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Snow in high mountain regions

e Large amounts of snow, long period of snow
coverage

e Spatial and temporal variability of the snow cover

e Lateral snow transport (wind, snow slides,
avalanches)

e Precipitation storage
e Runoff generation by melting snow

e Snow feeds glaciers and perennial firn fields

(Blaueis, Watzmanngletscher, Eiskapelle,
Schollhorneis)

Freiburg, 11.07.12
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annual mean
(2002 - 2007)

Precipitation (mm) 1611.4
Rainfall (mm) 1111.5
Evapotranspiration (mm) 493.7
Runoff (mm) 1013.3

Air temperature (°C) 1.2

Michael Warscher, Institute for Meteorology and Climate Research (IMK-IFU)
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Distributed Hydrological Model
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Input WaSiM-ETH

Meteorological measurements Gauges and subcatchments

St. Leonhard
Berchtesgadener Ache

700‘

33 stations (19 automatic, 14 manual)
National Park administration, township Schoenau,
Bavarian avalanche service, 433 km?

Central Institute for Meteorology and Geodynamics (ZAMG) 9 gauges and subcatchments

700
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Water balance
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annual mean

(2002 - 2007)
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WaSiM-ETH Snow Module

Original approach:

WaSiM Day-Degree
(Temperature-Index method)

M=cD-(T—TM}-% for > Tym else M=0

with M melting rate in mm per time step
cp  temperature dependent melt factor [mm-"C"-d'l]
T air femperature, casually using modification after equati
Tpm temperature for beginning with snow melt [FC]
At time step [h]

Modeled days with
snow coverage

]

100 150 200 250 600
d u r‘i N g W| nte r 2005 / 200 6 Period of snow coverage (number of days) 2005/2006 700
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WaSiM-ETH Snow Mod

Michael Warscher, Institute for Meteorology and Climate Research (IMK-IFU)
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Implementation of AMUNDSEN in WaSiM-ETH

‘ P
What's new: Q+H+E+A+B@=o
e Energy and mass balance of the snow cover Q  netradiation
.gy. _ H sensible heat flux
(radiation balance, turbulent fluxes, advective heat E latent heat flux
flux, soil heat flux) A advective heat flux

(precipitation)

. e . B  soil heat flux
e Lateral snow redistribution
(gravitational snow transport, wind-driven M snowmeltor
redistribution) cooling/refreezing

Freiburg, 11.07.12 Michael Warscher, Institute for Meteorology and Climate Research (IMK-IFU)
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Results - Energy balance

Temperature-Index vs. Energy-Balance at the station Kiihroint
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300 ' ¢——<— modeled EnBal

200
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Snow water equivalent at the station Kiihroint (1407 m a.s.l.)
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Results - Energy balance

Changes in modeled snow
cover duration due to

energy-balance method
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Lateral snow transport

Y

Locations of snow deposition by gravitational transport

«Google
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Lateral Snow Redistribution

Coupled atmospheric / snow transport model Parameterization (wind direction SW)

Snow redistribution: suspension

P + 3200
mm/year =S

B - 1535 Kilometers

5255000 5

0153 6 9 12

T 1 T T T T
4555000 4560000 4565000 4570000 4575000 4580000

= Similar spatial patterns

STRASSER (2008): Berchtesgaden National Park research report 55.

BERNHARDT ET AL. (2009): Hydrological Processes.
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Lateral Snow Redistribution

Gravitation

Freiburg, 11.07.12 Michael Warscher, Institute for Meteorology and Climate Research (IMK-IFU)



Lateral Snow Redistribution

Changes in modeled snow
cover duration due to

lateral snow transport

snowdays (without lateral transport) MINUS snowdays (with lateral transport)
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Validation - Remote Sensing

Normalized Difference Snow Index (NDSI)
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Landsat RGB ETM+
01.05.2005
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Landsat ETM+ Model (WaSiM-ETH + AMUNDSEN)
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Validation - Remote Sensing

Snow coverage 01.05.2005

Landsat ETM+ (NDSI > 0.6) WaSiM-ETH WaSiM-ETH
Snow model: T-Index Snow model: Energy-balance +
snow slides + wind
redistribution SW
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Validation - Remote Sensing

Modeled snow water equivalent (left)
compared to NDSI (right) extracted
from Landsat-ETM+ scenes.

