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Abstract. Mountain snow covers typically become patchy Thus, the existence of a stable internal boundary layer above
over the course of a melting season. The snow pattern during patchy snow cover exerts a dominant control on the timing
melt is mainly governed by the end of winter snow depth dis-and magnitude of snow ablation for patchy snow covers.
tribution and the local energy balance. The objective of this
study is to investigate micro-meteorological processes driv-

ing snow ablation in an Alpine catchment. For this purpose

we combine a meteorological boundary-layer model (Ad-1 Introduction

vanced Regional Prediction System) with a fully distributed

energy balance model (Alpine3D). Turbulent fluxes aboveln mountains the snow cover becomes patchy over the course
melting snow are further investigated by using data fromof the melting season. The patchiness of a snow cover
eddy-correlation systems. We compare modeled snow abcan be attributed to the interaction between spatially vari-
lation to measured ablation rates as obtained from a series @ble snow-depth distribution at the time of peak accumula-
Terrestrial Laser Scanning campaigns covering a completéion (Luce et al, 1998 Liston et al, 2007 Anderton et al.
ablation season. The measured ablation rates indicate th@004 Griinewald et al.201Q Egli et al, 2011 and the lo-

the advection of sensible heat causes locally increased al$al energy balance at the snow surface. As shown by several
lation rates at the upwind edges of the snow patches. Thétudies (e.gPomeroy et al.1998 Liston and Sturm2002
effect, however, appears to be active over rather short disMott and Lehning201Q Clark et al, 2011), the end of win-
tances of about 4-6m. Measurements suggest that medgr show cover can be hlgh'y variable due to wind-induced
wind velocities of about 5ng are required for advective SNOw-transport processes, consisting of saltation, suspension
heat transport to increase snow ablation over a long fetch disand preferential deposition of precipitatiobefining et al.
tance of about 20 m. Neglecting this effect, the model is able2008 Dadic et al, 2010.

to capture the mean ablation rates for early ablation periods In this study, several research fields regarding snow abla-
but strongly overestimates snow ablation once the fraction ofion are investigated. These are the development of internal
snow coverage is below a critical value of approximately 0.6.boundary layers above patchy snow covers, the local advec-
While radiation dominates snow ablation early in the seasontion of sensible heat over heterogeneous surfaces, the relative
the turbulent flux contribution becomes important late in the contribution of energy fluxes to snow ablation and the spatial
season. Simulation results indicate that the air temperaturegariability of snow water equivalent. In the following we give
appear to overestimate the local air temperature above snow brief overview of the state of the art of these research fields.
patches once the snow coverage is low. Measured turbulent Although solar radiation provides the dominant source of
fluxes support these findings by suggesting a stable internaénergy for snow ablation, turbulent heat transfer also con-
boundary layer close to the snow surface causing a strongibutes to snow ablation, especially in mid-latitudes, open
decrease of the sensible heat flux towards the snow covetandscapes and wind-exposed areakng, 1997 Essery et

al., 2006 Pohl et al, 200§. Once the snow cover is patchy,
thermal internal boundary layers (eTgkahara and Higuchi

