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EXECUTIVESUMMARY
Thecryosphere covers a substantial amount of the Earth's surface and is very sensitive to climate change. This chapter
updatesthe 1990 IPCC Impacts Assessment-which examined
snoW,glaciers, and permafrost-but also considers snow
avalanchesand sea, river, and lake ice. Impacts on feedbacks
to globalclimate and sea level caused by changes in the cryosphere are covered in other chapters of the IPCC Second
AssessmentReport.

If projections of climate for the year 205Qare realized (UKMO
transient experiment data; Greco et at., 1994), then the following impacts on the cryosphere are likely:

This chapter arrives at the following conclusions:

Many components of the cryosphere are sensitive to
changes in atmospheric temperature because of their
thermal proximity to melting. The extent of glaciers
has often been used as an indicator of past global temperatures (High Confidence).
Projected warming of the climate will reduce the area
and volume of the cryosphere.This reduction will have
significant impacts on related ecosystems, associated
people, and their livelihoods (High Confidence).
There will be striking changes in the landscapes of
many high mountain ranges and of lands at northern
high latitudes (High Confidence). These changes may
be exacerbated where they are accompanied by growing numbers of people and increased economic activity (Medium Confidence).

. ,

Froman examination of past measurements of the cryosphere,
the following20th-century trends are observed:

.

.

Obvious thinning, mass-loss, and retreat of mountain
glaciers (High Confidence): The extent of alpine ice
in the European Alps probably is more reduced today
than at any time during the past 5,000 years.
Borehole measurements show that permafrost is
warming in some areas but not everywhere (Medium
Confidence).
Later freeze-up and earlier break-up dates for river
and lake ice in the tundra and boreal lands: These are
at least a week different compared to last century

(MediumConfidence).

.

.

No convincing evidence' of trends in Antarctic or
Arctic sea-ice extent (Low Confidence).
Much variability of seasonal snow from year to year
but no definitive trends, except that the areal extent of
Northern Hemisphere continental snow cover has
decreased since 1987 (High Confidence).
Little change in the gross features of ice sheets
(Medium Confb1ence).

-~

Pronounced reductions in seasonal snow, permafrost,
glacier, and periglacial belts of the world, with a corresponding shift in landscape processes (High
Confidence).
Disappearance of up to a quarter of the presently existing mountain glacier mass (Medium Confidence).
Increases in the thickness of the active layer of permafrost and the disappearance of extensive areas of
discontinuous permafrost in continental and mountain
areas (High Confidence).
Less ice on rivers and lakes. Freeze-up dates will be
delayed, and break-up will begin earlier. The river-ice
season could be shortened by up to a month. Many
rivers within the temperate regions will become icefree or develop only intermittent or partial ice coverage (Medium Confidence).
A large change in the extent and thickness of sea ice,
not only from warming but also from changes in circulation patterns of both atmosphere and oceans.
There is likely to be substantially less sea ice in the
Arctic Ocean (Medium Confidence).
Major changes in the volume and extent of ice sheets
and deep, continuous permafrost are unlikely by 2050
because they are very cold and react with longer time
lags (High Confidence); howev!<r,unforeseen changes
in the West Antarctic ice s~et ~JilIcould occur (Low
Confidence).

As a result of these changes in the cryosphere, the following
impacts on other systems are expected:

·

More water will be released from regions with extensive
glaciers (High Confidence). In some;semi:arid pJ;ices
near high mountains, such as in central Asia and
Argentina, this glacial runoff may increase water'
resources. In other places, summer water resources may
diminish as glaciers disappear (Medium Confidence).

In temperate mountain regions, reduced snow cover
will cause moderation of the seasonal flow regime of
rivers, so that winter runoff increases and spring
runoff decreases (Medium Confidence). Such
changes may benefit tlie hyafoelectricity industry
(Medium Confidence).
'Reduced snow cover and glaciers will detract from
the scenic appeal of many alpine laQdsca~s
......
'"

~
I.

-

·

(Medium Confidence). For temperate mountains, less
snow will restrict alpine tourism- and limit the ski
industry to I}igher.alpine areas than at present. Snow
seasons will tend to be shorter and less reliable, and
there will .,e. detrimental socioeconomic impacts on
mountain communities that depend on winter tourism.
Widespread loss of permafrost over extensive continental and mountain areas will trigger erosion or subsidence of ice-rich landscapes, change hydrologic
processes, and release carbon dioxide and methane to
the atmosphere (Medium Confidence).
Cryospheric change will reduce slope stability and
increase the incidence of natural hazards for people,
structures, and communication links in mountain
lands and continental permafrost areas. Buildings,
other structures, pipelines, and communication links
will be threatened (Medium Confidence).
Engineering. am! agricultural practices will need to
adjust to changd in snow, ice, and permafrost distributions (High -Confidence).

