
ORIGINAL RESEARCH
published: 24 August 2018

doi: 10.3389/feart.2018.00108

Frontiers in Earth Science | www.frontiersin.org 1 August 2018 | Volume 6 | Article 108

Edited by:

Michael Lehning,

École Polytechnique Fédérale de

Lausanne, Switzerland

Reviewed by:

Rebecca Mott,

Institut für Meteorologie und

Klimaforschung Atmosphärische

Umweltforschung (IMK-IFU), Germany

Emanuel Dutra,

Universidade de Lisboa, Portugal

Vincent Vionnet,

University of Saskatchewan, Canada

Varun Sharma,

École Polytechnique Fédérale de

Lausanne, Switzerland

*Correspondence:

Emmy E. Stigter

e.e.stigter@uu.nl

Specialty section:

This article was submitted to

Cryospheric Sciences,

a section of the journal

Frontiers in Earth Science

Received: 02 February 2018

Accepted: 16 July 2018

Published: 24 August 2018

Citation:

Stigter EE, Litt M, Steiner JF,

Bonekamp PNJ, Shea JM,

Bierkens MFP and Immerzeel WW

(2018) The Importance of Snow

Sublimation on a Himalayan Glacier.

Front. Earth Sci. 6:108.

doi: 10.3389/feart.2018.00108

The Importance of Snow Sublimation
on a Himalayan Glacier
Emmy E. Stigter 1*, Maxime Litt 1,2, Jakob F. Steiner 1, Pleun N. J. Bonekamp 1,

Joseph M. Shea 2,3,4, Marc F. P. Bierkens 1,5 and Walter W. Immerzeel 1

1Department of Physical Geography, Utrecht University, Utrecht, Netherlands, 2 International Centre for Integrated Mountain

Development, Kathmandu, Nepal, 3Centre for Hydrology, University of Saskatchewan, Canmore, AB, Canada, 4University of

Northern British Columbia, Prince George, BC, Canada, 5Deltares, Utrecht, Netherlands

Snow sublimation is a loss of water from the snowpack to the atmosphere. So far, snow

sublimation has remained unquantified in the Himalaya, prohibiting a full understanding

of the water balance and glacier mass balance. Hence, we measured surface latent

heat fluxes with an eddy covariance system on Yala Glacier (5,350m a.s.l) in the

Nepalese Himalaya to quantify the role snow sublimation plays in the water and glacier

mass budget. Observations reveal that cumulative sublimation is 32mm for a 32-day

period from October to November 2016, which is high compared to observations in

other regions in the world. Multiple turbulent flux parameterizations were subsequently

tested against this observed sublimation. The bulk-aerodynamic method offered the best

performance, and we subsequently used this method to estimate cumulative sublimation

and evaporation at the location of the eddy covariance system for the 2016–2017 winter

season, which is 125 and 9mm respectively. This is equivalent to 21% of the annual

snowfall. In addition, the spatial variation of total daily sublimation over Yala Glacier

was simulated with the bulk-aerodynamic method for a humid and non-humid day.

Required spatial fields of meteorological variables were obtained from high-resolution

WRF simulations of the region in combination with field observations. The cumulative

daily sublimation at the location of the eddy covariance system equals the simulated

sublimation averaged over the entire glacier. Therefore, this location appears to be

representative for Yala Glacier sublimation. The spatial distribution of sublimation is

primarily controlled by wind speed. Close to the ridge of Yala Glacier cumulative daily

sublimation is a factor 1.7 higher than at the location of the eddy covariance system,

whereas it is a factor 0.8 lower at the snout of the glacier. This illustrates that the fraction

of snowfall returned to the atmosphere may be much higher than 21% at wind-exposed

locations. This is a considerable loss of water and illustrates the importance and need to

account for sublimation in future hydrological and mass balance studies in the Himalaya.

Keywords: snow sublimation, eddy covariance, surface energy balance, mountain glacier, Himalaya

INTRODUCTION

Snow sublimation is a loss of water from the snowpack to the atmosphere due to the direct
phase transition of snow to water vapor. Sublimation can occur from a static snow surface,
and is enhanced under drifting and blowing snow conditions. Several studies have shown the
importance of sublimation to the water balance in the Arctic (Box and Steffen, 2001), Antarctic
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(Van Den Broeke, 1997), Canadian Prairies (Pomeroy and Li,
2000), and alpine areas (Wagnon et al., 2003; Strasser et al., 2008;
MacDonald et al., 2009, 2010; Bernhardt et al., 2012; Gascoin
et al., 2013; Marks et al., 2013; Vionnet et al., 2014; Zhou
et al., 2014). Snow mass losses due to sublimation have been
estimated to vary between 0.1 and 90% of total snowfall (Strasser
et al., 2008; MacDonald et al., 2010; Groot Zwaaftink et al.,
2013), depending on model approach, location and period of
observation. For example, the sublimation due to blowing snow is
also largely unknown (e.g., Brun et al., 2013), resulting in a wide
variety of sublimation estimates. Based on previous research it
is expected that the conditions at high altitude in the Himalaya
favor sublimation, i.e., low atmospheric pressure, high wind
speed and dry air (Wagnon et al., 2013). However, sublimation
rates in the high-altitude Himalaya remain unquantified and the
significance of sublimation to the high-altitude water balance is
unknown. Consequently, quantifying high-altitude sublimation
rates is essential to improve our understanding of the water
balance in Himalayan catchments.

Many studies rely on simulated sublimation and lack
validation with direct observations (e.g., Bowling et al., 2004;
Gordon et al., 2006; MacDonald et al., 2010; Groot Zwaaftink
et al., 2013). Two different methods for observing sublimation
can be distinguished. The first is a gravimetric method, where
the weight of a part of a snowpack is continuously monitored
with a sublimation pan (Wagnon et al., 2003; Herrero and
Polo, 2016). For conditions without snowmelt the decrease
in weight is assigned to sublimation. However, wind-induced
erosion of the snowpack also leads to reduced weight of the
snowpack, which can be incorrectly interpreted as sublimation,
resulting in high inaccuracies in the measurements. The second
method is the eddy covariance method (e.g., Litt et al., 2015;
Sexstone et al., 2016; Radić et al., 2017), which provides “direct”
observations of turbulent fluxes that can be used to obtain
the energy and mass exchange between the snow surface and
atmosphere (Molotch et al., 2007; Reba et al., 2012). This method
derives turbulent fluxes based on statistical analysis of high
frequency data of the vertical wind component, air temperature
and water vapor. The derived latent heat fluxes can be converted
to sublimation rates using the latent heat of sublimation. Eddy
covariance instrumentation is a proven methodology to quantify
snow sublimation (Sexstone et al., 2016). However, this data
needs extensive post-processing to derive reliable turbulent
fluxes (Reba et al., 2009). The method relies on assumptions
of both stationarity and homogeneity of the flow, which are
violated in complex terrain and for stable boundary layers which
are frequently found over snow-covered surfaces. Nevertheless,
eddy covariance measurements have been successfully used
to quantify snow sublimation over snow-covered surfaces in
complex terrains (Reba et al., 2012; Sexstone et al., 2016) due to
careful post-processing of the data.