Correspondence tdR. Mott 1985 Marsh and Pomerqyl996 develop above the het-
BY (mott@silf.ch) erogeneous surface. As a result, local advection of warm
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air from adjacent bare ground to the snow surface providesblation rates, they found only a weak correlation of the spa-
an additional source of energy contributing to snow ablationtial variability of ablation rates with meteorological and ter-
(e.g.Shook 1995 Liston, 1995 Marsh and Pomerqgy.996. rain parameters. A different study at the same test Ei¢ggi (
In contrast, the existence of stable internal boundary layer®t al, 2011) demonstrated that, if the initial snow depth dis-
above snow counteracts the local advection by suppressinggibution at the beginning of the melt season is known, the
turbulent exchange of sensible heat towards the snow surfacéevelopment of total snow covered area could be predicted
However, the interaction between all these driving processeby spatially constant melt rates. At the Wannengrat test-
acting on various scales is difficult to analyze and predict. Insite, the snow depth distribution was proven to be highly af-
the Alpine environment in particular, additional factors af- fected by the local wind field\ott et al, 2010 leading to an
fect the turbulent transfer of heat over snow, including ther-end of winter snow depth distribution with a high inter- and
mal wind regimes and topographically induced wind velocity intra-annual consistency€¢hirmer et al.2011). Schirmer et
patterns fale and Grangerl981 Raderschall et §12008. al. (201) found correlations ranging betweenr=0.97 and
Several studies on local advection of sensible heat atr =0.93 for the end of winter snow depth distribution of two
tempted to estimate the advective flux over snow fields byconsecutive years.
applying analytical methodsShook et al. 1993 Shook The purpose of this study is to combine high-resolution
1999, numerical atmospheric boundary-layer modéls{  measurements of the spatio-temporal snow ablation patterns
ton, 1995 Essery 1997), concepts of advection efficiency at the Wannengrat test site with a fully distributed energy
(Marsh and Pomergyl996 or boundary layer integration balance model and an atmospheric prediction model. We
methods Granger et al.2002 Essery et a).2006. Mea-  aim to analyze the complex interaction between atmospheric
surements of either the effect of local advection of heat orforces and spatio-temporal dynamics of the snow depth dis-
the growth of internal boundary-layers above snow patchesribution driving snow ablation on a very small scale of 5m.
are extremely rare, except for the studiesTakahara and We address three main points concerning the understanding
Higuchi (1989 and Granger et al(2009. Essery et al.  of small-scale snow ablation in an Alpine catchment: First,
(2006 applied boundary layer principles and estimated thewe discuss the different energy terms contributing to the spa-
additional sensible heat flux to melting snow. Neverthelesstial variability of snow ablation including net solar radia-
none of these studies demonstrated the direct effect of adion, turbulent flux exchange of sensible and latent heat and
vective fluxes on the spatial distribution of snow ablation by the effect of local advection of sensible heat. We investi-
measurements. gate the appearance of snow-free patches as controlled by
In recent years, extensive research into the main prowind-dependent spatial distribution of snow depths at the be-
cesses driving the spatial variability of snow water equiva-ginning of the ablation season and by the wind-dependent
lent (SWE) has been carried olldle and Grangerl98%, spatially variable turbulent fluxes. Second, we compare the
Pomeroy et a).1998 Blosch| 1999 Marks et al, 1999 measured and modeled temporal dynamics of snow ablation.
Lehning et al.2006 Bewley et al, 2010. Several studies fo- Here, we also focus on the relative importance of radiation-
cused on the relative importance of the energy contributed byiriven ablation versus turbulent heat exchange-driven abla-
solar radiation versus turbulent fluxeddrris, 1989 Cline,  tion. These investigations lead us to the final part of the pa-
1997 Pohl and Marsh2006. These studies, however, are per, which deals with the existence of stable internal bound-
based on studies using model resolutions of 100 m or coarsedry layers and its impact on snow ablation calculations. We
and lack sufficient measurements of the spatial variability ofdiscuss measured and modeled turbulent exchange of sensi-
snow ablation. ble heat over a melting snow surface as well as the validity of
Turbulent heat fluxes are approximately linearly depen-the constant flux layer assumption in energy balance models.
dent on the local wind speed. Thus the topographically in-
duced air flow is essential for calculating the spatial distribu-
tion of the turbulent exchange of sensible heat. Nonetheles® Methods
most studies assume constant wind velocities over the model
domain. The study dPohl et al (2006 addressed the small- 2.1 Study site
scale variability of turbulent fluxes related to topographi-
cally induced wind speed variations. Even if the study couldThe study was conducted at two mountain sites (Ejglo-
demonstrate the importance of the impact of wind fields oncated in the region of Davos (Switzerland). The investiga-
the variability of turbulent fluxes, only a very simple model tion into the spatial variability of snow ablation was per-
was used to simulate topographically induced near-surfacéormed in an Alpine catchment, located in the Wannengrat
wind field at a scale of 40 m. area (Fig1b), where several studies on snow depth variabil-
Grunewald et al(2010 investigated the spatial patterns of ity, snowpack stability and snow-hydrology have been com-
snow ablation in an Alpine catchment (the Wannengrat areapleted in recent yearsViott et al, 201Q Grunewald et al.
on a very small scale of 2.5m using Terrestrial Laser Scan201Q Bellaire and Schweize£011, Grinewald and Lehn-
ning measurements. Although they observed highly variableng, 2011, Groot Zwaaftink et al. 2011, Schirmer et al.
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Fig. 1. Overview of the study site@), detailed maps of study sites Wannengrat dtBaand SLF flat field research site Versuchsfeld
Weissfluhjoch(c). Borders of the measurement domain (black box in panel b) vary with snow coverage. The x- and y axes give Swiss
coordinates in meters. (base map: Pixelkarte PK25 swisstopo (dv033492))

2011 Egli et al, 2011). The elevation ranges from 1940 to 2009 and one ablation period in the ablation season 2011 (Ta-
2658 ma.s.l. and is above the local tree line. The Wannengrable 1). One airborne laser scan (ALS) was performed on 9
area is equipped with seven automatic weather stations.  April 2009 (Fig.1b) to procure the complete coverage of the
The second part of study, focusing on turbulent fluxesend of winter snow-coveiMott et al, 2010 Grunewald and
above melting snow was conducted on the flat field researchehning 2011, which serves as an important input for en-
site Versuchsfeld Weissfluhjoch (2540 m) (Fig) (e.g.Fierz  ergy balance modeling (see Sect. 2.5). For a detailed descrip-
and Lehning(2007); Stossel et al(2010) located northeast tion of the measurement set-up and verification of TLS in the
of the Wannengrat area. The research site Versuchsfeld hadannengrat area, s&rtinewald et al(2010 andSchirmer
been a permanent field site since 1936 and is equipped with @t al. (2011). A more general description of TLS measure-
large number of manual and automatic measurement device®ents on snow can be found Rrokop (2008, Prokop et

required for snow research. al. (2008 and Schaffhauser et a(2008. Griinewald et al.
(2010 evaluated the accuracy of the ALS and TLS systems
2.2 Measurements: Wannengrat catchment by comparing the data with each other and with a tachymeter

survey, which was performed simultaneously. Compared to
the tachymeter, they found a mean deviation in z-direction of

2.2.1 Snow depths and ablation rates
less than 5 cm for TLS measurements.

During spring 2009, seven Terrestrial Laser Scanning (TLS) In this study, we used measured snow-depth changes, ob-
campaigns were conducted to obtain snow-depth changemined from the TLS to determine mean daily ablation rates.
covering six ablation periods from 31 March 2009 (time of The modeled and measured snow depth change (dHS) and
peak accumulation of winter 2008/2009) to 9 June 2009. Inthe modeled change in snow water equivalent (ASWE) are
spring 2011, another two measurement campaigns were caalways given as a daily mean. In Table 1 measured and mod-
ried out, but only for a small isolated snow patch. In this eled mean daily dHS are listed for all periods discussed in
study we analyze five ablation periods in the ablation seasothis study. The prevailing wind direction, the mean wind

www.the-cryosphere.net/5/1083/2011/ The Cryosphere, 5, 10R®-2011
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Table 1. Measured ablation periods (P) for the ablation season 2009 and ablation season 2011 used for the current analysis with start and enc
date (time), prevailing wind direction (dirf] measured at wind station (WAN3), mean wind velocity) (m/s] and height (h) [m] of wind

velocity measurements for respective period, modeled snow-coverage at the start of the period (F), measured mean daily change in snov
depth (dHS) [m/d] and modeled mean daily change in snow depth (dHS M1) [m/d]

