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Summary

Snow exerts a huge influence on climate, through its
high reflectivity, insulating properties, and cooling of
the atmosphere, and on surface hydrology, through its
effects on water resources in many parts of the world.
Mean monthly snow-cover extent in the Northern Hemi-
sphere has decreased at a rate of 1.3 per cent per dec-
ade during the last 40 years, with greatest losses in the
spring and summer months. Climate models project
significant decreases in snow cover by the end of this
century, with reductions of 60 to 80 per cent in snow wa-
ter equivalent (depth of water resulting from snow melt)
in most mid-latitude regions. Increases are projected for
the Canadian Arctic and Siberia. Higher temperatures
and rises in snow line are projected for many mountain
regions. Changes in snow cover, such as the formation
of ice layers in snow due to increased frequency of snow
thaw, have widespread impacts as snow is an important
ecological factor. Snow-cover changes also have impacts
on human well-being and economic activities, including
water resources, agriculture, animal husbandry, trans-
portation and winter recreation such as skiing.

Introduction to show

Snow occurs predominantly on the northern continents,
on the sea ice of the Arctic Ocean and on Antarctica.
On the Northern Hemisphere continents, snow covers
a maximum mean area of 45.2 million km?, typically in
January. The minimum snow-cover extent usually oc-
curs in August and covers a mean area of 1.9 million
km?, most of which is snow on the Greenland ice sheet
and on mountain glaciers. As a result, snow cover is
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Snow: frozen precipitation in the form of ice crystals that fall
in soft, white flakes.

Annual maximum
snow-cover extent in
both hemispheres

Snow on land (Northern Hemisphere) (annual minimum ~
maximum):

Area Covered (million square km)
Potential Sea Level Rise (cm)

1.9~45.2
0.1~1

Source: IPCC 2007

the surface characteristic responsible for the largest an-
nual and interannual differences in surface reflectivity
(albedo) in the Northern Hemisphere (Figure 4.1). In
the Southern Hemisphere, excluding the 14.5 million
km? area of Antarctica, terrestrial snow covers a much
smaller area, mostly in the Andes and Patagonia, and it
plays a smaller role in global climate. Limited summer
melt occurs in the Antarctic Peninsula and on the coasts
of western Antarctica.

Snow is an important climate variable. Due to its high
albedo, snow cover increases the amount of sunlight re-
flected from Earth’s surface. The low thermal conduc-
tivity of snow insulates the ground, and its cold, moist
surface affects the transfer of heat and moisture to and
from the atmosphere. Thus, snow cover exerts a signifi-



February

August

Figure 4.1: Mean snow-cover extent (dark blue) and sea-ice extent (light blue) in the Northern Hemisphere between 1966 and 2006, for
February and August. The difference in snow cover between seasons causes significant differences in the surface reflectivity (albedo).

Source: Based on Armstrong and Brodzik 2005

cant influence on climate and hydrology. Snow cover
affects large-scale atmospheric circulation. Early season
snow-cover anomalies in the Northern Hemisphere, for
example, are known to lead to changes in atmospheric
circulation. Autumn snow cover can also affect climate
on a seasonal scale, with impacts extending into the sub-
sequent winter. Snow cover is also a sensitive indicator
of regional climate variability and change. Realistic sim-
ulation of snow cover in models and forecast schemes
is essential for simulating surface energy balance and
predicting winter water storage and year-round runoff.

Snow cover influences human activities directly and
indirectly. Seasonal snow cover is the main source of
runoff in many mountain regions, and over one billion
people depend on it for their water supplies. Snow is a

major factor in transportation, winter sports, agriculture
and animal husbandry such as reindeer herding. It in-
fluences ecosystems and is important for conservation
of biodiversity.

Trends and outlook for snow

Snow accumulation and melt are governed primarily
by air and soil surface temperature, precipitation, wind
and surface relief. Precipitation determines the overall
amount of snow but air temperature determines wheth-
er the precipitation falls as rain or snow and governs the
rate of snow melt. The recent rise in global tempera-
tures, and the warming trends predicted for the future
(see Chapter 3) thus affect global snow cover.
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Data from satellite monitoring (see box on measur-
ing snow cover extent) from 1966 to 2005 show that
mean monthly snow-cover extent in the Northern
Hemisphere is decreasing at a rate of 1.3 per cent per
decade (Figure 4.2). For the calendar year of 2006 av-
erage snow-cover extent was 24.9 million km?* which
is 0.6 million km” less than the 37-year average’. In
the Northern Hemisphere, spring and summer show
the strongest decreases in snow-cover extent. Satellite
observations of snow-cover extent show a decreasing
trend in the Northern Hemisphere for every month
except November and December, with the most sig-
nificant decreasing trends during May to August’. The
average Northern Hemisphere snow-cover extent for
March and April decreased by 7.5 + 3.5 per cent from
1922-2005* (Figure 4.3).