Sublimation measurements give an estimate at the point-
scale, while it has been found to vary significantly in space
(e.g., Strasser et al., 2008). Turbulent fluxes have high spatial
variability in complex terrain, which is mainly induced by
local flow (Pohl et al., 2006; Gascoin et al., 2013; Mott et al.,
2015). Parameterizations have been developed at the point-scale
to quantify sublimation. These parameterizations can be used

to simulate and quantify spatially distributed sublimation at
regional and catchment scales when meteorological input in
space is available. Simple empirical relations between sublimation
and nominal meteorological variables have been developed
previously (Kuchment and Gelfan, 1996; Strasser et al., 2008).
However, empirical relations are often region-specific and may
not be transferable between geographic regions. The more
sophisticated Penman-Monteith approach combines the energy
balance with mass transfer equations and is commonly used to
estimate evapotranspiration and snow sublimation (Nakai et al.,
1994; Mahrt and Vickers, 2005; Wimmer et al., 2009; Knowles
et al., 2012). Other methods to estimate sublimation include
the bulk-aerodynamic method and the aerodynamic profile
method. The bulk-aerodynamic method requires measurements
of meteorological variables at one measurement level and snow
surface parameters, whereas the aerodynamic profile method
requires measurements of meteorological variables at multiple
levels. The bulk-aerodynamic method is commonly used in
energy balance models to calculate turbulent fluxes between
the surface and atmosphere, in which the models are forced
with either meteorological distributed forecast or reanalysis data
instead of point measurements. The bulk-aerodynamic method
is associated with uncertainties that are related to the assumption
of a logarithmic vertical wind profile and roughness lengths
(Fitzpatrick et al., 2017). The assumption of a logarithmic wind
profile is often violated over a snow covered surface as typically
strongly stable atmospheric conditions, such as katabatic flow,
suppress turbulent fluxes. Stability corrections are often applied
to account for this (e.g., Radić et al., 2017; Schlögl et al., 2017).
Many stability corrections have been developed, but the Monin-
Obukhov length L is commonly applied to account for changing
stability (Fitzpatrick et al., 2017; Radić et al., 2017; Schlögl et al.,
2017). Though, the Monin-Obukhov similarity theory assumes
a stationary, horizontally homogenous flow and constant flux
layer. These assumptions are often violated in complex terrain
and over snow cover, which makes application of the bulk-
aerodynamic method challenging on glaciers in complex terrain.

In this study eddy covariance observations were collected
above the surface of a snow-covered glacier in Nepal at an altitude
of 5,350m above sea level (a.s.l) for a 32-day period in October-
November 2016. Three parameterizations are compared to these
measurements. The best performing parameterization is used to
derive sublimation at the location of the eddy covariance system
for the winter season 2016–2017. In addition, daily sublimation
is estimated over Yala Glacier for two characteristic days, i.e.,
a humid and non-humid day, using a series of meteorological
stations and high-resolution meteorological fields simulated with
the Weather Research and Forecasting model (WRF; Skamarock
and Klemp, 2008) with the aim to assess the importance of
sublimation in the high-altitude water balance and glacier mass
balance.

STUDY AREA

This study was conducted on Yala Glacier (Figure 1), a south-
southwest facing clean-ice glacier. Yala Glacier is located in the
central Himalaya in Nepal in Langtang Valley, and is part of
the Trishuli River system. The surface area of Yala Glacier is
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FIGURE 1 | Study area, including the outline of Yala glacier (light blue), elevation contour lines (dark blue) and the locations of the three micro-met stations (MM), AWS

Yala Glacier and AWS Yala Base Camp (stars). The inset shows the location of Yala Glacier in the central Himalaya, Nepal.

approximately 1.5 km2 and the elevation ranges from 5,120 to
5,615m a.s.l. Baral et al. (2014) calculated a negative mass balance
of −0.89m w.e. for 2011–2012 based on observations. Over
the last three decades Yala Glacier experienced a negative mass
balance due to a decrease in accumulation area, a shift from snow
to rainfall and accelerated glacier melt in the ablation zone as
result of a warming climate (Fujita and Nuimura, 2011). The
climate is characterized by monsoon precipitation in June, July,
and August, and infrequent westerly storm events that bring
snowfall during winter. 68 to 89% of the annual precipitation
falls during the monsoon (Immerzeel et al., 2014). The elevation
of the zero degree isotherm varies between approximately 6,000
and 3,500m a.s.l. in monsoon and winter, respectively, in the
Langtang catchment (Shea et al., 2015).

DATA AND METHODS

Instrument and Data Description
Meteorological data were collected between October 2016 and
April 2017 with several automatic weather stations (AWSs)
located on or adjacent to Yala Glacier (Figures 1, 2, Table 1).
AWS Yala Glacier and AWS Yala Base Camp, positioned on- and
off-glacier respectively, recorded hourly shortwave and longwave
radiation, air temperature, relative humidity, wind speed and
wind direction. AWS Yala Base Camp also recorded atmospheric
pressure. Additionally, an open-path infrared analyzer and 3-d
anemometer (Campbell Scientific IRGASON) measured the 3-d

wind components, sonic temperature and water vapor density
(eddy covariance system) at the AWS Yala Glacier site. These
measurements were recorded at 10Hz frequency in the 2016–
2017 winter period, but available measurements were limited
to 15 October-17 November due to a corrupt data collection
card. In addition to the AWSs, three small meteorological
stations were installed on- and off-glacier. These micro-met
stations recorded air temperature, relative humidity, atmospheric
pressure, wind speed and wind direction with a 15-min time
interval. A pluviometer, located approximately 9 km south of Yala
Glacier, monitored precipitation.