P Time dir U h F dHS dHS M1 Advection Analysis Ablation Simulations
P2 01/5-12/5/09 NW 3.0 28 096 0.03 0.03 Yes Yes

P3 12/5-15/5/09 NW 27 31 075 0.06 0.06 Yes Yes

P4 15/5-20/5/09 NW/SE 26 3.2 0.62 0.04 0.05 No Yes

P5 20/5-25/5/09 NW 36 35 047 0.04 0.08 Yes Yes

P6 25/5-02/6/09 NW 35 39 033 0.02 0.02 Yes Yes

P7 11/04/11 NW 53 34 X X X Yes No

Air temperature [°C]

Vv \[
1 1 1 1 1 1 | 1 ' 1 1 1 1 1 1 1 | | 1 1 1 1 1 1 1 | 1 1 1 1
09/04/ 13/04/ 17/04/ 21/04/ 25/04/ 29/04/ 03/05/ 07/05/ 11/05/ 15/08/ 19/05/ 23/05/ 27/05/ 31/05/ 04/06/
date

2

0 | 1 1 | 1 1 1 1 1 1 | 1 | | 1 | 1 1 1 1 1 1 | et
09/04/ 13/04/ 17/04/ 21/04/ 25/04/ 29/04/ 03/05/ 07/05/ 11/05/ 15/08/ 19/05/ 23/05/ 27/05/ 31/05/ 04/06/
date

S snow depth [cm]

Fig. 2. Hourily time series of air temperaturg(] (a) and snow deptkb) obtained from weather station WANS3 for ablation season 2009.

velocity () and the modeled snow-coverage) (at the start ~ at snow patch boundaries due to the long duration of ablation
of the respective ablation period are also shown in Table 1. periods. For this reason we measured a small isolated snow
In Fig. 2, the time series of measured air temperature ispatch with the TLS, once in the early morning and once in
shown for the ablation period starting at the date of the ALSthe evening in spring 2011 (P7). Thus P7 lasted only 9 hours
campaign. In this study we only analyze P2—-P6, because@ssuring that almost no cells melted out during the measure-

snow melt only started around 1 May, 2008g(i et al, ment period.
2011). The numerical analysis starts already on 9 April 2009, \We chose to analyze only those ablation periods which
the time of the ALS measurement campaign. were characterized by one clear prevailing wind direction.

Based on this criterion, Period P4 was excluded from the
analysis, since no clear prevailing wind direction was de-
tectable. First, the running average of the mean daily abla-
tion rate for each distance class was calculated for all snow-

Measured ablation rates were not only used for model Va“da'covered cells. Distance classes were defined by the distance

tion, butalso to investigate increased ablation rates on the Ups¢ oach snow-covered cell from the upwind edge of the re-

W'T)d edg_e;f show fpar\]tches. We daSSthrr;‘edl thels € dedgg eﬁe?&?ﬁective snow patch. Snow patch boundaries were obtained
to be an indicator of the magnitude of the local advection ofg, ) high-resolution orthophotos, also taken simultaneously

sensible heat from adjacent bare ground to the snow COV€{yith the TLS measurements. We applied two different meth-
We therefore analyzed ablation rates as a function of the disbds to calculate the running averages:

tance from the upwind edge of the snow patches. Six periods
were subjected to the analysis, four periods of ablation sea-

son 2009 (P2, P3, P5, P6) and one single day in ablation — Method 1: We only analyzed the cells which were still
season 2011 (P7). For the periods P2-P6 the entire area mea- snow-covered at the end of the respective ablation pe-
sured by the TLS was analyzed. Here the ablation periods  riod. In this method, cells at the snow patch boundaries
typically lasted for 3-5 days. For these periods we observed  are excluded from the analysis even if they showed very
a strong influence of early melt-out of snow-covered pixels high ablation rates. This method was only applied for

2.2.2 Analysis of the influence of local advection of
sensible heat on ablation rates

The Cryosphere, 5, 1083698 2011 www.the-cryosphere.net/5/1083/2011/
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P7, where the short period led only to a few cells with 2.4 Numerical models
complete melt.
We compute snow ablation for the Wannengrat catchment by
— Method 2: In order to include the boundary cells, for combining a three-dimensional meteorological model with
which the snow disappeared during the analysis perioda fully distributed energy balance model, using a horizontal
and which showed significantly high ablation rates in grid resolution of 5m. The energy balance model is part of
the analysis, i.e. had enough snow at the beginning othe model system Alpine3D, developed to calculate Alpine
the period to warrant consideration, we introduced ansnow surface processesefining et al. 2006 Bavay et al.
alternative criterion: all cells which were snow-covered 2009 Mott and Lehning2010. Alpine3D is based on the
at the start of ablation period and which showed daily fully distributed version of the snow-cover module SNOW-
ablation rates above the area-wide mean daily ablatiorPACK (Lehning and Fierz, 2008) and enables the calculation
rate were included in the analysis. The mean area-widef snow drift including sublimationLehning et al. 2008
ablation rate was calculated from those cells which wereMott and Lehning201Q Groot Zwaaftink et a].2011), the
snow-covered at the end of the respective ablation peenergy balanceHelbig et al, 2009 2010 and runoff. In this
riod. Method 2 was applied for P2, P3, P5 and P6, study we applied the user-defined model coupling consisting
where considerable melt-out effects were observed.  of the modules SNOWPACK, runoff and the energy balance.
The energy balance module supports shading, surface reflec-
Finally we normalized the ablation rates by the mean oftions of shortwave radiation and emission of long-wave radi-
all ablation rates incorporated in the analysis of the respecation Bavay et al,2009. Turbulent fluxes are calculated us-
tive ablation period. The analysis suggested that when using the Monin-Obukhov bulk formulation which is based on
ing measurement windows longer than one day, the secongcal roughness length, wind speed and an estimation of at-
method assures that important snow-covered cells with highmospheric stability calculated by the temperature difference
ablation rates at the snow patch boundaries are subjected tgetween the surface, and the air at some reference height,
the analysis. zref. The sensibleds and latent heat flux9| are calculated

