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Snow management modeling

'PREDICTIONS FOR SNOW MANAGEMENT

PROSN W

= Physically based snowpack models
allow simulation of the (natural) snow
cover

= For the application in ski resorts, snow
management processes (snowmaking
and grooming) must be considered
» Physical component: description of the
snowmaking and grooming processes

= Socioeconomic component: when, where,
and how much to produce
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PROSNOW

= H2020 project aiming at
developing an operational
forecasting system for snow
conditions in ski resorts

= Time scales from days until
several months ahead
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Snow models in PROSNOW
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'PREDICTIONS FOR SNOW MANAGEMENT

AMUNDSEN

Crocus

SNOWPACK/Alpine3D

Key reference(s)

Spatial scale

Vertical snowpack discretization
Meteorological input data
Temporal resolution of input data

Meteorological preprocessing

Strasser (2008); Strasser et al.
(2011); Hanzer et al. (2016)

Distributed

2—4 bulk layers
T, P, RH, Rg, WS
1-3h

Built-in

Vionnet et al. (2012); Lafaysse et al.
(2017)

Point scale

Multi-layer

T, Ps, P, RH, Ry, R;, WS

1h

Often associated with SAFRAN (Du-
rand et al., 1993)

Bartelt and Lehning (2002); Lehning
et al. (2006)

Point scale (SNOWPACK) / Dis-
tributed (Alpine3D)

Multi-layer

T, P, RH, Rg, R;, WS

30 min—24h

MeteolO (Bavay and Egger, 2014)
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Pilot ski resorts

MRy

gspitze

Elevation range (m a.s.l.)  Slope surface area (ha)

Arosa-Lenzerheide CH 1200-2865 384
Colfosco IT 1531-2218 64
Garmisch Classic/Zugspitze ~ DE 708-2720 66
La Plagne FR 1250-3250 528
Les Saisies FR 1150-2069 214
Livigno IT 1816-2797 448
Obergurgl AT 1930-2898 107
San Vigilio IT 1087-2274 119
Seefeld AT 1179-1251 79




Snow production parameters
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“\ Snow demand
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'PREDICTIONS FOR SNOW MANAGEMENT

- = |s there a need for

Parameter Symbol Unit Function of Description A C S
Snow demand
Searsisl-jlayer production PPy, Date range Start and end date for base-layer snowmaking X X X
Reinf it =
. en ort.:emen produc PP, Date range Start and end date for reinforcement snowmaking X
tion period
I?ase-layer production PT, Time range Daily sta!'t and end time for snowmaking during the base- % % %
time layer period .
Fl(emflorcemem produc- PT, Time range Daily start amld end time for snowmaking during the rein- @ g i ro d u CI n ’?
tion time forcement period [l
" 2 Water consumption threshold (SWE equivalent) for stop-
2 -
Consumption threshold CT kgm plng production diififg the base-layer period X %
Base-layer snow thresh- Snow depth threshold for stopping production during the
STy cm . - - X
old base-layer period
Reinforcement snow Snow depth threshold for stopping production during the
ST, cm . R X X X
threshold reinforcement period
Ambient conditions
Temperature threshold hay °Cc Snow gun type Wet-bulb temperature threshold for snowmaking X X X
Wind threshold WT ms™! Wind speed threshold for snowmaking X X X
Ski resort i e and
Number of snow guns NG = Slope Number of snow guns for each ski slope X = X
Snow spreading surface ~ SS m? Surface area covered by a snow gun - X -
Production rate parame- PR, m3h-1oc-1 Snow gun type First pararr'\eter of Equation (1) to calculate the water flow % % %
ter1 rate for a single snow gun
Production rate parame- PR, m3 -t Snow.guntype Second paramgter of Equation (1) to calculate the water « % %
ter2 flow rate for a single snow gun
Water availability WA m3 Total water volume available for snowmaking X - X
Refill rate RR m3h-! Water refill rate X - X
Water flow threshold FT m3h! Maximum total water flow x - X
Snow properties
Water losses WL _ fractlon of water lost due to thermodynamic and mechan- % % 5
ical effects
Density Pmm kgm~3 Density of machine-made snow X X -1
SSA SSAmm m?kg™! Specific surface area of machine-made snow - X X
Sphericity Smm % Sphericity of machine-made snow - X X
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Snow production parameters