Snow cover
anomaly (million km?)

Snow covered
area (million km?)
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Figure 4.3: Northern Hemisphere snow-covered area (SCA)
for the spring (March—April) from 1922-2005. The linear trend
shows a decrease in SCA of 2.7 + 1.5 x 106 km” or 7.5 + 3.5 %.
The shaded area represents the 5 to 95% range of the data.

Source: Based on IPCC 2007*, updated from Brown 2000°
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Figure 4.2: Northern Hemisphere snow-cover extent departures from monthly means from 1966 to 2005, with the 12-month run-
ning mean also shown. The decreasing trend of —1.3% per decade is significant at the 90% level.

Source: M.J. Brodzik; data from NOAA snow charts revised by D. Robinson, Rutgers University
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Measuring snow-cover extent

Snow-cover fluctuations in the hemispheres are monitored by
satellite. Since 1966 the National Oceanic and Atmospheric
Administration (NOAA) has produced snow-extent charts on
at least a weekly basis®’. Until 1999 the charts were primarily
derived from the manual interpretation of satellite images tak-
en within the visible band of the electromagnetic spectrum.
Passive microwave data, available since 1978, and other data
are now included in the source data for the charts®’.

Satellite passive microwave sensors can detect the snow
surface through clouds and in darkness but may not detect

Regional trends in snow cover

Examination of regional trends in spring snow-cover
duration from 1969-2003 using NOAA snow-cover data
shows the western United States to be among the re-
gions with the strongest decreases (Figure 4.4). This sup-
ports results from studies based on measurements on
the ground'". Springtime snow cover shows a decline
particularly in the Pacific Northwest region of the west-
ern United States, where snow water equivalent, a com-
mon snow cover measurement equivalent to the depth

CHAPTER 4
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Snow covered mountains in Alaska.
Photo: P. Slota/USGS National Wildlife Health Center (US)
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shallow snow that can be seen in visible band imagery. As a
result, time series from microwave and visible data sources
can differ. Data sets from both sources show a similar range
for maximum Northern Hemisphere snow-cover extent that
exceeds 40 million km? consistently™®*’, NOAA data, de-
rived primarily from visible band sensors, show a significant
decreasing trend in mean monthly snow-cover extent (see
text). Microwave data indicate a similar decreasing trend
that is not significant at a 90% level. While NOAA data show
decreasing trends in every month except for November and
December (see text), data from passive microwave sensors
is less clear. Both data sets indicate significant decreasing
trends during May to August (see text).

of water which would result from snow melt, has de-
creased by as much as 50-75 per cent”. This decrease is
attributed to an increase in temperature'*; observations
of temperatures in the western United States already
show warmer winters”. There is abundant evidence of
earlier spring warm spells in the western United States
since 1950 at elevations below 2500 m, with impacts on
snow-cover duration as well as amount. There are more
frequent rain-on-snow events and snow melt begins ear-
lier, with stream flows increasing in March and April
and decreasing in May and June'®.

snow | 43



44

In contrast, for most of northern Eurasia there has been
a long-term increase in snow depth and the duration of
snow cover'. At Abisko in subarctic Sweden, increases
in snow depth have been recorded since 1913*. Dur-
ing 1935-1995, snow-cover duration increased by about
four days per decade in northern European Russia and
small areas of west central Siberia and decreased by
about two days per decade over southern and southeast-
ern Siberia".

Outlook for snow cover

Decreases in snow-cover extent and duration will con-
tribute to continued and accelerated temperature in-

Observed change in spring snow cover
duration 1970-2004 (days/yr)
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Figure 4.4: Trend (days/year) in spring (February—July) snow-cover
duration from 1970-2004 from the NOAA weekly snow-cover da-
taset. Changes exceeding ~ +1 represent significant local changes
at the 95% level. Greenland was excluded from the analysis.

Source: R. Brown, Environment Canada; data from D. Robinson, Rutgers
University

creases, due to changes in the albedo of the land surface
(see Chapter 3). In Alaska, 95 per cent of recent summer
warming trends have been attributed to the decrease in
snow-cover duration®.

Shallow snow cover at low elevations in temperate re-
gions is the most sensitive to temperature fluctuations
and hence most likely to decline with increasing tem-
perature®. In locations where snow accumulates at tem-
peratures close to its melting point, small increases in
temperature will have large effects on snow cover. For
example, in the Pacific Northwest region of the United
States, the temperate snow cover of the Cascade Range
of mountains could be reduced by over 20 per cent with
an increase in mid-winter temperatures of only 2° C*.