Derivation of Sublimation Rates From Eddy
Covariance Measurements
Post-processing of eddy covariance data is required to derive
reliable turbulent fluxes (Reba et al., 2009). Uncertainties in the
latent heat and sensible heat fluxes derived by the eddy covariance
method over snow-covered surfaces have been estimated to vary
between approximately 10 and 20% (Sexstone et al., 2016). In
this study, post-processing was performed using the EddyPro
software LI-COR (2016). This consisted of multiple steps. First,
wind direction filtering was applied to exclude wind data from
behind the eddy covariance system. Second, planar fit tilt ratioing
(Wilczak et al., 2001), density correction (Webb et al., 1980),
spike/count removal (Vickers and Mahrt, 1997), correction
of low-pass filtering effects (Massman, 2000) and detrending
using block averaging were applied to the data. Then, the

Frontiers in Earth Science | www.frontiersin.org 3 August 2018 | Volume 6 | Article 108

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Stigter et al. Sublimation on a Himalayan Glacier

FIGURE 2 | Pictures of (A) AWS Yala Base Camp, (B) micro-met station Yala Ridge, and (C) AWS Yala Glacier, including eddy covariance system (Photos: W.

Immerzeel).

TABLE 1 | Description of the meteorological stations.

Description Code Latitude Longitude Elevation (m a.s.l) Observations*

AWS Yala Base Camp AWS Yala BC 28.23230 85.60967 5,090 T1.75a , RH1.75, u2.5, P1.75, rad2.37

AWS Yala Glacier AWS Yala Glacier 28.23463 85.61797 5,350 T2.2a , RH2.2, u4.01, EC3.3, rad2.45, SD2.45

Micro-met Valley MM Valley 28.22424 85.60724 4,800 T1.2a , RH1.2, u1.5, P1.5

Micro-met Yala Low MM Yala Low 28.23457 85.61608 5,278 T1.2a , RH1.2, u1.5, P1.5

Micro-met Yala Ridge MM Yala Ridge 28.23425 85.62512 5,504 T1.2a , RH1.2, u1.5, P1.5

Pluviometer Ganja La Pluvio GL 28.1545 85.5625 4,962 T2.09a , prec1.55, u4.46

*Ta, air temperature; RH, relative humidity; u, wind speed; P, atmospheric pressure; rad, incoming and outgoing shortwave and longwave radiation; EC, eddy covariance; SD, snow
depth; prec, precipitation. Superscripts indicate the sensor height (m).

quality of the data was checked based on criteria defined by
Mauder and Foken (2004). These criteria test the assumption
of stationarity, classifying data as high-quality, moderate-quality
or low-quality data. Low-quality data (16%) were excluded
from the calculation of the turbulent fluxes. A flux averaging
interval of 10min was chosen which met the stationarity criteria
(Vickers and Mahrt, 1997). The 10-min turbulent fluxes were
aggregated to hourly fluxes to reduce flux sampling errors
(Vickers and Mahrt, 1997). Finally, the hourly latent heat fluxes
were converted to sublimation or evaporation using the latent
heat of sublimation or latent heat of evaporation, respectively.
The division between sublimation and evaporation was based on
the surface temperature. It is assumed that sublimation occurs
when the surface temperature is below 0◦C, whereas evaporation
occurs when the surface temperature equals 0◦C. In addition,
it is assumed that all sublimation and evaporation originates
from a static surface. After installation of the eddy covariance
system some snowmelt occurred in the afternoon, resulting in
a compacted snow surface and unlikely conditions for blowing
snow events.

Data gaps were not filled as the amount of missing data in
the 1-month time series was limited (2.5%). In addition, the
few data gaps only occur during precipitation events when snow
sublimation is assumed to be insignificant due to saturation of
the air with water vapor.

Latent Heat Flux Parameterizations
Existing Parameterizations
Different methods are used to simulate the surface latent
heat flux. Three existing parameterizations for latent heat flux
were tested against the observed latent heat flux at AWS Yala
Glacier. The tested parameterizations are the bulk-aerodynamic
method, the Penman-Monteith equation, and an empirical
relation developed by Kuchment and Gelfan (1996). These
parameterizations were chosen as they have variable complexity
and/or are commonly applied to calculate the surface latent heat
fluxes. The energy fluxes were converted to mass fluxes using
the latent heat of sublimation (2.838 MJ kg−1) or latent heat
of evaporation L (2.501 MJ kg−1). Different statistical measures
were calculated for the fit between hourly simulated and
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observed sublimation to assess the performance of the different
parameterizations. These measures are bias, root mean square
error, Nash-Sutcliffe efficiency and the correlation coefficient.
The tested parameterizations are described below.

Kuchment and Gelfan (1996) empirical relation
The empirical relation developed by Kuchment and Gelfan
(1996), and more recently adopted by Strasser et al. (2008),
calculates the latent heat flux LE (W m−2) based on the wind
speed u (m s−1; usually at 2m level) and difference between
the actual vapor pressure ea (hPa) at measurement level and the
water vapor saturation pressure at the snow surface esurf (hPa),
Equation (1):

LE = 32.82(0.18+ 0.098u)(ea − esurf ) (1)

The saturation vapor pressure esat (hPa) at the surface and
at measurement level was calculated with Tetens (1930)
relationship between air/surface temperature Ta/Ts (◦C) and
esat . The snow surface was assumed to be saturated whereas
at the measurement level ea was obtained from esat and the
measured relative humidity RH (–). Ts was derived from
observed outgoing longwave radiation and the Stefan-Boltzmann
relationship, assuming an emissivity of 1.0 (Vionnet et al., 2012).

Penman-Monteith equation
The Penman-Monteith equation is commonly used to calculate
evapotranspiration, but several studies have also applied this
equation to estimate sublimation (Nakai et al., 1994; Mahrt
and Vickers, 2005; Wimmer et al., 2009; Knowles et al., 2012).
Equation 2 gives the Penman-Monteith equation:

LE =

1(Rn − G)+
ρa cp
ra

(esurf − ea)

1+ γ (1+ rs
ra
)

(2)

Where 1 (kPa ◦C−1) is the gradient of the saturation vapor
pressure curve, Rn (MJ) is the net radiation, G (MJ) is the
ground heat flux, ρa (kg m−3) is the air density, cp (MJ kg−1)
is the specific heat of dry air at constant pressure, γ (kPa ◦C−1)
is the psychometric constant, and ra and rs (s m−1) are the
aerodynamic and surface resistance respectively. Mahrt and
Vickers (2005) showed that G plays a minor role in explaining the
variance in observed sublimation over a snow-covered surface.
Therefore, G is assumed to be zero. rs is also set to zero as
the sublimation is calculated over a snow surface and there
is no resistance imposed by leaf stomata. ra was set to 400 s
m−1 and this value is discussed in section Performance of the
Parameterizations.

