard deviation/mm 2005 10.3 21.7 14.7 28 39 335
2011 1.7 21.9 12.8 26.6 14.4 112
2012 5.7 20.3 17.9 33.8 4.1 319
Coefficient of variation/% 2005 3.6 7.5 5 9.6 1.2 10.3
2011 0.6 8 4.6 9.6 3.8 28.8
2012 1.6 5.8 5.1 9.6 1.1 8.3
Maximum range/mm 2005 45 110 80 130 21 34
2011 15 112 65 123 139 112
2012 36 105 88 156 22 32
Difference from the base value for standard 2005 5.4 9.7 6.4 12 1.7 -
deviation/% 2011 0.9 9.8 5.8 114 6.6 -
2012 1.3 9 8.4 14.5 1.8 -
Difference from the base value for maximum 2005 15.4 38 275 447 7.2 11.5
range/% 2011 25 38.6 225 4.5 476 38.6
2012 12.4 36.3 30.4 53.9 7.6 11

Table 4 The amount of sublimation for the minimum, base and maximum computed values compared to peak SWE and annual total precipitation,

given as a percent

Year % of peak SWE % of annual total precipitation
Minimum Base Maximum Minimum Base Maximum
2005 37 56 25 37 47
2011 17 25 14 21 39
2012 52 78 35 52 65

0
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Fig. 5 Comparison of the estimated cumulative

sublimation

using dewpoint temperature as the surface temperature (7) versus
the base case, using air temperature to estimate 7 for the study

winters of 2005, 2011, and 2012.

occurring for the wet, average, and low water years
(Table 3). The mean uncertainty for each input parameter
in order from largest to smallest uncertainty is z varying
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Fig. 6 Mean hourly computed sublimation for the base case with
air temperature (see x-axis in Fig. 5) and using the dewpoint
temperature (see y-axis in Fig. 5).
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with d; (15.8%), zy (9.6%), RH (7.1%), U, (4.9%), z at
constant height (2.0%), and T (1.9%) (Table 3). The
uncertainty for top three variables account for 74% to 84%
of the cumulative sublimation uncertainty (Table 3).

Latent heat flux estimates over snow covered surfaces
are highly correlated for the EC and BF methods, but with
some discrepancies (e.g., Marks et al., 2008), such as a
positive bias in estimating sublimation using the BF
method (Box and Steffen, 2001; Marks et al., 2008). The
BF sublimation estimates calculated here (Table 1 and
Fig. 2(c)) are larger than those presented in the literature
(e.g., Hood et al., 1999). The EC and AP methods were
shown to compare well (Reba et al., 2012), and both are
considered better than BF (Sexstone et al., 2016).
However, the BF method provided reasonable snowpack
sublimation estimates when EC instrumentation were not
available (Sexstone et al., 2016), which is often the case
(Fassnacht, 2004).

For the average and deep snowpack, there was limited
inter-annual year variability whereas the drier and
shallower snowpack had larger inter-annual variability of
total modeled snow sublimation from the snow surface
using the base case (Fig. 2(c)). This was also observed by
Sexstone et al. (2016) and Reba et al. (2012) suggesting
snow sublimation is largely dependent on the amount of
snowfall. Sexstone et al. (2016) stated that snow sublima-
tion rates do not scale with snowpack depth or SWE, i.e.,
during a low snow season a larger percentage of the
snowpack is lost to sublimation and hence less total snow
is available for melt. The results of this study confirm the
statements made by Reba et al. (2012) and Sexstone et al.
(2016). It should be noted that blowing snow (Fassnacht,
2004) and blowing snow sublimation were not considered
(Sexstone et al., 2018). The variability in the BF-based
sublimation estimates were a function of the amount of
snow (Fig. 2(c)), specifically how the snow depth is
represented (Fig. 4).

The contribution from turbulent transfer to the ablation
of the snow cover has been shown to vary between 5% and
60% (Stewart, 1982; Kattelman and Elder, 1991; Cline,
1997a, b; Hunsaker et al., 2012), with sublimation losses
ranging from 20% of the snowpack in the alpine of the
California Sierra Nevada (Marks and Dozier, 1992; Marks
et al.,1992, 1998) to 45% of the snowpack in a subalpine
forest in the Rocky Mountains (Hood et al., 1999; Pomeroy
and Essery, 1999; Marks et al., 2001; Pomeroy et al., 2006;
Molotch et al., 2007; Reba et al., 2012; Sexstone et al.,
2016). This analysis shows sublimation losses generally
greater than this range (21% to 52% of the snowpack for
the base case in Table 4), but it was largely dependent on
the amount of snow that accumulated (Fig. 2(a)). It should
be noted that the reported percentages could be lower if
direct measurements of SWE and d, were made in the
GLEES basin where a deeper snowpack maybe present,
but this would also change z.