Mountain regions are particularly sensitive to climate
change”, and increases in mean minimum tempera-
tures are more pronounced at higher elevations than
in valleys®. Temperatures are projected to continue
rising in the mountains of the western United States,
with accompanying reductions in snow cover*. Similar
changes are expected in other mountainous regions of
the world. In central Chile, air temperature data from
1975 to 2001 show an increase in elevation of the 0°
C isotherm (the line on a map linking points at which
the mean temperature is 0° C) by 122 m in winter and
200 m in summer”. It is estimated that the snow line
of the European Alps will rise about 150 m for every
1.0° C increase in winter temperatures®. Climate mod-
el projections indicate that the Alps and Pyrenees will
experience warmer winters with possible increases in
precipitation”, which, as in the western United States,
will raise snow lines, reduce overall snow cover, and de-
crease summer runoff.

Snow water equivalent and snow-covered area are mod-
elled in General Circulation Model experiments to predict
global changes in snow cover. A comparison of results



Local observations of snow-cover changes

In many areas of snow cover, there are local people who rely
on the snow for water, recreation, travel, and other activities.
Through constant and close interaction with snow, these peo-
ple develop a great body of knowledge about it. People who
possess knowledge of snow include mountain villagers, ski pa-
trollers, mountain climbers, and perhaps more than any other
group, Arctic residents, especially Indigenous Peoples. These
people have the most interaction with snow, as snow is present
for most of the year and they depend on it for their livelihoods.

In the Canadian Arctic, Inuit and their ancestors have depended
on snow, and held a keen understanding of it, for millennia.
Traditionally, Inuit lived in snow houses called igluit. The abil-
ity to travel depended partly on the condition of snow cover,
for example, hard, soft, deep, or drifted snow. Snow forms on
the land or sea ice, running parallel with the dominant wind,
helped hunters to navigate; this practice is still used by some
today (Figure 4.5). Saami reindeer herders in Fennoscandia
have also traditionally depended on snow for their activities and
survival. Herders closely observe snow conditions and modify
their herding strategies accordingly. For example, in hard snow
conditions, herders may keep reindeer close together so that
strong animals help to crush icy snow layers, allowing weaker
animals to graze®. If the snow is relatively soft, animals may
be allowed to graze a wider area. Today, Inuit no longer live in
snow houses and some Saami employ modern technologies,
such as helicopters or motorbikes, to herd reindeer. But elders,
and many hunters and herders, still possess traditional knowl-
edge about snow. They constantly gain new knowledge about
snow and other aspects of the environment, and incorporate
this knowledge into their everyday lives.

Many traditional knowledge holders have noticed changes in
snow in recent years, along with other changes in the environ-
ment and climate. In projects such as the Arctic Climate Impact
Assessment, scientists have begun working cooperatively with
these people in order to understand environmental change in the
Arctic. A number of other projects have documented indigenous
knowledge of environmental change in the Arctic, primarily in
Alaska and the Canadian Arctic’’**. Snow is a common theme
in many of these studies. For example, in Nunavik (northern
Quebec), residents observe less snow cover in spring time. This
restricts travel into the bush by snowmobile to hunt and collect

firewood®. Less snow in the hills also means fewer cold storage
places for fish, which are kept cool in snow patches. This prob-
lem is shared by some communities in the Canadian territory of
Nunavut®. At Clyde River, Nunavut, Inuit observe that perma-
nent snow patches, aniuvat, are disappearing and at a quicker
rate than in the past. In the community of Baker Lake, Nunavut,
changes in snow have already had serious consequences. Chang-
es in wind patterns are packing snow harder than normal, mak-
ing it difficult or even impossible to build snow houses, which are
still used for emergency shelters. Weather events seem to be less
predictable to elders in the area, and hunters are being caught
in unexpected storms unable to make shelter; several deaths in
recent years have been blamed on this change in snow***.

Communities all over the Arctic are living with environmental
change and constantly responding to impacts of this change.
Snow changes are only one part of this and local observers in the
North will acknowledge that snow is bound in a web of environ-
mental processes that are all connected. Knowledge of snow must
be accompanied by knowledge of wind, weather, seasons, ani-
mals, ice, water, and ocean currents. With their long history in the
Arctic and their continued use of the land, ocean, and ice, Arctic
Indigenous Peoples play an important role in understanding the
Arctic environment and its changes, including snow changes.

Figure 4.5: Arctic Indigenous Peoples have depended on snow
for millennia, for example, using snow forms to navigate. This
close interaction with snow makes them important observers of
snow changes.