. . from the following equations:
2.3 Measurements: SLF flat field research site

Versuchsfeld Weissfluhjoch Os = CpepU Ty —Ts) (2)
2.3.1 Turbulent flux of sensible heat over melting snow Q) =CpLyU (g7, —gs) 3)

Turbulent fluxes of sensible heat were investigated by apwhere C is the exchange coefficient for heat, momentum and

plying the eddy-covariance method (see Eq. 1) to data fromwater vapor (see belowp, the density of air¢p the heat ca-

two 3-D ultrasonic anemometers CSAT3 (Campbell Scien-pacity of air, Ly the latent heat of sublimation for icé&]

tific, Inc.,) at approximately 2 and 4 meters above the snowmean wind velocity Ty is the air temperature at the refer-

surface Btssel et al.2010. Measurements were acquired ence height ands is the snow surface temperatutg,ef and

at a frequency of 20 Hz. We analyzed data from 1 April 2007 ¢s are specific humidity at the snow surface and at the refer-

until 25 April 2007, when the snow cover was already melt- ence height. The surface layer is defined as a constant flux

ing. Air pressure, relative humidity and air temperature werelayer. Therefore, fluxes at any height are assumed to be equal

obtained from sensors on a state of the art weather station tto the surface flux.

calculate air properties required for processing the turbulence The exchange coefficient C depends on the instrument

data (e.g. the specific heat capacity of air and specific humidheight z and surface roughness lengif and is calculated

ity). The weather station is also located at the SLF flat fieldin a simplified way not distinguishing roughness lengths for

research site, where data is available in 30 min intervals. Thecalars and momentur@élenca2001):

height of the temperature sensor at the weather station corre-

sponds to the height of the upper ultrasonic anemometer.  _
The sensible heat flu@s is calculated from the covariance ln(zz—o)2

between the perturbation values of the vertical wind velocity

w and the virtual potential temperatute multiplied by the

density of airp and the heat capacity of aip:

k2

(4)

Taking into account the snow-covered topography, we used a

surface roughness length gf = 0.005 m, which is in agree-

ment with typical values for snowDporschot et aJ.2004)

Qs = pcpw/by! (1) and Manes et al.2008. Note that roughness lengths for mo-
mentumzg, heatzy and moistureg are approximated to be

The turbulence data were averaged to 30 min intervals. Testqual. Considering the snow-covered surface we used a mod-

studies indicate that the dependence of turbulent fluxes oiified version of the stability correction functions 8fearns

the averaging time (15 min versus 30 min) is very small (notand Weidne(1994 to correct the heat exchange coefficient

shown). for stability, ¥ (z/L), as described iMichimayr et al.(2008.

www.the-cryosphere.net/5/1083/2011/ The Cryosphere, 5, 10R®-2011
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of 310 kgnt 2 to be spatially homogeneous. Initialized snow-
pack temperatures were obtained from a nearby permanent
weather station and assumed to be spatially homogeneous
as well. At the time of initialization,he snowpack was near
isothermal.

For the calculation of the spatial variability of daily abla-
wheredy is the virtual potential temperature, the friction  tion rates on the Wannengrat study site, three different model
velocity, k the von Karman constant angdthe gravitational  getups of Alpine3D were used in order to account for the ef-
constant. For a detailed description of the stability correctionfgact of the spatial variability of wind velocity and the effect
function used in Alpine3D, seichimayr et al.(2008. of stability correction in the model:

The model can be run with a correction for atmospheric
stability or without stability correction assuming the local at-

¥ is a function of height above the surfacand of the Monin
Obukhov lengthi:

—9vu§

L= —=
k g(w/6yr)s ©)

— M1: The energy balance model of Alpine3D is driven

mosphere to be neutrally stratified. Advection of sensible
heat is neglected in the current version of Alpine3D.

The calculation of the surface albedo is based on an em-
pirical approach. The albedo function takes into account me-
teorological factors (air temperature, relative humidity, in-
coming shortwave radiation, wind velocity), an aging factor
and the modeled current state of the snow surface (density,

by meteorological input (air temperature, relative hu-
midity, incoming longwave radiation, incoming short-

wave radiation, precipitation) from a single weather sta-
tion located in the study area (WAN 3). In addition, we

use wind velocities on a grid with 5 m resolution ob-

tained from mean flow fields calculated with ARPS. The
correction for atmospheric stability is enabled.

volumetric content, grain properties). For a detailed descrip-
tion of the albedo function, seleehning et al.(2002 and — M2: The same set-up as for M1, but without correc-
Michimayr et al.(2008. tion for atmospheric stability._ The local atmosphere is
To account for the spatial variability of turbulent fluxes as assumed to be neutrally stratified.

a function of local flow conditions, we drive the energy bal-
ance module of Alpine3D with high-resolution atmospheric
flow fields, calculated with the non-hydrostatic and atmo-
spheric prediction model Advanced Regional Prediction Sys-
tem (ARPS) Kue et al, 2004. We only use the flow field
for the first layer above ground with a horizontal grid res-

olution of 5m. Due to a terrain-following grid the vertical In the distributed version of SNOWPACK, as used for the

resolution varies between 0.5m at ridges and 1.1 m at flatte{yannengrat catchment, turbulent fluxes are calculated using
terrain. A more detailed description of the model setup of \youmann boundary conditions. In the single point appli-