The understanding of sublimation is not well established

at regional macroscales, where land surface models (LSM)
have been used to simulate cold season processes. LSM
have a coarse resolution (5-30 km), usually larger than the
scale of many cold season processes, which restricts how a
LSM represents the variability of elevation, vegetation,
and meteorology in complex terrain, due in part to a lack of
reliable data. Model generated net sublimation has shown
large variability based on the model and domain, small
scale variability, and snowpack model algorithms (Pan et
al., 2003; Sheffield et al., 2003; Bowling et al., 2004; Reba
et al., 2012; Svoma, 2016). For example, snowpack
sublimation as a percent of precipitation was estimated
from 0-15% using various LSMs for a grassland
catchment Russia (Slater et al., 2001), 10%-35% in
Alaska using the Variable Infiltration Capacity (VIC)
model (Bowling et al., 2004), 8%—20% using various
models over the Pacific Northwest of the United States
(Sheffield et al., 2003), and from 0-4% in low valleys to
20%-30% in the high mountains of the Upper Colorado
River Basin (UCRB) using SnowModel (Liston and Elder,
2006b). Sublimation in isolated areas of the UCRB has
been modeled to exceed 30% of the annual precipitation
(Phillips, 2013). This study focused on site specific
calculations representing a small localized region, and
showed some large interannual variability (Tables 3 and 4,
Figs. 1, 2, and 3). Thus, without accurate measurements of
sublimation at the localized scale, it is more difficult to
evaluate large scale estimates of sublimation (Svoma,
2016). Advancing the understanding of how localized
variability affects large scale sublimation can still be
achieved through careful model experiments, especially if
the sensitivity of results is examined through variable/
parameter adjustment and model simulations (Strasser et
al., 2011; Phillips, 2013).

One of the simplistic assumptions of applying the BF
method is that the snow surface temperature tracks the air
temperature measurement, and is thus likely a major
uncertainty in the experimental setup and can lead to
substantial overestimations of sublimation (Bernier and
Edwards, 1989; Marks et al., 2008). Recent experimental
studies have used outgoing longwave radiation measure-
ments to measure snow surface temperature and highlight
that the snow surface tends to be consistently colder than
the air temperature, especially at night (Reba et al., 2012;
Sexstone et al., 2016). Most models that utilize the BF
equation do not assume that snow surface temperature
tracks air temperature but rather solve the snow energy
balance equation for snow surface temperature (e.g., Liston
and Elder, 2006a,b). We tested using dewpoint temperature
to estimate the snow surface temperature and this yielded a
negative (downward) sublimation (Figs. 5 and 6). Down-
ward sublimation or deposition as frost does occur some
nights and into the early morning, so an improvement is
necessary to the assumption for the snow surface
temperature.
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6 Conclusions

Surface sublimation sensitivity was evaluated and quanti-
fied in an alpine environment based on the BF method over
three water years (average snow season, a wet snow
season, and a low snow season). The magnitude and range
of perturbed snow sublimation estimates show consider-
able uncertainty with perturbed input variables. Of the
factors affecting the calculated snow sublimation esti-
mates, zy and RH are the most significant. For deep snow
conditions, where the distance between the instrument and
the snow surface can be small, z is important. Wind speed
uncertainty caused sensitivity in the sublimation estimates.
Temperature perturbation only yielded noticeable sublima-
tion variability in 2005.

Sublimation calculations are derived from a number of
variables and parameters, many of which have rather high
degrees of uncertainty. As a result, snowpack sublimation
is often reported as a single number, but can be better
characterized as a range of values. Snow surface sublima-
tion uncertainties, from this study, are in the range of 1% to
29% for individual input parameter perturbations, with the
top three variables (zg, RH, and z) accounting for 74% to
84% of the cumulative sublimation uncertainty. Surface
sublimation uncertainties from this study provide a means
to properly account for instrumentation errors and what
variables need the greatest attention while performing
snowpack sublimation estimates in high elevation regions.
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