Photo: Shari Gearheard
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from model simulations to a data set derived from NOAA
visible band imagery found the model simulations of an-
nual and interannual variability in snow-covered area to
be reasonable at continental to hemispheric scales™. At
regional scales, however, significant model biases were
identified over Eurasia at the southern boundary of the
seasonal snow cover. A simulation from one such model
projects decreases of 60-80 per cent in monthly maxi-
mum snow water equivalent over most middle latitudes
by the end of this century (Figure 4.6). The largest de-
creases are projected over Europe, while simulated in-
creases are seen in the Canadian Arctic and Siberia.
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Projected % change in SWE between 1981-2000 and
2081-2100 by the ECHAMS5 model (scenario SRES A2)
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Figure 4.6: Percent change in monthly maximum snow water
equivalent (SWE) between 1981-2000 and 2080-2100, simulated
by the ECHAMS5 climate model under conditions defined by the
SRES A2 emission scenario (RUN 2). Results are plotted for grid
points with a mean maximum SWE of 10 mm in 1981-2000.

Source: R. Brown, Environment Canada; data from ESG 20077
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Snow as an ecological factor

The importance of snow as an ecological factor has been
recognized by science since at least the beginning of the
20th century”*®. However, even today many observations
remain anecdotal. In the 1950s, Gjaerevoll® analysed the
way in which the alpine plant community structure was
shaped by snow. Within the past decade, snow manipula-
tion experiments have explored the effects of snow depth
and snow-cover duration on plant communities and eco-
system processes*®™*. Recently, models of snow cover
have been applied to ecological problems®.

Snow cover plays a dual role in terms of temperature
regulation. The high albedo of snow cover reduces net
radiation, and snow also acts as a heat sink, removing
energy from the atmosphere in the form of heat. This
means that the presence of snow cover inhibits soil
warming until the snow melts, preventing biological
activity that requires temperatures above 0°C. However,
snow is an efficient insulator, keeping soil temperatures
near 0°C and reducing the extremes of temperature ex-
perienced by vegetation and soil in the zone under the
snow (subnivean cavity). In autumn, the insulation
effect of snow on unfrozen ground can even result in
fungal decay of the vegetation, which can kill reindeer
calves when they eat the vegetation*. The subnivean en-
vironment is also very humid. Under thin snow packs
in spring, light levels permit limited photosynthesis for
lichens and evergreen tundra shrubs®. This is an impor-
tant adaptation given the short growing season. Plants in
the “greenhouse of snow” created by the subnivean cav-
ity can start to grow weeks before neighbouring plants
covered by deep snow.

Snow exerts forces on the objects that it covers. For ex-
ample, snow in southern Finland at the end of March,
estimated to weigh 100-120 kg per m’, compresses the



K Figure 4.7: Snow has many effects on vegetation, including
the ability to deform and break trees with its weight (see beech
trees, left). Trees with a narrow canopy (see spruce trees, right)
collect less snow and are less likely to suffer damage.

Photo: (left) Fillies Wo/UNEP/Still Pictures, (right) Terry Callaghan

shoots of bog moss*®. The weight of snow can deform and
break trees® (Figure 4.7), branches and the soft tissues of
plants such as grasses and forbs. Snow can facilitate the
spread of some woody plants by pressing branches to the
ground surface — the branches then develop roots and
form new individuals. Snow pressing directly onto veg-
etation protects it, to some extent, from grazing. Plants
that are covered by the snow are also protected from dry-
ing out in the winter and from erosion of tissues by ice
crystals. For this reason, the height of vegetation is often
uniform and correlated with snow depth®’.

Snow also supports weight, including the various ground
pressures that passing animals exert. While snow can
support small animals such as birds, small mammals,
hares and foxes with only minor deformation, larger
mammals such as reindeer and moose experience a crit-
ical snow depth above which they cannot move. Snow
can, therefore, enhance access across the landscape for
animals by smoothing the terrain or forming bridges
across gullies, or it can inhibit access by being too deep
or too soft. The solid matrix of snow can be shaped and
made into dens for polar bears. The consistency of snow
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also allows the formation of a subnivean cavity in which
small mammals nest and feed, protected from preda-
tors such as foxes and snowy owls. Along streams in late
winter, the subnivean cavity can be as wide as 2 m.

Snow provides a habitat for some “primitive” forms of
life. A relatively abundant and diverse array of micro-or-
ganisms can be found on both seasonal snow cover*® and
persistent snow on glaciers®. These organisms include
algae that can colour the snow red, blue or green, bac-
teria, fungi, diatoms, viruses, rotifers and tardigrades.
On Signy Island, a small subantarctic island, cell num-
bers range from 5000 cells per cubic millimetre for col-
oured snow to 1 to 2 cells per cubic millimetre for clean
snow®. The presence of organic matter in and on snow
reduces albedo and results in local melt and accumula-
tion of nutrients.