ARPS is given byMott et al.(2010. The ARPS flow fields 400 of SNOWPACK on the Versuchsfeld study site, we
were chosen as an hourly input for Alpine3D by using a clas-se pirichlet boundary conditions as long as no melt oc-

sification scheme based on the frequency distribution of the, ;a4 The Dirichlet boundary conditions assure that the

measured wind velocity and the wind direction at the wind 1, qe| is forced to reproduce the surface temperature as mea-
station (WAN3) (Fig.1) for the specific time step. As shown a4 Once the snow cover is at its melting point, Neumann

by previous studies (e.@runewald et al(2010; Egli etal.  )ongary conditions were used to solve for the energy bal-
(2011)) the end of winter snow distribution appears to be agnce Bartelt and Lehning2002).

dominant factor driving the spatially variable snow melt pro-

cesses as well as the melt-out of the seasonal snow cover. We

therefore consider the snow-depth distribution at the start o5 Results and discussion

the ablation season by initializing the Alpine3D model with

snow depths measured by ALS at the time of peak accumus.1 Local advection of sensible heat
lation, 9 April 2009 (Fig1) (Mott et al, 2017).

The mean snhow density for the snow-cover initializa- In Fig. 3 the normalized running averages of snow-depth
tion was derived from manual measurements. The spaehanges (dHS) are shown per distance class of 1 m. All abla-
tial variability of snow density is small compared to snow tion periods subjected to the analyzes are characterized by a
depth (e.g.Dickinson and Whiteley(1972; Pomeroy and northwesterly wind direction. Note that we used only pixels
Gray (1999; Jonas et al(2009). Following these studies, that did survive the full period for P7 and all pixels with sig-
Grunewald et al(2010 analyzed the spatial distribution of nificant melt for the other periods (see Subsect. 2.3). All of
show density in the Wannengrat catchment as a function ofhe periods showed significantly higher ablation rates at the
incoming solar radiation and time of season. They found thaupwind edges of the snow patches than further downwind.
only the time of season has a significant effect on snow denThis indicates that the snow patches are highly affected by
sity. We therefore assume the initialized mean snow-densityocal advection of sensible heat at their upwind edges. The

— M3: The energy balance model of Alpine3D is driven
by meteorological input from a single weather station
located in the study area (WAN 3), including wind ve-
locity. The correction for atmospheric stability is en-
abled.

The Cryosphere, 5, 1083698 2011 www.the-cryosphere.net/5/1083/2011/
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Fig. 3. Normalized averaged snow-depth changes per distance class of 1 m in fetch distance from area-wide measurements of periods P2
P3, P5, P&a) and from an isolated snow patch at 11 April 2qb)L

local significance of this effect is underlined by ablation ratesfield advects heat not only from just one wind direction, if

being up to 60 % larger at the upwind edges than average. e.g. a snow patch is completely surrounded by a large area
A link was observed between the magnitude of increasedf snow free surface. As the fraction of bare ground in-

ablation at the upwind edge of snow patches and the arescreases, the impact of warmer bare ground tends to dominate

wide snow-coverage (F) (Table 1) as well as the mean windhe micro-meteorology of the entire area. Additionally the

velocity. The strongest advective effect occurs on the up-Snow-cover became thin during the latter periods hence an

wind edges, but the shortest distance (about 4 m) until averincreased number of cells were excluded from the analysis

age snow ablation is reached, is evident for the early period®ecause of early melt-out.

(P2 and P3). For later periods (P5 and P6) the slope of the

ablation curve is less steep, but average ablation is observe8l2 Spatial variability of daily ablation rates driven by

after a distance of 5to 6 m. various energy fluxes

By contrast, results for P7 suggest that advective processes
are active over a longer distance. While at the upwind edgérive ablation periods were modeled using Alpine3D in or-
the ablation rates are about 30 % above the mean ablatiogler to investigate the spatial variability of daily ablation rates
rate, mean ablation is first observed after a distance of 20 m(Table 1) and to analyze the spatial distribution of snow ab-
One reason for the longer range of the impact of advectivdation as a function of the spatially variable energy fluxes.
processes might be the significantly higher mean wind vefor all simulations discussed in this section, the energy bal-
locity observed for P7 (Table 1). These results show that éance was driven by high-resolution atmospheric flow fields
mean wind velocity of about 58 is required for advec-  obtained from ARPS and the corrections for atmospheric sta-
tive heat transport to be active over a long fetch distance obility were enabled (M1).
about 20 m. In Fig. 4 the spatial distribution of modeled dSWE are

We conclude that the local advection causes strongly in-shown for ablation periods P2 (Figa), P3 (Fig.4b), P4
creased local ablation rates at the upwind edges of the snodFig. 4c), P5 (Fig.4d) and P6 (Figde). The modeled results
patches, but the effect of local advection seems to be onlyndicate a high spatial variability of dSWE for all modeled
dominant over rather short distances, except for situationgeriods. Highest ablation rates are observed at lower alti-
with high mean wind velocities and a small snow-coverage.tudes, the sun-exposed slopes of the Chilcherberg and parts
The later in the season and the lower the snow-coverageQf the Vorder Latschel and the Latsdrelfurgga (Fig3). Ar-
the smaller the local effect of advection directly at the up- €as at lower altitudes, at the Latgelffurgga and the steep
wind edge, but the longer the distances over which advectivelopes of the Wannengrat summit become snow-free first.
processes appear to be active. This might be due to a gen- The modeled contributions of the different energy terms
erally higher amount of energy available for snow ablationto snow ablation are illustrated in Fi§.for the ablation pe-
acting over larger distances, fostered by high wind veloci-riod P3. In the Wannengrat area, most of the snow ablation is
ties (P5, P6, P7). A further reason is that the turbulent flowcontrolled by net radiation fluxes (Fi§a), except for some
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Fig. 4. Modeled daily ablation rates (ASWE) for ablation periodg®2P 3(b), P4(c), P5(d) and P6(e). Note that legend is different for
P5. The x- and y axes give swiss coordinates in meters. (base map: Pixelkarte PK25 swisstopo (dv033492))