Bulk-aerodynamic method
Previous comparisons of eddy covariance observed latent heat
flux over snow covered surfaces with different parameterizations
show that the bulk-aerodynamic method performs well (Reba
et al., 2012; Sexstone et al., 2016). The bulk-aerodynamic method
as adopted by Litt et al. (2015) was used here to estimate the
turbulent fluxes. It consists of a set of four Equations (3–6)

that solve the Monin-Obukhov length L∗ (m) with an iterative
process:

LE = ρaLk
2 u (qa − qs)
(

ln
(

zv
z0

)

− ψm

(

zv
L∗

)) (

ln
(

zq
zq0

)

− ψq

(

zq
L∗

)) (3)

H = ρacpk
2 u (Ta − Ts)
(

ln
(

zv
z0

)

− ψm

(

zv
L∗

)) (

ln
(

zt
zt0

)

− ψh

(

zt
L∗

))(4)

L∗ = −
Tv u

3
∗

kg
(

H
ρacp

+ 0.61LE
) (5)

u∗ =
k u

ln
(

zv
z0

)

− ψm

(

zv−z0
L∗

) (6)

Where H (W m−2) is the sensible heat flux, u∗ (m s−1) is the
friction velocity, k (0.4) is the von Karman constant, Tv (K) is
the virtual air temperature, zv, zt and zq (m) are the wind speed,
temperature and humidity measurement levels respectively, qs
and qa (kg kg−1) are the specific humidity at the snow surface
and measurement level respectively, and were calculated with
observed temperature and relative humidity. z0, zt0, zq0 (m)
are the roughness lengths for momentum, sensible heat and
humidity respectively. zt0 and zq0 are typically one or two orders
of magnitude smaller than z0 (Smeets et al., 1998; Cullen et al.,
2007; Radić et al., 2017). The roughness lengths were used to
optimize the fit between modeled and observed latent heat fluxes.
zt and zq were forced to be one order of magnitude smaller
than z0 in the optimization procedure. After optimization, by
minimizing the root mean square error between simulated and
observed sublimation, z0, zt , and zq were 0.013m, 0.0013m and
0.0013m respectively.ψm,ψh, andψq are stability corrections for
momentum, heat and vapor transfer respectively. These stability
corrections were defined according to Paulson (1970) and Webb
(1970), Equations (7–10):
If z

L∗
< 0:

ψm = 2 ln

(

1+ x

2

)

+ ln

(

1+ x2

2

)

− 2tan−1(x)+
π

2
(7)

ψh = ψq = 2 ln

(

1+ x2

2

)

(8)

If 0< z
L∗
< 1:

ψm = ψh = ψq = −5
z

L∗
(9)

If z
L∗
> 1:

ψm = ψh = ψq = −5

(

ln

(

z

L∗

)

+ 1

)

(10)

Where x is defined as x =

(

1− 16 z
L∗

)1/4
.
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Evaluation of Meteorological Drivers of Sublimation
Before testing the different parameterizations described
above, it was first assessed which meteorological variables are
“driving” sublimation on Yala Glacier. Linear regressions and
multiple linear regressions were applied to the eddy covariance
derived sublimation and hourly observed meteorological
variables measured at AWS Yala Glacier to determine which
variables have the greatest influence on sublimation rates. To
investigate whether on-glacier measurements are required
to predict on-glacier sublimation, linear and multiple linear
regressions were also applied to hourly meteorological data
measured at the off-glacier AWS Yala Base Camp. Based on
these assessments a relation was derived between sublimation
and meteorological observations that drive the process. The
relation was evaluated using the coefficient of determination
(R2) of the regressions. In addition, cross-validation was used
to estimate the fit of the relation between sublimation and
different meteorological variables. For the cross-validation,
a single sublimation measurement was omitted before
applying linear and multiple linear regressions to the data
set with measurements of sublimation and meteorological
variables. This procedure was repeated for all sublimation
measurements.

Spatial and Seasonal Simulation of Snow
Sublimation
The best performing sublimation parameterization was used
to simulate the seasonal sublimation (15 October 2016–20
April 2017) at the location of the eddy covariance system.
In addition, this parameterization was used to simulate
the spatial distribution of sublimation over Yala Glacier
for two characteristic days with low and high atmospheric
humidity, i.e., 12 November 2016 and 1 January 2017,
respectively. To simulate the spatial variability, distributed fields
of meteorological variables are required. Surface observations
and station elevations were used to estimate temperatures, which
can be reliably extrapolated using observed temperature lapse
rates (Immerzeel et al., 2014). Other meteorological variables
were estimated using high-resolution WRF simulations for two
characteristic days.

Daily temperature lapse rates were derived from linear
regression through air temperature observations at the two
AWSs and the three micro-met stations. Air temperature was
extrapolated from AWS Yala Glacier to the entire glacier using
an 8-m digital elevation model (Noh and Howat, 2015) and the
derived temperature lapse rates. Consequently, the simulations of
sublimation have a spatial resolution of 8m.

The spatial distributions of wind speed, humidity and surface
temperature were based on WRF simulations. Collier and
Immerzeel (2015) successfully appliedWRF over complex terrain
and simulated the spatial distribution of precipitation in the
Langtang catchment in Nepal. Rai et al. (2017) used WRF
in a large-eddy-simulation-mode to simulate turbulence over
complex terrain at very high spatial resolution (30m), showing
good agreement with observations. For this study WRF settings
were largely based on the settings adopted by Collier and

Immerzeel (2015). WRF was used in large-eddy-simulation-
mode and nested in a larger domain to enable high-resolution
simulations (30m) for Yala Glacier. The WRF fields were
downscaled to 8m resolution using the cubic spline interpolation
method. Details of the WRF configurations are given in the
Supplementary material. It was computationally not feasible to
run WRF for the entire winter period. Hence, WRF was run for
two characteristic days; (i) clear sky, low atmospheric humidity
and (ii) cloudy, high atmospheric humidity. The threshold for a
humid or non-humid day was set to 60%. 12 November 2016 and
1 January 2017 were chosen as two representative days for a non-
humid and humid day, respectively. The hourly spatial patterns
for both days were then scaled with meteorological observations
from the three on-glacier stations. Hourly ratios were calculated
between field observations and the WRF meteorological fields at
the location of the three on-glacier meteorological stations. The
average ratio was used to scale the WRF meteorological fields.
Surface temperature is however only measured at one location
on the glacier, and spatial patterns of surface temperature were
therefore scaled based on a single observation.