The fractional snow cover (snow in patches) in the spring
months affects the breeding of certain ground nesting
species, such as waders, ducks and geese (see box on
migratory sandpipers and snow). Fractional snow cover,
particularly associated with small-scale topographical
differences within the landscape, also affects the distri-
bution of plant communities and species. Plant com-
munities that are characteristic of depressions where
snow accumulates have short growing seasons and are
waterlogged after thaw’® whereas communities on wind-
exposed ridges are more drought tolerant™. Traditional
Saami knowledge has described the influence of snow
cover on the vertical distributions of lichens that live on
mountain birch stems in the subarctic; Parmelia olivacea
grows above the winter snow line, whereas Parmeliopsis
ambigua grows below the snow line and is covered by
snow for six months per year.

Snow accumulates debris and chemicals including plant
nutrients and pollutants from the atmosphere. Some of
these, such as atmospheric nitrogen®* and seeds, ac-
cumulate over the winter and are then released or re-
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Migratory sandpipers and snow on the Arctic tundra

Snow very much determines the distribution of Arctic birds. In the spring, 24-hour daylight
and vast food supplies attract billions of waterbirds to migrate from virtually all corners of the
world to breed in the Arctic. These migratory waterbirds need snow-free patches to feed and
nest in the tundra.

For sandpipers breeding in Greenland and Arctic Canada, such as the knot, dunlin and sand-
erling, both the density and timing of breeding have been shown to be strongly related to
snow cover. Successful breeding for these birds depends on finding a nesting area with the
right size of snow-free patches and timing breeding so that the chick-rearing period in July
coincides with the emergence of insects. Breeding too early can mean losing the clutch due to
adverse weather events or due to predation by Arctic foxes, which prey more easily on nests in
small snow-free patches. In Siberia, researchers found that, while patch size does not matter
for the well-camouflaged ptarmigan, breeding density of passerines and sandpipers increases
strongly with the size of the snow-free patches.

The highest density of breeding sandpipers is found in central-eastern Greenland, where con-
tinental climate conditions provide an ideal balance between snow-free patches and suitable
vegetation. In the northern-most part of Greenland, the vegetation is thinner and fewer sand-
pipers breed. Further south the conditions are different again. The Atlantic climate, with more
snow, allows only late breeding. Large areas in the Arctic do not harbour any sandpipers at all,
due to greater snow depth and later thawing. If the current observed trend of increased snow
fall continues, the best breeding areas in Greenland will shift further north and push more
and more birds to the edge, with a smaller window for breeding. The most affected species
are those that breed in the high Arctic. In northern Europe, most of Siberia, and Alaska, earlier
thawing will mean more snow-free patches and more favourable conditions for sandpiper
breeding at lower latitudes.

Sources: Meltofte 1985%, Rysgaard and others 2003°?, Summers and Underhill 1996
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distributed over the landscape. Snow melt provides an
important source of nitrogen for tundra ecosystems and
can result in a flush of moss growth in spring. However,
the accumulation of chemicals by snow can have nega-
tive effects on vegetation. Although accumulations of
nitrate can be potentially assimilated by mosses and re-
lated plants under the snow pack, at high concentrations
characteristic of areas south of the Arctic, both nitrate
and sulphate can cause physiological damage to plants
under the snow®*.

Just as snow has numerous effects on vegetation, veg-
etation in turn exerts major effects on snow-cover dy-
namics*>*°. Wind can remove up to 70 per cent of the
snow cover in alpine areas, as well as in polar regions
and on the prairies”’. Trees and tall shrubs reduce wind
speeds and thereby affect the distribution of snow on the
ground®®. The forest canopy can trap snow, especially in
mountain regions with coniferous vegetation, resulting
in increased snow depth underneath the vegetation®.
Depending on the canopy characteristics of the vegeta-
tion, the opposite scenario can also occur. In dense co-
niferous forests, up to 60 per cent of snow fall can be
intercepted® by the canopy and stored on the branches of
the trees. This results in a decrease in snow depth under-
neath the vegetation, as much of the snow changes to gas
(sublimates) or blows away before it falls to the ground®.
Snow that reaches the ground has been “filtered” by the
canopy and is less dense than that in open areas.

Vegetation also affects the amount of snow precipita-
tion and the rate of snow melt. Trees and shrubs affect
surface albedo — for example, black spruce can inter-
cept up to 95 per cent of incoming radiation. Trees and
shrubs thus increase local temperatures that affect snow
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fall, thereby indirectly moderating the amount of snow
precipitation. The presence of a forest canopy generally
slows the rate of snow melt (up to three fold) because it
reduces net radiation and wind speeds®, while a shrub
canopy slightly increases the rate of snow melt. Snow
within shrub canopies is deeper and less dense, which
reduces heat transfer through the snow pack and in-
creases winter soil temperatures by 2 °C relative to adja-
cent shrub-free tundra®. In spring when the snow starts
to melt, the contrasting albedos of the vegetation and
the snow enable the vegetation to transfer heat to the
ground, resulting in local melt which creates holes in
the snow around vegetation.