wind-exposed areas provoking turbulent fluxes (Fb). patterns emerge first at ridges, bumps and wind-exposed
Considerable contribution of net turbulent fluxes to snow ab-slopes Grinewald et al. 2010, provoked by enhanced
lation is primarily revealed at the Latschuelfurgga, the steepwind velocities and thus reduced deposition and erosion of
NE and NW slopes of the Wannengrat summit and at localsnow during the accumulation perio@tt et al, 2010.
areas at ridges and bumps (F&). These areas correspond Snow patches tend to survive in channels and wind-sheltered
well to areas of early melt-out and increased ablation rateslopes, characterized by low wind velocities and thus strong
(Fig. 4). Within these exposed areas, the net turbulent exssnow accumulation during winter (Fig). Later in the ab-
change of sensible and latent heat contributes 30 to 50 % oftion season, the survival of snow patches in accumulation
the melt energy. The latent heat flux is, however, quite smallareas is often further fostered by smaller wind velocities sup-
Thus sensible heat flux is the prime energy source for snowpressing turbulent fluxes and thus diminishing snow ablation
ablation due to turbulent exchange (not shown). As expected(Fujita et al, 2010. Such a negative feedback is visible in the
model simulations driven by atmospheric flow fields indicate bowl located at the foot of Vorder Latsigél (Bowl), where

that the wind velocity distribution has a considerable localsmall wind velocities were observed and modelbbbit et
effect on the magnitude of the mean daily ablation rates, asl., 2010 leading to high accumulation amounts during win-
turbulent fluxes are approximately a linear function of wind ter. This effect is further enhanced by avalanche deposits
velocity. (Fig. 1) and small ablation rates during spring (F4.

Furthermore, as already suggested Giinewald et al. The strongest influence of wind velocity on snow ablation
(2010 andAnderton et al(2004), the snow depth distribu- and melt-out is visible at the Latsigélfurgga. This wind-
tion at the end of the accumulation period (Fiyj.appearsto  exposed anticline features areas of high accumulation close
have a strong influence on the timing of melt-out. Snow-freeto areas of thin snow cover, which promote the development
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Fig. 5. Fractional energy contributing to snow melt during daytime of net radigtipand net turbulent enerdyp) averaged for P3.

of patchy snow covers early in the ablation season. Oncg2009 to study multiple, anisotropic terrain reflected radia-
the snow cover is patchy, this area is more prone to melt-oution in complex terrain. The bowl is characterized by rocky
due to the effect of local advection of sensible heat from adja-and rough terrain which might be a considerable factor for
cent bare ground to the snow surface, providing an additionaincreased energy supply to the snow cover.
source of energy contributing to snow melt. As explained We summarize that modeled results demonstrate that the
above, this process has been neglected in the model simulgatterns of early melt-out and the spatial variability of the
tions. Simulations driven by hourly wind velocities obtained snow ablation rates are not only driven by altitude and expo-
from a single weather station (not shown) result in signifi- sition but also by the small-scale spatial variability of wind
cantly lower ablation rates and a temporal shift of melt-out, velocities. Beside the local energy balance as a controlling
especially at the Latscielfurgga and the NE/NW slopes of factor, melt-out appears to be also controlled by the interac-
the Wannengrat summit. tion of two main processes: The effect of snow depth dis-
Comparing modeled ablation rates (as dHS) to measuretfibution at the end of the accumulation season drives the
ablation rates (as dHS) (Fif) we also observe an enhanced appearance of snow-free patches and therefore the onset of
decrease of snow depths for the NE slope of the Wannenlocal advection processes while the low wind velocities over
grat summit and the SW slopes in the TLS measurementghe remaining snow patches suppress turbulent fluxes and ab-
Modeled and measured changes of snow depths indicate lation rates.
strong ablation at two cornice-like drifts at the NE slope of
the Wannengrat summit (Fig. 6). Model results suggest, how3.3 Temporal development of ablation rates and energy
ever, that the snow-depth changes at the cornice-like drifts fluxes in the course of the ablation season
are driven by settling processes only affecting absolute snow
depth changes and do not directly contribute to snow ablatiorin Fig. 7 the temporal development of measured and mod-
as SWE (Fig4). Although the model is able to capture most eled mean daily ablation rates (as dHS) is shown for the ab-
spatial patterns of snow ablation, a considerable differencéation season 2009. Modeled results for M1, M2 and M3
in spatial variability between modeled and measured ablawere analyzed for the area covered by TLS measurements
tion rates is observed in the bowl-shaped Vorder Latsth which was still snow-covered at the end of the respective
(bowl) (Fig. 6¢). The model strongly underestimates melt ablation period. Measurements show highest ablation rates
energy in the bowl, which we attribute to two main processesfor P3, with a daily decrease in snow depth of about 6 cm.
neglected in the model runs. First, the modeled NW windEven if model setup M1 (flow field and stability correction
fields show very small wind velocities within these slopes enabled) shows the best results, this mode is only able to
(Mott et al, 2010 involving strong suppression of turbulent capture mean daily ablation rates for the early ablation pe-
fluxes (Fig.5). Local thermal winds, which are reinforced riods P2 and P3, but overestimates the ablation periods late
once snow-free patches and rocks emerge, would enhanda the ablation season (P4, P5, P6). In contrast, M3 (no at-
turbulent fluxes within the bowl. This process is neglectedmospheric wind field, stability correction enabled) strongly
in the current setup of the atmospheric model. Second, weinderestimates early periods and overestimates periods late
do not use the radiosity approach introducedHgybig et al.  in the season. Modeled results of M2 show, that assuming a
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; ; : . : Mean daytime energy fluxes averaged over the five abla-
01} ] tion periods are shown in Fig.(M1) for snow-covered cells.
Note that all energy fluxes are defined positive if directed to-
wards the snowpack. It is evident that net radiation clearly
006 : dominates the total amount of melt energ9{) early in
the ablation season, while for the later ablation periods the
sensible heat flux also becomes important. Especially for
002} | P5 the sensible heat fluxQg) contributes 35% to the net
melt energy, mainly driven by a high mean air temperature
P2 P3 P4 Ps P& (Fig. 2) accompanied by an above-average mean wind veloc-
T TR ity (Table 1). For this period, net melt energ® () averages
1 260 W nT?2 during daytime. Measured ablation rates (as
[ 2 dHS) (Fig.7) show, however, that melt energy must have
B w3 been highest for P3, which only averages about 160 m
Fig. 7. Daily ablation rates averaged over the respective periodsfor simulation results (Figs). Snow depth change during
(measured and modeled). Modeled ablation rates are either calcueﬁarly periods P2 and P3 might also be due to the settling pro-
lated driven by wind velocity fields obtained from ARPS and with
(M1) or without stability correction (M2) or driven by wind speed N previous studies, radiation-driven melt has been identi-
obtained from a single weather station and stability correction (M3).fied to be dominant early in the season while turbulent heat