Matching pixel percentage [%]:

summit total
section catchment

April 07, 2002 71.1 84.0

May 30, 2004 82.5 89.5

May 01' 2005 72.5 82.5 0 10 20 30 40 > 04 05 06 07 08 09
snow water equivalent [mm)] NDSI (Normalized Difference Snow Index)

Freiburg, 11.07.12 Michael Warscher, Institute for Meteorology and Climate Research (IMK-IFU)



Snowmelt and Runoff

Do we need that within hydrological LSMs?

Runoff, snowmelt and rainfall at gauge Hintersee
(melting period spring 2006)

ey
(6}
|

4 EnBal + grav. slides + wind red. snowmelt

€
E
mE‘ NS: 0.76 rainfall %EJ
E 10 - 10 2
b
S 5
2 5 _ mod. runoff 15 =
meas. runoff \ ..g
— 20 ©
I
0 o T T T T T T T T T
10.02. 26.02. 15.08. 31.03. 17.04. 03.05. 20.05. 05.06. 22.06.
2006 2006 2006 2006 2006 2006 2006 2006 2006
Snow module: Day-Degree Energy-Balance E-Bal + Snowslides E-Bal + Snowslides + Wind

Nash-Sutcliffe = 0.52 Nash-Sutcliffe= 0.58 Nash-Sutcliffe = 0.69 Nash-Sutcliffe = 0.76
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Climate Change Projections

~ N
P,T,RH, v, R, WaSIM-ETH

..‘ RCMS -~ 7.
NAx = 50...10km Catchment-

Ax = 300...100km hydrology:
Ax = 1km...100m

Freiburg, 11.07.12 Michael Warscher, Institute for Meteorology and Climate Research (IMK-IFU)



Ly T

Karlsruhe Institute of Technology

Climate Change Projections

GCM ECHAMS5-MPI/OM T63 / L32
RCM WRF 42 km /7 km
LSM WaSiM-ETH (+AMUNDSEN) 50 m

Control 1970 - 2000
Scenario A1B 2020 - 2050

Berg et al. (2011)
Wagner et al. (2011)

Freiburg, 11.07.12 Michael Warscher, Institute for Meteorology and Climate Research (IMK-IFU)



Climate Change Projections
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Climate Change Projections

-25 -20 -15 -10 -5 - -25 -20 -15 -10 -5
changes in snow covered period [days/year] percentage change in snow covered period [%]

Difference in snow covered period 2020-2050 vs. 1970-2000
ECHAMS5, Scenario A1B 2> WRF = WaSiM-ETH + AMUNDSEN
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Climate Change Projections

200 contr. 1970 - 2000
00 proj. 2020 - 2050
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Changes in snowmelt regime 2020-2050 vs. 1970-2000
ECHAMS5, Scenario A1B - WRF - WaSiM-ETH + AMUNDSEN
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Climate Change Projections

40

Rel. change snowmelt [%]

I I I I I I I I I I I

Jan Feb Mar Apr May gun Jul Aug Sep Oct Nov Dec

Changes in snowmelt regime 2020-2050 vs. 1970-2000
ECHAMS5, Scenario A1B - WRF - WaSiM-ETH + AMUNDSEN
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Climate Change Projections

contr. 1970 - 2000
proj. 2020 - 2050

I I I I I I I I I I I

Jan Feb Mar Apr May Jgun Jul Aug Sep Oct Nov Dec

Changes in mean monthly discharge 2020-2050 vs. 1970-2000
ECHAMS5, Scenario A1B - WRF - WaSiM-ETH + AMUNDSEN
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Climate Change Projections

Rel. change MQ [%]

I I I I I I I I I I I

Jan Feb Mar Apr May gun Jul Aug Sep OQct Nov Dec

Changes in mean monthly discharge 2020-2050 vs. 1970-2000
ECHAMS5, Scenario A1B - WRF - WaSiM-ETH + AMUNDSEN
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Thanks!
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