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CRYOSPHERE
• Ice-caps

• Sea ice

• River and lake ice

• Land ice

• Glaciers

• Permafrost

• Snow cover

During
 

the
 

winter
 

of
 

Northern
 

Hemisphere, over
 

50 % of
 

the
 

world’s 
land surface and 30 % of its ocean  covered by snow and ice.



FEEDING RIVER SYSTEMS 

Pardé (Shaw, 1988): 

Hydrological regimes:

- Temperature-dependent

- Precipitation-dependent

Arve R.

Columbia R. 

Volga R.



HIGH SOCIO-ECONOMIC RISK OF CHANGES

• More than one-sixth of the world’s population live in glacier-
or snowmelt-fed river basins.

That population might be affected particularly by:

• A seasonal shift in the streamflow timing. 

• An increase in the ratio of winter to annual flows.

• Increased flood frequency.

• Reduction in low flows caused by decreased glacier extent
or snow water storage.



UNEP
 

(2007): 
GLOBAL OUTLOOK FOR ICE AND SNOW

• 40
 

% of the world’s population could be affected
by loss of snow and glaciers in Asia.

• Increased melting ice and snow tends to rising
hazard of avalanches, floods, unstable glacial
lakes.

• Thawning
 

permafrost –
 

expansion of water
bodies, thermokast

 
lakes with releasing methan.  

• Decreasing snow and ice cover –
 

more sun’s heat
absorbed by the land and oceans.

4th June 2007
World Envi. Day



KÖPPEN CLIMATE CLASSIFICATION

Polar climates (E): Tundra (ET) and Ice-cap climate (EF).                  
(Mean temperature of the warmest month is not above 10 oC).



DISTRIBUTION OF LONG-TERM ANNUAL 
PRECIPITATION

Moist mid-latitude climates with cold winter (D), Moist mid- 
latidute climates with mild winter (C). 
Generally, all the land above 40 oN is exposed to a significant 
seasonal snow cover.



SNOW GENESIS IN THE ATMOSPERE

• Water condenses into a droplet.
• Growing droplets.
• Cold air freezes water into

an ice crystal (unique shape)
• Falling, contact with warmer
and melting

• Larger flakes. 
• Ground deposition.



SNOW ACCUMULATION ON THE GROUND

• Meteorological factors: 
Precipitable

 
water, air 

temperature, wind, lapse rate,
stability of the air mass.

• Topography:
Elevation, slope, aspect, 
exposure, vegetation.    



SNOW-PACK METAMORFISM

• Compaction (melt cycles, collapsing layers).
• Destruction (rain events, input of solar energy, pollution).
• Reshaping by wind or additional snow events.

Snow
 

is
 

a granular
 

porous
 

medium consisting
 

of
 

ice
 

and
 

pore
 spaces. 

When
 

the
 

snow
 

is
 

“cold”
 

(its
 

temperature
 

is
 

below
 

the
 

melting
 point of

 
ice, 0 oC), the

 
pore

 
spaces

 
contain

 
only

 
air

 
(including

 water
 

vapor).

At
 

the
 

melting
 

point, the
 

pore
 

spaces
 

can
 

contain
 

liquid
 

water
 

as 
well

 
as air, and

 
snow

 
becomes

 
a three-phase

 
system.



BASIC SNOW-PACK CHARACTERISTICS

• Depth

• Volume
(Total volume of ice, water and
air in the snow-pack)

• Density  
(Fresh snow: 50 – 200 g/l, after 
compaction cca 300 g/l)

• Water equivalent 
(roughly 300 mm of fresh
snow equal to 25 mm of rain) 



PROBLEMS TO EVALUATE THE SNOW-PACK

U.S. National Weather Service (1975):
Error of standard-gauge measurement (%)

Wind
 

speed
 

(m/s)                          2              6               10             20
Error

 
of

 
gauge measurement

 
(%)

Rain
 

3              8     12            18
Snow

 
10            30     48            70

Snow/wind
 

sheet
 

7            18                28     46

Burroughs (1991): 
Anormalously high radar signal from melting snow-flakes

error of 40-50 %



LIMITED OBSERVATION STANDARD



GROUND SNOW-SURVEY

• Snow depth and water equivalent in additional snow-lines. 
• Application of “Universal Snow Gauge” (Cox, 1971). 
• Snow pillows.
• Acoustic gauges, radioactive gauges. 

SATELLITE MAPPING

• Since the late 1960s, visible and infrared mearurements.
• Aerial extend but do not indicate the depth.
• Generally, 200 times cheaper than aerial surveys.
• Run-off prediction improved by 10 %.

(Burroughs, 1991)



Schematic of the snow-melt process (Price et al, 1979)



SNOW - MELT RUNOFF

• Degree-day factor, a [mm deg-1 day-1]: R = a T
(R … snowmelt runoff, T … mean daily air temperature).