exchange-driven melt could be shown to gain importance late

in the season (e.g@hook et al(1993). In this study, how-
neutral atmospheric layer causes a strong overestimation ggver, we do not directly account for the local advection of
turbulent fluxes leading to unrealistically high snow ablation. sensible heat from bare ground to snow covered areas, but we
We summarize, that the model M1, which accounts for sta-indirectly account for the effect of heating of bare ground.
bility effects and for the spatial variability of wind velocities The heating of bare ground is provoked by a significantly
provides the best estimates of mean daily ablation rates. Allower albedo for bare ground than for snow-covered areas.
models behave similarly in that they strongly overestimateAlso, the surface temperature of bare ground is not restricted
ablation rates when snow coverage is between 60 and 30 %0 0°C.
For P5, the modeled ablation rate (M1) is even double of the Based on the large net melt energy produced in P5 @fig.
measured one. and the related high ablation rates (F1g, we observe that

0.08

dHS/d [m]

0.04 -
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Fig. 8. Modeled mean energy fluxes for ablation period{@®2P3(b), P4(c), P5(d) and P§e): net radiation (Q*), sensible heat fluRg),
latent heat flux Q|), melt energy Om) during daytime (7:00 a.m.—5:00 p.m. Local time) for snow covered cells at the end of the respective
ablation period.

we strongly overestimate the effect of the turbulent exchangeurbulent fluxes at different heights. The stability parameter
of sensible heat transported towards the snow surface late in/L Fig. (9b and Fig.10b) was calculated from a statisti-
the season. The overestimation of heat fluxes above snow igal analysis of measured turbulence data (see Eg. 4). Mea-
believed to be caused through the initialization of the energysured air temperature, snow surface temperature and wind
balance model with the measured air temperatures at 3 melocity obtained from a near-by weather station are illus-
above ground. This temperature is not in surface equilib-trated in Fig.9c and Fig.10c. Note that positive snow sur-
rium with the snow surface. Based on the constant flux layerface temperatures are due to limitations in the accuracy of the
assumption we simply integrate between the surface tempeinfrared sensor.

ature values of snow and the atmospheric values (see Eq. 2), on most days, the turbulent flux of sensible heat follows
neglecting the atmospheric stapmt_y directly above the SNOWy clear diurnal variation (Fig9a, 10a). We observe posi-
surface, which forms locally within a new stable internal tje sensible heat fluxes mostly starting shortly after noon
boundary layer and effectively decouples the warmer tem-nq |asting until the evening. During the night, calm wind
peratures from above. conditions suppress the turbulent exchange of sensible heat.
Peak fluxes of sensible heat towards the melting snow surface
3.4 Turbulent exchange of sensible heat above a melting are periodically observed some hours after the daily peak of
snow surface air temperature in the afternoon. At this time, the snow sur-
face has already been cooled by a negative energy balance,
In the previous subsection we demonstrated that modele¢esulting in a strong temperature gradient between air and
snow ablation is overestimated as soon as snow-coverage 8now surface. Hours of peak sensible heat fluxes towards the
below a critical value. We hypothesized that the overestima-snow surface additionally coincide with strong wind condi-
tion of snow ablation is evoked by overestimating the sensi-tions, which are usually observed in the afternoon. These
ble heat flux towards the snow surface. The aim of this sub-strong winds provoke turbulent exchange of the sensible heat
section is to support this hypothesis by investigating the meaflux by producing additional turbulence in the atmospheric
sured turbulent exchange of sensible heat above a meltingurface layer due to wind shear. Therefore the daily maxi-
snow surface using the eddy-covariance method (see Eq. Inum of the positive turbulent heat fluxes appears to be driven
and by comparing it to modeled turbulent heat fluxes using &y a diurnal local thermal wind system prevailing in the af-
Monin-Obukhov bulk formulation (see Eq. 2—4). ternoon. This thermal wind system is observed for all days
In Fig. 9a and Fig.10a the turbulent exchange of sen- Shown in Fig9c and Fig.10c, except for 14 April. Although
sible heat measured at two different instrument heights ofhe air temperature is high at 14 April (Fig).only weak sen-
approximately 2 and 4m above the snow surface is comSible heat flu?<es towa_rds the. snow surface are observed due
pared to modeled fluxes at the snow surface for two mealO Very low wind velocities (Fig9c).
surement periods in spring 2007. For details on the measure- During the afternoonz/L indicates strongly stable con-
ment set-up and a validation of latent heat fluxes in Febru-ditions for both sensors. The lower sensor, however, reveals
ary see alsdstossel et al(2010. Note that the common  stronger statically stable conditions near the ground than the
constant flux layer assumption allows us to compare verticakensor above (Figs. 9a and 10a).
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Fig. 9. Time series of measured turbulent heat flux@g)(at Sonic 1 (S1) and Sonic 2 (S2), and modeled heat fluxes (SNOWPACK) for time
period 13—-17 April 2007a). Time series ot /L (L = Obuhkov lengthz = instrument height) at Sonic 1 (S1), located 4 m above ground and
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for the same time period. Note that atmospheric stability is enabled for SNOWPACK runs. Data marked by situations 1 and 2 are illustrated
in Fig. 11