RESULTS

Observed Surface Energy Balance,
Meteorology and Sublimation
At AWS Yala Glacier, all radiation components and turbulent
fluxes were measured from 15 October to 17 November 2016
(Figure 3). This period consists mainly of clear-sky days with
a strong diurnal pattern of incoming and outgoing shortwave
radiation. A diurnal pattern was also observed for the outgoing
longwave radiation due to warming and cooling of the snowpack
during day and night. Incoming longwave radiation is higher
during the first 5 days compared to the complete time series,
which is caused by the high humidity of the atmosphere. On these
humid days, the latent heat flux is approximately zero, whereas
the latent heat flux on dry days shows a clear diurnal cycle with
a peak in the early afternoon (Figure 3). Both the sensible and
latent heat fluxes are smaller than the radiation components, with
daily average values of 5.5 and −31.6W m−2 respectively. The
surface energy balance is positive on every day of the time series
(Figure 3).

For the 32-day period, the observed cumulative loss of
water due to sublimation is 31.6mm, whereas deposition during
the nights is negligible (1.3mm). The sublimation rate is
approximately zero on the first 5 days of the time series, whereas
daily cumulative sublimation varies between approximately 1.0
and 1.5mm day−1 on days with a clear diurnal cycle. On days
with low atmospheric humidity the daily maximum sublimation
rate varies between 0.1 and 0.27mm h−1. Figure 4 shows the
observed sublimation rate, wind speed and actual vapor pressure
for characteristic humid and non-humid days, which illustrates
that higher sublimation rates coincide with higher wind speeds
and that high near surface vapor pressure constrains sublimation.

Figure 5 shows the meteorology observed at AWS Yala
Glacier for the 2016–2017 winter season. The monthly mean
air temperature decreases from October to January with lowest

Frontiers in Earth Science | www.frontiersin.org 6 August 2018 | Volume 6 | Article 108

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Stigter et al. Sublimation on a Himalayan Glacier

FIGURE 3 | Time series of observed turbulent fluxes and radiation components at AWS Yala Glacier. The turbulent fluxes are positive for fluxes pointing from the

atmosphere to the snow surface and negative for fluxes pointing from the surface to the atmosphere.

observed temperatures (−13.8◦C) in January. In spring the air
temperature increases again. The monthly mean wind speeds
show no considerable change throughout the winter period. The
monthly mean relative humidity is lowest in November and
December, whereas it is approximately 60% in October and April.

Latent Heat Flux Parameterizations and
the Importance of Different Meteorological
Variables
To examine the influence of meteorological variables on
sublimation rates we first excluded nighttime observations (when
sublimation and deposition are negligible) and periods where
the surface temperature equals 0◦C. Air temperature and surface

temperature do not show a clear relation with the sublimation
rate (Figure 6). At low air temperatures the sublimation rate
is almost equal to zero while for higher air temperatures the
range of sublimation rates increases. This is likely related to low
wind speeds coinciding with low temperatures (Figure 6). Net
radiation does not show a strong relation with the sublimation
rate. However, when net radiation becomes negative (late
afternoon until early morning), sublimation rates are reduced.
Relative humidity shows two clusters related to sublimation
rate: near-saturation conditions (RH > 90%) have very low
sublimation rates, but at lower values of RH there is a weakly
positive relation between RH and sublimation rate. Vapor
pressure deficit (D; kPa) and wind speed both show clear positive
relations with sublimation rate. The vapor pressure deficit is
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FIGURE 4 | Observed and simulated sublimation rate (black), wind speed (blue), and actual vapor pressure (red) at AWS Yala Glacier for 21 October and 12

November 2016 with relatively low (<1.0mm day−1) and high sublimation rates (>1.0mm day−1). EC refers to the eddy covariance measurements. Bulk, PM and KG

refer to the simulated sublimation with the bulk-aerodynamic method, Penman-Monteith equation and Kuchment and Gelfan (1996) empirical relation, respectively.

FIGURE 5 | Monthly values of air temperature, relative humidity and wind speed observed at AWS Yala Glacier for the 2016–2017 winter season. The bars indicate

the monthly cumulative sublimation simulated with the bulk-aerodynamic for 15 October 2016–20 April 2017.

defined as the difference between ea at measurement level and
esurf .

Results of the linear and multiple linear regressions show that
wind speed and vapor pressure deficit are the best sublimation
predictors (Table 2). Linear regressions through wind speed and
vapor pressure deficit explain 54 and 48% of the total variance
in sublimation, respectively, based on on-glacier observations.
61 and 38% of the total variance is explained by off-glacier
wind speed and vapor pressure deficit observations. In general,
sublimation is better predicted by meteorological variables
measured on-glacier than off-glacier, but differences are small
(Table 2). The combination of wind speed, vapor pressure
deficit and air temperature yields the highest coefficient of
determination for the regression and cross-validation based on
on-glacier meteorological data and explains 80% of the total
variance in sublimation.

The three parameterizations were used to calculate
sublimation at the location of the eddy covariance tower using
on-glacier AWS data (Figure 7). There is considerable variation
between the performance of the different parameterizations.
The Penman-Monteith parameterization gives a strong diurnal
cycle of sublimation for each day, but does not capture the low
sublimation rates during the first days of the time series when
relative humidity is high (Figure 4). In addition, the observed
diurnal peak in sublimation rate for the Penman-Monteith
parameterization is consistently too early. In contrast to this
parameterization the empirical relation of Kuchment and Gelfan
(1996) results in a correct timing of peak sublimation (Figure 4).
However, sublimation is strongly underestimated (Figure 7).
The bulk-aerodynamic method offers an improved estimate of
sublimation, but still slightly underestimates hourly rates and
sublimation totals. The calculated cumulative sublimation is

Frontiers in Earth Science | www.frontiersin.org 8 August 2018 | Volume 6 | Article 108

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Stigter et al. Sublimation on a Himalayan Glacier

FIGURE 6 | Scatter plots of meteorological variables against sublimation rate, observed at AWS Yala Glacier. The color of the data points refers to the observed wind

speed.

16.4, 43.0, and 28.6mm by the Kuchment and Gelfan (1996)
empirical relation, Penman-Monteith parameterization and the
bulk-aerodynamic method, respectively for the time period 15
October−17 November. For this period the observed cumulative
sublimation is 32mm.

Different statistical measures were calculated for the fit
between simulated and observed sublimation to assess the
performance of the different parameterizations (Figure 7). The
bulk-aerodynamic method has the lowest bias (−0.0034mm
h−1), lowest root mean square error (0.033mm h−1) and highest
Nash-Sutcliffe efficiency (0.76). Therefore, this parameterization
was used to simulate spatially distributed sublimation on Yala
Glacier.

To study the model performance in more detail, sublimation
residuals for the bulk-aerodynamic method were evaluated.
The residuals show no relationship with wind speed, vapor
pressure deficit and air temperature (Figure 8). However, the
bulk-aerodynamic method overestimates sublimation rates in the
morning, whereas it slightly underestimates sublimation in the
afternoon (Figure 8).