PROSN W

'PREDICTIONS FOR SNOW MANAGEMENT

Parameter Symbol Unit Function of Description A C S - - -
Snow demng Ambient conditions
s::s;ayer production PPy, Date range Start and end date for base-layer snowmaking X X X
?:;n;::‘i:;nem produc: PP, Date range Start and end date for reinforcement snowmaking X X X u Ai r t e m e r at r e
Base-layer  production . Daily start and end time for snowmaking during the base- p u
N PT, Time range . X X X
time layer period
Reinforcement  produc- PT Time range Daily start and end time for snowmaking during the rein- @ g i . .
tion time r 9 forcement period | | H u I I I Id It
Consuimption threshald oT 2 Water consumption threshold (SWE equivalent) for stop- 5% 5% _
P! 9 ping production during the base-layer period
Base-layer snow thresh- Snow depth threshold for stopping production during the .
old Sts o base-layer period ® u I n S p e e
Reinforcement snow ST, o Sr_low depth thres.hold for stopping production during the % 2 >
Ambient conditions 8
Temperature threshold hay Snow gun type Wet-bulb temperature threshold for snowmaking
Wind threshold WT Wind speed threshold for snowmaking 6
Ski resort il e and avail G 4
Number of snow guns NG = Slope Number of snow guns for each ski slope X = X 2
Snow spreading surface ~ SS m? Surface area covered by a snow gun - X - L 2
Production rate parame- PR, m3h-1oc-1 Snow gun type First pararr'\eter of Equation (1) to calculate the water flow % % % E
ter1 rate for a single snow gun g 0
Production rate parame- 3,1 Second parameter of Equation (1) to calculate the water [
PRy m°h Snow gun type " X X X Q.
ter2 flow rate for a single snow gun g 2
Water availability WA m? Total water volume available for snowmaking X - X 3] -
Refill rate RR m3h-! Water refill rate X - X =
Water flow threshold FT m3h! Maximum total water flow x - X —4
Snow properties —6
Water losses WL _ Fraction of water lost due to thermodynamic and mechan- % % 5
Bl _— :‘)’a' Efnfec'f . g ) 0 10 20 30 40 50 60 70 80 90 100
ensi Pmm gm™ ensity of machine-made snow X X - < S 5
SSA SSAmm m?kg~! Specific surface area of machine-made snow - x X Relative humldlty [%]
Sphericity Smm % Sphericity of machine-made snow - X X Adapted from Hofstatter (2008)
PROSNOW x¥x . . —_—
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now production parameters —
Parameter Symbol Unit Function of Description A C s
Snow demng Infrastructure
s::s;ayer production PPy, Date range Start and end date for base-layer snowmaking X X X
?:;n;::‘i:;nem produes PP, Date range Start and end date for reinforcement snowmaking X X X ™ S n OW n S
Base-layer  production . Daily start and end time for snowmaking during the base- g u
N PT, Time range . X X X
time layer period
Reinforcement  produc- PT Time range Daily start and end time for snowmaking during the rein- @ g i [ g
' ; biemct =  Water availabilit
Consuimption threshald oT 2 Water consumption threshold (SWE equivalent) for stop- 5% 5% _
P! 9 ping production during the base-layer period
Base-layer snow thresh- ST, & Snow depth threshold for stopping production during the 5 u
old base-layer period
Reinforcement snow Snow depth threshold for stopping production during the
ST, cm . X X X X
threshold reinforcement period
< £ 30 - ! -
Ambient conditions
o ; — Brand A
Temperature threshold hay C Snow gun type Wet-bulb temperature threshold for snowmaking X X X
Wind threshold WT ms™! Wind speed threshold for snowmaking X X % 25 — Brand B
' Ski resort i e and .
Number of snow guns NG = Slope Number of snow guns for each ski slope X = X T 20 - —
" 2 <
Snow spreading surface ~ SS m Surface area covered by a snow gun - X - -
Production rate parame- PR, m3h-1oc-1 Snow gun type First pararr'\eter of Equation (1) to calculate the water flow % % % é
tert rate for a single snow gun 2 15 - -
: - 5 2
Production rate parame- PR, m3 -t Snow.guntype Second paramt?ter of Equation (1) to calculate the water « % % 2
ter2 flow rate for a single snow gun —
Water availability WA m? Total water volume available for snowmaking X - X % 10 - _
Refill rate RR m3h-! Water refill rate X - X g
‘ Water flow threshold FT m3h! Maximum total water flow x - X
Snow properties 5- a
Water losses WL _ fractlon of water lost due to thermodynamic and mechan- % % 5
ical effects 0- | | | | | | | -
Density Pmm kgm3 Density of machine-made snow X x - —14 —12 ~10 -8 —6 _4 _2
SSA SSAmm m?kg™! Specific surface area of machine-made snow - X X Wet-bulb temperature [°C]
Sphericity Smm % Sphericity of machine-made snow - X X
Hanzer et al. (2014)
PROSNOW x¥x . . —_—
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Snow production parameters