Impacts of projected snow-cover changes
on ecosystems

The effect of future snow regimes on vegetation will in-
volve complex interactions between changes in the du-
ration of snow cover and changes in snow depth. The
timing of snow cover has effects on the productivity of
ecosystems. For areas of seasonal snow cover, the snow-
free period in summer determines the length of the po-
tential growing season for plants and thus ecosystem
and net primary productivity** (Figure 4.8). The timing
of the spring melt has a great impact on productivity as,
in the Arctic, leaf production occurs relatively late in the
season following thaw when the amount of solar radia-
tion received is already at its maximum or declining. At
an alpine site, productivity was decreased by 3 per cent
for each day that snow melt was delayed®. In contrast,
the timing of onset of winter snow has less influence on
productivity as it comes at a time when solar angles are
low and potential plant production is also low.



The increased snow cover that is predicted in some
northern areas as temperatures rise will affect both eco-
system structure and function. Long-term experimental
increases in snow cover affected species abundance,
height of the vegetation, and diversity of plant functional
types in the Alaskan tundra®. The increase in snow cov-
er had a greater impact on vegetation than experimen-
tal summer warming, partly because insulation by in-
creased snow in winter caused higher soil warming than
increased air temperatures. In the subarctic, an experi-
mental doubling of winter snow cover on a peat moss
bog increased air and soil temperatures and strongly
increased moss growth*'. This increase in moss growth
could increase the carbon sink effectiveness of northern
peat lands in areas where snow depth increases.

Figure 4.8: The duration of snow cover is a major determinant
of the length of the growing season for plants. Shown here is
a persistent snow patch in western Greenland. With increasing
distance from the centre of the snow patch, the growing season
becomes longer, and thus plant communities become more de-
veloped and productivity increases.

Photo: Terry Callaghan

More frequent winter thaws can also affect ecosystems.
Thawing changes the mechanical properties of snow
dramatically. This can reduce the insulating properties
of the snow cover, with increased potential for frost pen-
etration into the soil and root damage to certain plant
species. During the brief thaw, soil microbial activ-
ity may also release greenhouse gases. This occurs at a
time when plant uptake of carbon, which could offset
the increase in atmospheric carbon, is not possible, and
adds to atmospheric concentrations of greenhouse gas-
es. In addition, re-freezing occurs after thawing, which
forms ice layers that can be on the surface, throughout
the snow cover or, if snow falls after a thawing event,
under the snow in contact with the ground. Ice layers
can act as a mechanical barrier, preventing herbivores
such as musk oxen® and reindeer from digging through
the snow to reach critical lichens and other forage (see
box on the snow-loving deer of the Arctic). This greatly
affects their health in winter and can determine their
survival®. Ice layers may also inhibit the diffusion of
organic compounds that reindeer possibly use to detect
food®. Presence of ice layers affects the survival of other
animals such as voles as well®. Ice layers can act as a
barrier to small mammals accessing shelter, food, nests
and protection from predators.

Snow cover in mountain regions is a critical source of
freshwater; changes in snow cover could have indirect
effects on ecosystems due to changes in availability of
these water resources. One potential effect is increased
intensity and size of wildfires because of moisture
stress on mountain forests. There could also be im-
pacts on anadramous fish, which require high stream
flow for their migration to the ocean after hatching in
fresh water.
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The snow-loving deer of the Arctic

Reindeer and caribou (Rangifer tarandus) have been called
chionophiles, snow loving. In fact, Arctic island subspecies of
Rangifer are associated with a snow environment for up to ten
months out of the year. Rangifer are the most dominant large
mammal species in Arctic environments. The species has spe-
cialized adaptations in order to thrive in a cold environment.
Their diet is energy rich winter lichen, which they obtain mostly
by digging (cratering) under the snow’®’". Large hooves aid in
the cratering and allow Rangiferto better travel through snow’*7*.
Rangifer are the only member of the deer family in which both
males and females grow antlers. Pregnant females retain their
antlers until after spring-time calving, allowing them to domi-
nate the social hierarchy in late winter. This dominance allows
them to displace lower ranked animals from feeding craters,
saving valuable energy”. The large migratory herds of Rangifer
migrate north into regions of rapidly melting snow in spring
during the calving period. The pregnant and birthing cows
feed along the snow-melt line, and the newly emerged forage
that they ingest is highly digestible, protein-rich and critical for
milk production.