In Fig. 11we schematically sketch the temperature profilesmeasured turbulent fluxes indicate significant differences in
and sensible heat fluxes for situations in the morning follow-the amount of the turbulent heat flux directed towards the
ing the constant flux layer assumption as used in the modesnow surface, especially for peak flux situations. The model
and the measured non-constant flux layer. In the morningsstrongly overestimates the positive sensible heat flux at the
air temperatures were continuously higher than snow surfacenow surface. In the model, the heat flux is driven by strong
temperatures (Fidc, Fig.10c). Consequently, continuously temperature gradients between the melting snow surface and
stable conditions for the layer between the snow surface anthe air at 4 m above ground. High wind velocities usually ob-
the measurement height could be assumed. The additionalerved in the afternoon further enhance the modeled positive
flux measurements, however, indicate unstable conditions &teat flux. For most situations in the morning, the constant
both sensors (S1 and S2) for most situations in the mornindlux layer assumption of the model led to a wrong estima-
(Fig. 9b and Fig.10b). These observations suggest that theretion of the atmospheric stability at higher levels (2—4 m).
must be a local temperature maximum below 2 m for theseFor these situations the model assumed the whole layer to
situations (Fig11, situation 1). For some hours, measure- be stably stratified up to 4m (Fid.1), although measure-
ments even showed a flux directed downwards at S1 (stablejpents showed that the height of stable internal boundary
but upwards at S2 (unstable) (Fg, b and Figl1). Thus, layer was below 2 m. Consequently, the model strongly over-
the local air temperature maximum was between 2 and 4 mestimated the sensible heat flux directed towards the snow
(Fig. 11, situation 2). This strong temporal flux divergence in cover (Fig.9a and Fig11).
the first four meters above ground is a clear sign for the exis- . . .
tence of a stable internal boundary layer. We believe that the O\_/_er a continuous winter snow cover the correction for
advection of a sheet of warm air in the morning caused thisstabmty is known to create a shutdown of tl_eruIent fluxes,
temporal change of the depth of the stable internal boundar;‘/vhere very often a strong tempgrature gradient between the
layer. cold surface and the warmer air causes model_c_ed turbulent

fluxes strongly underestimating measured fluxagsel et

We finally compare the measured turbulent fluxes at twoal., 2010. In spring, the existence of a patchy snow cover ap-
instrument heights with the sensible heat flux modeled atpears to change this model behavior. In face of high air tem-
the snow surface. The comparison between modeled angderature and high wind velocities the amount of measured
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negative turbulent heat flux is small compared to the mod-
eled flux. In the context of increased static stability ()

and relatively small observed turbulent heat fluxes towards
the ground as well as temporally observed flux divergence in
the first 4 m above ground, the measurements indicate the ex-
istence of a stable internal boundary layer (SIBL) close to the
snow surface. The SIBL leads to a suppression of turbulence
close to the ground.

Using Monin-Obukhov similarity theory (see Eq. 2-4),
most models approximate the surface layer to be a constant
flux layer (Stull, 1988. Accordingly, models do not account
for a SIBL within the atmospheric surface layer. Hence,
models tend to strongly overestimate the sensible heat flux
transported towards a melting snow surface. Although mea-
sured turbulence data suggest a SIBL near the ground, more
turbulence measurements close to the ground are required to
provide a clear evidence of the development of a SIBL above
melting snow, the height of such internal boundary layers and
the net amount of sensible heat flux gained at the snow sur-

fluxes following constant flux layer assumption (model) and mea-face. The constant flux layer assumption, however, appears
sured in the presence of a stable internal boundary layer (SIBL)0 be inaccurate for simulating turbulent fluxes above melting
The sensible heat flux at the snow surface for the non-constant fluand patchy snow surfaces in complex terrain.

layer is only indicative, because no measurement is available at the

snow surface. Data belonging to situation 1 and 2 are marked ir4 Conclusions

Fig. 9.
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We have explored the main micro-meteorological processes
driving the spatio-temporal snow ablation dynamics in a
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small Alpine catchment. Based on model results and highalternative straightforward approach investigating boundary

resolution measurements we were able to identify ablalayer dynamics above a patchy melting snow cover would be

tion patterns controlled by net radiation and net turbulentto use a numerical atmospheric boundary-layer model. Using

exchange of sensible and latent heat. Results further confirrexisting snow-coverage data measured by TLS and ALS may

earlier resultsGrinewald et a].201Q Egli et al, 2011) on allow us to model the daily development of stable and unsta-

the significant impact of end-of winter snow depth distribu- ble internal boundary layers as well as their interaction above

tion on the patchiness of the melting snow cover. The smallthe heterogeneous surface. This would, however, require a

scale information of the snow depth distribution at the endmodel resolution of approximately 2m, so that the advec-

of winter was therefore shown to be essential to accuratelytion process is resolved (Fi§). This is not possible with

model snow ablation dynamics in complex terrain. Further-state of the art meteorological models. Furthermore atmo-

more the investigation emphasized the importance of the spaspheric boundary-layer models are computationally expen-

tial distribution of wind velocity as a driving factor for the sive and often suffer from insufficient representation of the

local energy balance and for the snow depth distribution. Thesmall-scale land surface characteristics.

effect of the local wind field on the magnitude of turbulent
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