Parameter Symbol Unit Function of Description A C S
Snow demand
searsi;-jlayer production PPy, Date range Start and end date for base-layer snowmaking X X X
;{Oin;c:::;nenl produc: PP, Date range Start and end date for reinforcement snowmaking X X X /{Ent g:te ar:jdr:':'ms /c/ei:'t c:)apte ar:det_lrrT;e
within an within an
Base-layer  production . Daily start and end time for snowmaking during the base- b i
N PT, Time range . X X X
time layer period Yes Yes
Reinforcement  produc- " Daily start and end time for snowmaking during the rein- (AMUNDSEN/ Crocus) (SNOWPACK/Alpine3D)
T PT, Time range 3 X X X
tion time forcement period o
" 2 Water consumption threshold (SWE equivalent) for stop- -
2 _ A
Consumption threshold CT kgm ping production during the base-layer period X X Cum. prglc_{yctmn
Base-layer snow thresh- Snow depth threshold for stopping production during the )
STy cm . = = X
old base-layer period
Reinforcement snow ST & Snow depth threshold for stopping production during the % ) >
threshold " reinforcement period
Ambient conditions
Temperature threshold kg °Cc Snow gun type Wet-bulb temperature threshold for snowmaking X X X
Wind threshold WT ms™! Wind speed threshold for snowmaking X X X
Ski resort e and
Number of snow guns NG = Slope Number of snow guns for each ski slope X - X
Snow spreading surface ~ SS m? Surface area covered by a snow gun - X -
Production rate parame- PR, m3h-toc-1 Snow gun type First pa(arr"eter of Equation (1) to calculate the water flow % % %
tert rate for a single snow gun
Production rate parame- PR, m3 -t Snow.guntype Second paramt?ter of Equation (1) to calculate the water « % % g
ter2 flow rate for a single snow gun >E
Water availability WA m? Total water volume available for snowmaking X - X ﬁ g
Refill rate RR méh-! Water refill rate x - X ER]
Water flow threshold FT m3h-! Maximum total water flow X - X é %
z
Snow properties
Fraction of water lost due to thermodynamic and mechan- Red j
Water losses WL - ! X X X educe accor- Reduce acc . .-
ical effects Calculate PR ding to FT ding toWL Distribute snow Update WA
Density Pmm kg m3 Density of machine-made snow X X -1
SSA SSAmm m?kg~! Specific surface area of machine-made snow - X X (AMUNDSEN / SNOWPACK/Alpine3D) (AMUNDSEN / SNOWPACK/Alpine3D)
Sphericity Smm % Sphericity of machine-made snow - X X
PROSNOW
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Grooming parameters et
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Parameter Symbol  Unit Description A C S