Although under normal conditions Rangifer are able to thrive
in snow environments, snow can also severely limit the annual
productivity of herds. During deep snow years, more energy is
expended in digging to the lichens than is derived from eat-
ing them, so caribou limit cratering or move in search of more
favourable snow conditions”. Under deep snow conditions,
Rangifer severely deplete their fat and protein reserves to meet
their daily energy needs. Late snow melt and deep snow stalls

movement during spring migrations. Under severe conditions,
calves are born before the herds arrive at the calving grounds.
In such years, up to 40 per cent of calves can die before they are
a month old”. In northwestern North America, recent warming
has led to a dramatic increase in the number of days of above
freezing temperatures during the Rangifer migration period.
Thawing and subsequent re-freezing of snow results in ice lay-
ers in the snow pack which hinder travel of Rangifer and make
it harder to crater for food”®. There have been catastrophic de-
clines in the Peary caribou on the Arctic islands of North Amer-
ica and they are now considered endangered (Figure 4.9). The
formation of ice layers that prevent the caribou from accessing
food has been identified as the chief cause of the declines”””®.

Population ~ .
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Figure 4.9: Population size of Peary caribou in the Canadian Arc-
tic islands from 1961 to 2004, showing major declines.

Source: Based on data from D. Russell



Impacts of snow-cover changes on
human economies and well-being

Impacts on water resources

One of the most dramatic impacts of changing snow
cover is on water resources. Snow cover in mountain
regions provides critical water supplies, serving nearly
one-sixth of the global population with freshwater for
domestic, agricultural and industrial uses”. Much of the
arid American West”” and Central Asia® (Figure 4.10)
depends heavily (about 75-85 per cent) on snow melt to
supply water for municipalities and agriculture. Snow
melt driven water resources are crucial for generation of

hydroelectric power, particularly in the American West,
Canada, and Europe®"*. The declining springtime snow
cover in the Pacific Northwest of the United States and
rising snowlines projected for many mountain areas,
noted in the “Trends and outlook’ section above, threaten
these critical water supplies.

Mountain snow cover typically develops in the autumn
and grows to a maximum depth in early spring (Figure
4.11). As day length and sun angles increase, so do air tem-
peratures, causing snow cover to warm and begin to melt.
Snow cover balances the availability of water in mountain
environments. Where winter precipitation falls as rain,
surface runoff occurs almost immediately. In contrast,

(b)

Figure 4.10: Snow cover provides critical water supplies used for many purposes.
(a) Melting of prairie snow cover, seen here in Saskatchewan, Canada, provides spring ponds that are essential for recharge of
groundwater and soilwater, for farm water supplies and as spring wetlands for waterfowl migrations through what is otherwise a

semi-arid environment.

(b) Melting of alpine snow cover forms a small stream in the Rocky Mountains in British Columbia, Canada. This segment of the
Rocky Mountains contains the headwaters of the Columbia River, which supplies water to a large area of western Canada and north-
western United States including many important irrigation and hydroelectric generation projects.

Photos: J. Pomeroy
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Figure 4.11: Mean monthly snow water equivalent, a common
snow pack measurement, for Columbine Pass, Colorado from
1971 to 2000, showing a typical seasonal pattern in a mountain
environment.

Source: Based on data from the U.S. National Resources Conservation Service

snow stores water during the winter and then melts in the
spring and early summer, creating peak stream flows in
the afternoon and an overall seasonal peak flow. In many
semi-arid mountain environments, snow melt buffers the
transition into the dry summer season. Mountain snow is
also a key source of groundwater, since a significant por-
tion of the snow melt enters the soil and drains downbhill
into valley sediments®. The timing, spatial distribution,
and volume of snow melt are critical for determining how
much water flows as surface runoff into rivers and lakes
and how much becomes groundwater. Earlier snow melt
across the western United States, for example, caused a
one to four week earlier runoff for mountain rivers and
longer periods of summertime low-flow®.
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Impacts on agriculture — crops and animal
husbandry

The dramatic impacts of snow cover on vegetation also
apply to agricultural crops. Gradual changes in snow
cover, as well as incidences of extreme snow events,
can have a strong impact on crops both at the start and
end of the growing season. Snow typically disappears in
the spring before the start of the growing season. If it
occurs during the growing season, snow can insulate
crops from cold air or cause damage by freezing crops
or breaking off branches and stems. An early autumn
snow may prevent a farmer from being able to harvest
crops because snow can damage the plants, prevent



them from ripening, or interfere with operation of ma-
chinery. In the long-term, changes in snow distributions
and their impacts on the local water budget can contrib-

ute to changes in vegetation type®* and change the eco-

nomic cost-benefit of raising certain crops.

Changes in snow distribution can also influence animal
husbandry. During extreme snow events, livestock can get
lost, stressed, or fail to give birth successfully®’. The melt-
ing of spring snow creates muddy ground conditions that,
if prolonged, can lead to animal weight loss. In subsist-
ence communities such as those across the Arctic, access
to traditional hunting or herding of caribou and reindeer
is strongly impacted by snow distribution® (Figure 4.12).