Spatial Distribution of Sublimation and
Seasonal Estimation of Sublimation at the
Location of the Eddy Covariance System
Spatial fields of wind speed, actual vapor pressure, surface
temperature and air temperature are required for the spatial

simulation of sublimation. Figure 9 shows the daily average
meteorological fields for the humid and non-humid day. The
spatial fields for the humid and non-humid day show both
highest wind speeds close to the ridge (Figure 9). On both days
the wind speed increases with increasing altitude and the wind
speed is relatively higher at the northeastern side of the glacier.
The actual vapor pressure and surface temperature also show
decreasing patterns with increasing elevations (Figure 9). The
wind speed and surface temperature are lower on the humid
day compared to the non-humid day, whereas the actual vapor
pressure is higher. The hourlyWRF fields were scaled with hourly
meteorological observations at the three on-glacier stations for
the sublimation simulations with the bulk-aerodynamic method.
The average scaling factor for both days is 1.87 and 1.28 for the
wind speed and actual vapor pressure, respectively. The surface
temperature is on average corrected with −1.53◦C. Simulated
over the entire glacier, cumulative daily sublimation varies
between 0.0 and 1.2mm for the humid and non-humid day,
with higher sublimation totals at higher elevations (Figure 9).
Cumulative sublimation is highest near the ridge, where the
greatest wind speeds occur.

The simulated cumulative sublimation and evaporation at
AWS Yala Glacier are 125 and 9mm, respectively for 15 October
2016–20 April 2017. Figure 5 shows the simulated monthly
sublimation with the bulk aerodynamic method for the 2016–
2017 winter season. The cumulative sublimation is highest in the
months November (27.8mm) andDecember (24.0mm), whereas
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TABLE 2 | Results of the various linear regressions and multiple linear regressions through the meteorological data and sublimation rate observed at AWS Yala Glacier

(on-glacier) and AWS Yala Base Camp (off-glacier).

On-glacier Off-glacier

Meteorological variable Weight P-value R2

regression

R2 cross-

validation

Weight P-value R2

regression

R2 cross-

validation

Ta – 0.016 0.02 0.00 – 0 0.09 0.05

RH – 0 0.09 0.08 – 0 0.15 0.13

Ts – 0 0.15 0.12 – 0 0.33 0.30

u – 0 0.55 0.54 – 0 0.63 0.61

D – 0 0.50 0.48 – 0 0.41 0.38

SWin – 0 0.31 0.29 – 0 0.24 0.23

ea – 0 0.08 0.07 – 0 0.12 0.11

es – 0 0.10 0.07 – 0 0.29 0.26

Rn – 0 0.13 0.11 – 0 0.18 0.16

D, u −0.03, 0.04 0, 0 0.77 0.76 0.05, 0.08 0, 0 0.74 0.74

D, u, SWin −0.03, 0.04, 0.00 0, 0, 0.52 0.77 0.76 0.05, 0.08, −0.13 0, 0, 0.27 0.75 0.73

D, u, Rn −0.04, 0.04, 0.00 0, 0, 0.38 0.77 0.76 0.06, 0.08, −0.01 0, 0, 0 0.76 0.74

D, u, Ta −0.05, 0.03, −0.02 0, 0, 0 0.81 0.80 0.06, 0.08, −0.004 0, 0, 0 0.76 0.74

D, u, Ts −0.03, 0.04, 0.00 0, 0, 0.67 0.78 0.76 0.06, 0.08, −0.007 0, 0, 0 0.75 0.73

January has relatively low cumulative sublimation (12.6mm).
The monitored cumulative snowfall is 484mm at pluviometer
Ganja La, located 9 km south of Yala Glacier at an elevation
of 4,962m, between 1 October 2016 and 1 September 2017.
The precipitation measurements were corrected for undercatch,
according toWolff et al. (2015). The snowfall at AWSYala Glacier
was derived from Ganja La precipitation and the observed
air temperature at AWS Yala Glacier to distinguish between
snowfall and rainfall. This method resulted in 634mm snowfall
at the location of AWS Yala Glacier. The fraction of snowfall
returned to the atmosphere due to sublimation and evaporation
is 21%.

DISCUSSION

Observed Surface Energy Balance and
Sublimation
The observed surface energy balance at AWS Yala Glacier is
positive on each day of the time series. Theoretically, this
surplus in energy would result in snowmelt. A simple calculation
reveals that the surplus energy results in approximately 505mm
(w.e.) snowmelt over the measurement period. However, based
on observed changes in snow surface height at AWS Yala
Glacier (−0.20m) and an assumed snow density of 350 kg
m−3, the actual melt is estimated to be approximately 70mm.
This discrepancy is likely explained by pressure melting causing
sinking of the tower into the ice which reduces measured surface
lowering, even though we attempted to eliminate sinking by
capping the ends of the tower. Assuming that sinking did not
occur, the overestimation of the snow melt could potentially be
explained by several other factors. In the melt estimate based
on the surface energy balance it is assumed that all meltwater
drains the snowpack while it may be retained and potentially

refreezes within the snowpack. Melt of the refrozen meltwater
requires additional energy and may explain part of the energy
surplus. Other explanations can be the cold content of the
snowpack and the heat flux from the snowpack into the glacier
ice or vice versa, but these processes can only partly explain
the energy surplus. Besides the process-based explanations,
measurement errors could explain a part of the energy surplus.
We observed condensation in the downward-looking radiation
sensor that potentially results in underestimation of the outgoing
shortwave radiation. Moreover, the derived turbulent fluxes are
also uncertain and that could influence the energy balance closure
as well. These uncertainties of turbulent fluxes have previously
been quantified to be approximately 10- 20% over snow covered
surfaces (Sexstone et al., 2016).

Sublimation rates peak in early afternoon (Figure 3), which
coincides with findings of Reba et al. (2012) and Sexstone
et al. (2016), and they also increase with increasing wind speed
(Figure 6). Positive net radiation in the daytime results in an
increase in the turbulence in the surface boundary layer (Wagnon
et al., 2003), and higher sublimation rates. However, sublimation
is strongly reduced on days where atmospheric humidity is
high. High humidity prohibits sublimation as the atmosphere
is saturated and near-surface water vapor pressure gradients are
weak. On days with low atmospheric humidity, wind speeds tend
to be higher. Higher wind speeds result in a well-mixed layer
above the snow surface and sustained vapor pressure gradients
that support sublimation. The primary driver for sublimation is
the shortwave radiation and soon after the glacier is sunlit the
sublimation increases, conditioned by an initial vapor pressure
deficit. Once the wind speeds increase the sublimation is further
enhanced and both sublimation and wind peak around 13.00 in
the afternoon.