Grooming period GP E;t;e Start and end date for grooming X X X
S Time . ; :
Grooming time GT Daily start and end time for grooming X X X
range 500
Grooming thresh- GH kgm™2 Minimum SWE (AMUNDSEN/Crocus) or snow depth . " o
old /cm (SNOWPACK/Alpine3D) required for grooming .
kam-2 Part of the snowpack affected by grooming (specified
Penetration depth PD /?:m as SWE in Crocus and as snow depth in SNOW- - X X 0
PACK/Alpine3D) 50
Target density Pt kgm3 Target density that could be reached by grooming X X - ® '5,250 1
>, _1 Target specific surface area that could be reached by a =0
Target SSA SSA; m*< kg . - X -
grooming {5
Target sphericity St % Target sphericity that could be reached by grooming - X - - —=—Simulated density
3 evolution
50 —=—Observed density
evolution (Guily, 1991)
0 T T

0 1 2 3 4 5

= Explicit simulation of densification | Db s
= Implicit consideration of (re-)distribution

PROSNOW Xx*x . ——_
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'PREDICTIONS FOR SNOW MANAGEMENT
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Snow management configurations

Natural snow only With snow production

Use a range of
configurations
(parameter sets) to
account for different
snow management
strategies during the
season

CT,=150kgm >
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i - Pm
Validation data

Temporal resolution | Spatial resolution

Snow depth from groomers daily 3m
Sentinel-2 snow cover maps up to 5-daily 10 m
Recordings from snow guns (water (sub-)hourly point-based

consumption, energy consumption, wet-
bulb temperature)
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Results: snow depth

2016-12-01
Measured Natural snow + grooming Lances, —6°C, 150kgm~2
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Results: show depth

2017-01-01
Measured Natural snow + grooming Lances, —6°C, 150kgm~2
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Results: show depth

2017-02-01
Measured Natural snow + grooming Lances, —6°C, 150kgm~2
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Results: show depth

2017-03-01
Measured Natural snow + grooming Lances, —6°C, 150kgm~2
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Results: snow depth (temporal evolution)

—— measured J\
—— simulated (natural snow + grooming)
I —— simulated (natural snow + grooming + snowmaking)

Obergurgl, 2770 m a.s.l.

Snow depth (m)

—— measured
simulated (natural snow + grooming)
—— simulated (natural snow + grooming + snowmaking)

1.25 1
1.00 +
0.75 T

Colfosco, 1660 m a.s.l.

0.50 T

Snow depth (m)

0.25 T

0.00 - A
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Results: shnow cover maps

2015-12-24

observed simulated
655! 5a
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no snow snow (red = clouds / no data) no snow snow



Results: shnow cover maps

2017-04-24

observed simulated
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Results: shnow cover maps

2017-05-17

observed simulated
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Results: show cover maps

Evaluation for slope pixels only

1.0 1

0.8 T

0.6 T

0.4 1

—=— Snow-covered slope area (obs)

—=— Accuracy
L [l [} L L [l L L L L [l

2016-01 2016-05 2016-09 2017-01 2017-05 2017-09 2018-01 2018-05 2018-09 2019-01 2019-05
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Results: water consumption
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(blue shading = range of snow management configurations; solid line = mean)
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Conclusions

» Model implementation represents state of the art of the integration of
snow management processes in physically based snowpack models

= “Generic” snow management configurations produce robust results for
all considered ski resorts even without further tuning

= QOperational applications require assimilation of local measurements
(snow depth and water consumption)
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Thank youl!

Further information:

WWW.Prosnow.org
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