O Children playing in the snow.
Photo: Martha Main

Kl Figure 4.12: A herd of reindeer belonging to the Nenets, an
indigenous people of the Russian Arctic, feed by digging un-
der the snow in western Siberia. Reindeer herding, practiced
for centuries by several Arctic peoples, is strongly impacted by
SNow cover.

Photo: Lars Miguel Utsi/www.ealat.org

Impacts on recreational sector

Changes in snow distributions have had strong impacts on
the recreational sector. Skiing is one example that is im-
portant to the economies of mountainous regions of North
America, Europe, and Asia®* (see text box on alpine ski
resorts). Snowmobiling, used both recreationally and for
transport in cold regions, is a growing pursuit and is, of
course, dependent on a healthy base layer of snow. In 1985,
snowmobiling contributed $300 million to the state econ-
omy of Minnesota alone”’. Other less widespread winter
sports such as dog mushing, sledding, and snowshoeing
can be important to local economies, and are impacted
when snow arrives anomalously late, too little, or not at all.
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Making snow on the
slopes of a ski resort.
Photo: UNEP/Still Pictures

Alpine ski resorts

Winter tourism is a significant part of the economy of Alpine coun-
tries and the most important source of income in many regions.
In Austria, winter tourism revenue makes up 4.5 per cent of GNP
and half of the total income from tourism. Much of winter tour-
ism is based around the ski industry, which is dependent on reli-
able snow conditions. Although snow fall is expected to increase
at high elevations, it is winter temperatures that largely determine
the depth of snow that accumulates on the mountains. The Alps
are currently warming at roughly three times the global average.
Climate models project an increase in winter temperatures of
about 1° to 3° C from 1990 conditions by 2050, with greater warm-
ing at higher elevations. An analysis of snow cover in the Alps con-
cluded that each increase of 1° C corresponds to a 150 m move up
the mountain of the line marking the lower limit of adequate snow
for ski resorts. This means that each degree of warming will result
in a further decline of snow conditions to the point that more and
more current ski operations will not be viable (Figure 4.13).

Adaptation measures include more artificial snow making and
expanding and building ski areas at higher elevations and on
north-facing slopes. As the climate warms and the snow cover
declines, many low-elevation ski resorts will not be able to adapt
and will be forced to switch to other types of tourism or close.
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Figure 4.13: Per cent of existing ski areas in the Alps with natural
snow-reliability under current conditions and warmer conditions,
based on an analysis of 666 medium to large ski areas in France,
Austria, Switzerland, Italy and Germany. Natural snow-reliability
means on average a season of 100 days with at least 30 cm of
snow on upper ski run.

Source: Based on Agrawala 2007°°



Impacts on industry and infrastructure

Certain industries depend heavily on reliable snow cover. Oil
and gas companies, for example, use ice roads in the Arctic
to gain access to resource fields. In order to protect the tun-
dra ecosystem, temperature and snow-depth criteria must
be met before a company builds an ice road. Other indus-
tries benefit from less snow, as snow-removal costs can be
significant for both small and large businesses. Events such
as mid-winter melting or rain-on-snow can cause flooding
and lead to damage of roads, bridges and homes™.

The amount of snow per event, number of events per sea-
son, timing within the day and work week” all affect the
economic impact of snow. The economic impact of a snow
event on a region’s infrastructure also depends on popula-
tion density. For example, the Northeast Snow Impact Scale
(referring to the northeast region of the United States) takes
population density as well as snow-cover extent into account
in assessing economic impacts of a snow event®. Expecta-
tions also play an important role in determining the eco-
nomic impact of climate changes”, including changes in
snow cover. Weather model forecasts that depict weather

CHAPTER 4

conditions over a broad area have become important man-
agement tools for economic sectors impacted by snow.
While they are not always accurate, they are the best avail-
able source of day-to-day information for most industries.

Impacts on environmental hazards

Snow avalanches, in which large quantities of snow slide
down a mountainside, are major hazards in steep terrain,
causing economic losses, injury and loss of life. Fatalities
due to avalanches in the western United States increased
to 25 per year in the 1990s”. In the European Alps, there
was an average of 114 victims per year between 1975 and
1988, three quarters of them mountain and ‘off track’
skiers”. Factors that create high risk of avalanches are:
slopes of 35-45°, new snow accumulations of 50-100 cm,
and high wind speeds; the order and thickness of layers
within the snow pack are also important™. Increasing
events of rain-on-snow as in the western United States,
noted in the “Trends and outlook” section above, may
enhance the triggering of avalanche release. This is an
increasing risk at lower elevations and in coastal moun-
tains with rising winter temperatures.
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