The observed average daily sublimation rate (1.0mm day−1)
and the maximum hourly sublimation rate (0.27mm h−1) are

Frontiers in Earth Science | www.frontiersin.org 10 August 2018 | Volume 6 | Article 108

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles


Stigter et al. Sublimation on a Himalayan Glacier

FIGURE 7 | Scatter plots of observed and simulated sublimation for different

parameterizations. R, NSE, BIAS, and RMSE refer to the correlation coefficient,

Nash-Sutcliffe efficiency, bias and root mean square error, respectively.

high compared to other studies that measured sublimation
with an eddy covariance system. Reba et al. (2012) observed
sublimation rates ranging from 0.37 to 0.53mm day−1 and
from 0.17 to 0.28mm day−1 for an exposed and sheltered site
respectively in the OwyheeMountains, USA. Sublimation rates of
0.05–0.23mm day−1 were observed by Stössel et al. (2010) in the
Swiss Alps. In the Sierra Nevada, Spain, maximum sublimation
rates of 0.11mm h−1 were observed (Herrero and Polo, 2016).
Sexstone et al. (2016) observed a mean sublimation rate of
0.33–0.36mm day−1 in the Colorado Rocky Mountains, USA.

However, Cullen et al. (2007) observed high sublimation rates of
1.4mm day−1 on the top of Kilimanjaro (5,794m a.s.l), Tanzania,
for a 2-day measurement campaign. Also, high sublimation rates
have been observed in the Andes at high altitude. Wagnon
et al. (2003) observed sublimation rates ranging between 0.7 and
1.2mm day−1 during multiple days in the winter in 1999, 2001,
and 2002 with a sublimation pan at 6,340m a.s.l. Litt et al. (2015)
observed a latent heat flux of−34Wm−2 for a 42-day period on a
tropical glacier in Bolivia at 5,080m a.s.l., which is comparable to
what we observed at Yala Glacier (−31.6W m−2). The favorable
climate conditions at high altitude, i.e., low atmospheric pressure,
high wind speed and low near-surface vapor pressures support
the higher observed sublimation rates in our study and the
studies of Cullen et al. (2007), Litt et al. (2015), andWagnon et al.
(2003).

Performance of the Parameterizations
The bulk-aerodynamic method underestimates the latent heat
flux in this study (Figure 7), whereas Fitzpatrick et al. (2017)
and Radić et al. (2017) showed overestimation of turbulent
fluxes with the bulk-aerodynamic method, as the assumptions
of the Monin-Obukhov similarity theory may be not valid for
a strongly stable atmosphere during katabatic flow (Fitzpatrick
et al., 2017). Radić et al. (2017) showed that a combination of
a bulk-aerodynamic method with a katabatic model yielded the
best results on a temperate glacier in mountain BC, Canada.
However, katabatic flow occurs mainly during night on Yala
Glacier, which is excluded from the analysis as sublimation is
negligible. Therefore, we excluded the method of Radić et al.
(2017) from our study and we assumed that the Monin-Obukhov
theory is valid for our specific application. The tuned roughness
values (z0 = 0.013m, zt = 0.0013m, and zq = 0.0013m)
are relatively high, but are within the range that has been
reported in literature for snow surfaces (Brock et al., 2006;
Cullen et al., 2007; Radić et al., 2017). The residuals for the
bulk-aerodynamic method show no relation with meteorological
variables (Figure 8), but only show a relation with the time of day.
In the early morning the sublimation is overestimated, whereas
in the afternoon it is underestimated. The overestimation in the
morning could be explained by stable atmospheric conditions
which occur in the early morning. Simulated heat fluxes with the
bulk-aerodynamic method are in general sensitive to the chosen
stability corrections and these corrections may lead to additional
errors compared to eddy covariance observations (Schlögl et al.,
2017).

The discrepancies between observed and modeled peak
sublimation by the Penman-Monteith equation are explained
by high-altitude conditions. This equation is driven by two
terms, i.e., the net radiation and vapor pressure deficit. The
net radiation typically peaks earlier than the sublimation rate,
indicating that the Penman-Monteith equation is stronger driven
by the net radiation than the vapor pressure deficit. This a
direct result of the air density which is approximately half of
the air density at this altitude compared to sea level. The air
density is a factor multiplied with the vapor pressure deficit,
reducing the weight of this term for calculation of sublimation.
The net radiation is negative during the late afternoon, which
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FIGURE 8 | Sublimation residuals (observed–modeled) for the bulk-aerodynamic method against observed wind speed, vapor pressure deficit, air temperature and

time of day.

results in deposition instead of sublimation and, therefore,
we omitted these values in Figure 7. The low performance
may also be partly explained by the uncertainties regarding
the observed net radiation (section Observed Surface Energy
Balance, Meteorology and Sublimation) as it is strongly driven
by this variable. The aerodynamic resistance (ra) in the Penman-
Monteith equation was used for calibration. Values of ra for
sublimation of snow strongly vary in literature and relations
between wind speed and ra have been used to estimate ra
over a snow surface (Nakai et al., 1994; Wimmer et al., 2009;
Knowles et al., 2012). However, all these relations gave no
satisfactory results. Nakai et al. (1994) inversed the Penman-
Monteith equation to derive ra from measured sublimation and
wind speed. A similar approach was tested, but no relation was
found between ra and wind speed. Finally, a constant ra of 400 s
m−1 gave the best results, after minimization of the root mean
square error between observed and predicted sublimation.

The Kuchment and Gelfan (1996) empirical relation strongly
underestimates the sublimation, which indicates that this
empirical relation is not transferrable between regions. The use
of an empirical relation is often region-specific or even glacier-
specific due to different climate and topographical conditions
in other geographic regions and glaciers. However, linear
regressions andmultiple linear regressions show that sublimation
at AWS Yala Glacier can be predicted with reasonable accuracy
by wind speed and vapor pressure deficit (Table 2). Interestingly,
off-glacier meteorological data has almost equal predicting
capabilities as on-glacier data. This shows that off-glacier stations
may be used to predict sublimation/latent heat fluxes on-
glacier, which is valuable as AWSs are generally positioned
off-glacier.