Martinec (1986):         
a = 1.1 ρs

 

/
 

ρw

ρs

 

…
 

density
 

of
 

snow, ρw

 

… density
 

of
 

water

Male and
 

Grey
 

(Dingman, 1994): 

a = 4 (1 – α) exp(-4F) S

α
 

… albedo
 

(0.45 –
 

0.85), F …
 

fraction of forest cover, 
S …

 
slope factor



SNOW - MELT RUNOFF

• More sophisticated snowmelt models
(lumped or distributed formulations)
BROOK2, BROOK 90, SRM, SSAR, PRMS etc. 



SNOW-PACK CHEMISTRY

• Contact with air pollutants.
• Shape and area of snow-flakes. 
• Dry atmospheric deposition. 
• Additional wet deposition.
• Snowmelt processes

The Jizerka basin
(Jizera Mts, 2004)



ROLE OF THE SNOW-PACK IN A GLACIER SYSTEM

Annual mass balance relationship, Mayo, Meier & Tangborn
 

(1972)



GLACIER MASS BALANCE

Sugden
 

& John
 

(1984)



HISTORICAL CONSEQUENCES

“The climate is changing 
all the time”

- natural changes as a result 
of global climatic cycle
(Milankovich theory)

Worldwide Holocene glacier 
fluctuations
Denton & Karlen (1973)



IPCC ( 2001):  
Changes in air temperatures near the ground 

in comparison with the climate normal (1960-1990)

During the 20th century: + 1.5 oC



IPCC
 

(2001): 
Predicted air temperature for different scenarios 

of CO2 emissions, 2000 – 2300

In the year 1750, CO2:   280 ppm



IPCC
 

(2007):

• There is high confidence that recent regional changes
in temperature have had discernible impacts on many
physical and biological systems.

• Arctic sea-ice extent had declined by about 10 to 15% 
since the 1950s.

• Mountain glaciers were receding on all continents.

• Extent of snow cover in the Northern Hemisphere had 
decreased by about 10% since the late 1960s and 1970s.

• Snowmelt and runoff had occurred increasingly earlier
in Europe and western North America since the late 1940s.

• Increasing ground instability in permafrost regions.



REDUCING SEA ICE EXTENT



Photo: Francou
 

and
 

Vincent
 

(2006), Jordan
 

(1991). 

AREAL EXTENT OF CHACALTAYA GLACIER 
(Bolivia), 1940 - 2005.



EXPECTED FUTURE IMPACTS 
OF CLIMATE CHANGE 

• Increasing air temperatures. 

• Rising wind, evapotranspiration, clouds. 

• Changes in precipitation, higher rainfall intensities.

• More frequent and higher weather extremes.

• Reducing snow-pack, polar ice-cap (both extend and depth) 
and glaciers. 

• Changes in stream-flow regimes; increasing water 
temperature of lakes and rivers, and change in chemistry.



EXPECTED IMPACTS ON RESOURCE 
MANAGEMENT

• Settlements in mountain regions - risk of floods caused by 
melting snow and ice. 
However, documented trends in floods show no evidence for a 
global widespread change.

• Increased water availability in high latitudes.
• Decreasing snow-pack, water availability and increasing 

drought in mid-latitudes. 
In Central and Eastern Europe, summer precipitation is 
projected to decrease, causing higherwater stress. 

• Spruce forests endangered. 
• Approximately 20-30% of plant and animal species assessed 

so far are likely to be at increased risk of extinction if increases 
in global average temperature exceed 1.5-2.5°C.



• Impact on tourism and winter sports in mid-altitude, 
and … „WHITE CHRISTMAS“



EXTREME EVENTS: 
Critical Meteorological Situations 

in Central Europe

• Trajectories of atmospheric 
depressions: Vb, Vc, Vd.

• In the last years: Vb frequency 
increasing.

• High temperatures of the air 
supporting rain-storm genesis.



ADDITIONAL STRESS IN MOUNTAIN 
CATCHMENTS

• Spruce plantations of a low ecological stability.

• Air pollution and acid atmospheric deposition.

• Acidification of both terrestrial and aquatic                   
ecosystems, dieback of spruce plantations,
an extensive clear-cut, soil loss.

• Decreasing timber-line.

• Lack of environmental forestry practices 



EFEECTS OF FOREST PRACTICES ON SNOW 
ACCUMULATION, MELT AND RUNOFF

Czech Technical University and Muhos Research Station 
(Finish Forest Research Institute)

Paljakka
Forests

Jizera
Mts.



JIZERKA EXPERIMENTAL CATCHMENT

1981: mature spruce stands

1991: after clear-cut

1991: after clear-cut

2000: reforestation
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SNOW-MELT IMPACT: EPISODIC  ACIDIFICATION  
IN STREAMWATERS RESERVOIRS
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Paradoxically,
forest clear-cut

drop in the total load 
of acidity into the waters



SNOW WATER EQUIVALENT AT PALJAKKA
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ADAPTATION TO THE CLIMATE CHANGE 
IN A MOUNTAIN CATCHMENT

• Reducing additional stress (air pollution and acid 
atmospheric deposition etc.)

• Watershed-outlet as a measure of sustainability.
Forestry strategy to support mixed forests
near the native composition, environmental practices, 

“from the sustainable production of timber 
to a sustainable watershed management”

• Respecting ecological carrying capacity.

• Compromise between „Scientism“ and „Deep ecology“.



Thank you for your attention…
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