Spatial Distribution of Sublimation and
Seasonal Sublimation at the Location of
the Eddy Covariance System
Spatially distributed sublimation is strongly related to variations
of wind speed in space (Figure 9). Close to the ridge, wind speed
is typically high (Figure 9), resulting in high daily sublimation

totals. This illustrates a high spatial variability of sublimation
on Yala Glacier. The humid day shows lower sublimation totals
than the non-humid day as high humidity leads to smaller near-
surface vapor pressure gradients, resulting in lower sublimation
rates. The surface temperature is lower on the humid day
compared to the non-humid day (Figure 9). On high-humidity
days the observed net radiation is lower than on low-humidity
days, resulting in less warming of the snow surface. On high-
humidity days cloud cover is often present, which reduces
the incoming shortwave radiation and therefore reduces the
net shortwave radiation. Although the net longwave radiation
is larger on humid days, the shortwave radiation dominates
the net radiation, leading to less warming of the surface and
consequently colder snow surfaces on high-humidity days. This
occurs regularly on Yala Glacier on the humid days and reduces
near-surface vapor pressure gradients.

The sublimation totals may differ considerably when
extrapolated to the whole winter season, and the quality of the
sublimation estimates is largely dependent on the quality of the
WRF fields (see Supplementary Material). For example, wind
speeds are typically overestimated over crests using atmospheric
modeling at very high resolution (e.g., Mott and Lehning, 2010;
Vionnet et al., 2017). This could lead to overestimation of our
sublimation totals close to the ridge. The used scaling method, in
which an average scaling factor is calculated between the WRF
fields and the in situ observations, does not take into account the
complex and potential non-linearity of the system, which may
increase the uncertainty.

The monthly cumulative sublimation shows large temporal
variation (Figure 5). The monthly sublimation is highest in
October and December when the relative humidity is lowest.
Dry air enhances sublimation as it results in a steep near-
surface vapor pressure gradient. Contrastingly, in January the
monthly sublimation is relatively low when the relative humidity
is also low. This is likely explained by the coldest surface
temperatures in January compared to the other months. Cold
surface temperatures lead to lower saturation vapor pressure at
the surface, reducing the near-surface vapor pressure gradient
and therefore sublimation.
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FIGURE 9 | Daily cumulative sublimation, simulated with the bulk-aerodynamic method, and daily average WRF fields of (10m) wind speed, (2m) actual vapor

pressure and surface temperature for a humid day (1 January 2017) and a non-humid day (12 November 2016) at Yala Glacier. The black lines represent the elevation

contour lines.

The fraction of snowfall returned to the atmosphere due
to sublimation and evaporation (21%) at the location of AWS
Yala Glacier is substantial. The sublimation at the location of
AWS Yala Glacier equals the simulated sublimation averaged
over the entire glacier. This indicates that the seasonal estimates
of sublimation at AWS Yala Glacier may be representative for
Yala Glacier. The simulated sublimation fields show high spatial
variability, where sublimation totals are approximately a factor
1.7 higher close to the ridge of Yala Glacier and a factor 0.8

smaller at the lower part of Yala Glacier compared to the
location of AWS Yala Glacier. This illustrates that the fractions
of snowfall returned to the atmosphere may have high spatial
variability as well. It is likely that the fraction is higher at
more wind-exposed locations, such as the ridge. However, the
cumulative winter snowfall has uncertainties that are related to (i)
undercatch of snowfall by the pluviometer, (ii) the actual snow-
rain point, and (iii) spatial variability in precipitation. Collier
and Immerzeel (2015) showed with WRF simulations that, at the
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location of the pluviometer used in this study, the snowfall is
1.5 times more than at Yala Glacier. This would indicate even
higher importance of sublimation to the water balance. Even
though cumulative winter snowfall is uncertain, our results show
that sublimation (and evaporation) is a significant component
of the water balance. Therefore, it is crucial to include this
component in future hydrological and mass balance studies.
Studies should be performed to estimate the importance of
high-altitude sublimation at both catchment and regional scales.
The bulk-aerodynamic method can for example be implemented
in existing hydrological models and applied on a larger scale,
either forced by WRF simulations, a meteorological monitoring
network, or a combination of both.

This study quantifies only surface snow sublimation while
blowing snow sublimation may also play an important role. A
wide variation of blowing snow sublimation rates have been
reported in literature. This variety is a result of different climate
regions and blowing snow model setup (Groot Zwaaftink et al.,
2013). For example, it has been reported that the sublimation
of suspended particles is several factors higher than surface
sublimation, as there is more ventilation and supply of dry air
(Strasser et al., 2008; MacDonald et al., 2010; Vionnet et al.,
2014). However, most models do not include temperature and
humidity feedbacks and therefore lack the self-limiting process
of blowing snow sublimation (Groot Zwaaftink et al., 2011;
Vionnet et al., 2014). Simulating blowing snow sublimation is
beyond the scope of this study and might have resulted in an
underestimation of the sublimation in this study. Therefore,
future research should focus on quantifying the occurrence of
blowing snow events and corresponding sublimation rates in the
Himalaya.

CONCLUSIONS

An eddy covariance experiment was conducted to measure snow
sublimation on Yala Glacier at an altitude of 5,350m a.s.l.
The eddy covariance measurements show that the cumulative
sublimation is 32mm for a 32-day period. The average
sublimation rate of 1.0mm per day is relatively high and
can be explained by favorable conditions at high altitude, i.e.,
low atmospheric pressure, high wind speed and low near-
surface vapor pressures. The performance of parameterizations
of different complexity (i.e., Penman-Monteith equation, bulk-
aerodynamic method and an empirical relation) were tested
against the measurements. The bulk-aerodynamic method
outperformed the other parameterizations and was used to
simulate sublimation at the location of the eddy covariance
system from 15 October 2016 to 20 April 2017. The simulated
cumulative sublimation and evaporation are 125 and 9mm,
respectively, which is 21% of the annual snowfall. Furthermore,
the spatial variability of sublimation was simulated with the bulk-
aerodynamic method for a humid and non-humid day. Required
meteorological field were obtained from WRF simulations and
field observations. The sublimation at the location of the eddy
covariance system equals the simulated sublimation averaged

over the entire glacier and is therefore representative for the
seasonal sublimation on Yala Glacier. The spatial patterns of
sublimation are strongly linked to the modeled wind speed
patterns. The sublimation totals on the non-humid day are a
factor 1.7 higher close to the ridge and a factor 0.8 lower at
the lower part of Yala Glacier compared to the location of
the eddy covariance system. This illustrates that the fraction
of snowfall returned to the atmosphere due to sublimation
may be much higher close to the ridge that is more wind-
exposed. This study quantifies surface sublimation only and
future research should focus on including the sublimation of
blowing snow as this may increase the sublimation estimate. We
conclude that sublimation is an important component of the
water balance and glacier mass balance; future hydrological and
mass balance studies in the Himalaya can no longer ignore this
component.
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