Thawing of permafrost could lead to disruption of
existing petroleum production and distribution systems in the tundra, unless mitigation techniques are
adopted. Reduced sea ice may aid new exploration
and production of oil in the Arctic basin (Medium
Confidence).
.Less sea ice could reduce the renewal of deep waters
of the North Atlantic, affect the ocean conveyor system, decrease albedo, and consequently induce climate feedbacks (Low Confidence).
.. . Improved opportunities for water transport, tourism,
and trade at high latitudes are expected from a reduction in sea, river, and lake ice. These will have important implications for the people and economies of the
Arctic rim (Medium Confidence).
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Introduction

1111:cryosphere, whichrepresents all global snow, ice, and per111"frost.
contains nearly 80% of all freshwater. It includes seasonal snoW.mountain glaciers, ice caps, ice sheets, seasonally frozen
soils. pcmtafrost, river ice, lake ice, and sea ice (Table 7-1).
.ren1mfrost undl"rlies as much as 25% of the global land surface.
Sc<LO;(1I1al
snow has the largest area of any component of the cryosrl!l:rc: aCits maximum in late winter it covers almost 50% of the
landsurface of the Northern Hemisphere. A huge proportion of the
O1a.~s
of the cryosphere is contained in ice sheets, but at time scales
of a'century or less they are least sensitive to climate change.

\

The cryosphere is an important part of Earth's geographical
andclimate systems, and its components change over diverse
time scales. Areas of snow and sea ice expand and contract
markedlywith the seasons (Table 7-1), and ice sheets underwentvast change as the Earth became warmer or cooler from
the last interglacial period. During the previous interglacialwhen global temperature was higher than at present-the
glo!\alcryosphere was smaller, but it had twice its current
massduringthe lastglaciation.

7.2,

Thischapterbringsup to date the 1990lPeC ImpactsAssessment
thatdealt with seasonal snow cover, ice, and permafrost (Street

7.2.1.

Sea.~onalSnow
N. Hemispherewinter
N. Hemispheresummer
S. Hemispherewinter
S. Hemispheresummer

~

I

'I
',.

Area
(106km2)

Ice Volume
(106kmJ)
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River and Lake Ice
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Snow
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]

IceSheets
Greenland
WestAntarctica
EastAntarctica
Antarcticice shelves

Is the Cryosphere Changing?

Snow tends to be a very transient part of the Earth's surface,
often lasting for only a few days or months. Monitoring of
global seasonal snow is practical only with satellite remote
sensing, so there are no reliable records prior to 1971. Records
since then show considerable variability in the Northern
Hemisphere continental snow cover from year to year (Figure
7-1), which makes long-term trends difficult to detect. The
extent of snow has been less since 1987 (Robinson et aI.,
1993), with the largest negative snow anomalies occurring in
spring. Recent analysis of directly measured snow cover over
the North American Great Plains (Brown et al., 1994) reveals

CD

0.6

Ice Caps and Glaciers

t

ways in which it generates importantfeedbacks

into the climate system are not discussed because this information is contained in the Working Group I volume. Similarly,
the interaction of ice sheets and sea-level change are considered in detail in the Working Group I volume (see Chapter 7,
Changes in Sea Level). A summary of ice sheets and climate
change is offered here in Box 7-1.

Source

\

Although the cryosphere forms an integral part of the climate
.. system, the

Table 7-1: Estimate of the size of the cryosphere (modified
[mill U.S. DOE, 1985; Barry, 1985; Street and Melnikov,
1990; Meier. 1993; Gloersen et aI., 1992; and Chapter 7.
CllClIIge.f
in Sea Level, of the Working Group I volume).

t

and Melnikov, 1990)and the IPCC 1992 Supplementary Report
(Melnikov and Street, 1992). Snow avalanches and sea, river,
and lake ice are considered for the first time, and substantial
new material has been added on glaciers and permafrost. How
each component of the cryosphere is changing and its sensitivity to climate change is assessed, as is the impact of climate
change on the cryosphere by about 2050. How these changes
if!,the cryosphere might affect other ph)'sical and human systems is also described. Critical informatismwe ~eed to know is
identified in the final section.
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Figure'-I: SeasonalsnowcoveranomaliesintheNonhem
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for 1971-1994(afterRobinsonet al., 1993).Eachv~caI
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notably from Iceland (Bjornson, 1980), Europe (Fitzharrisand
Bakkehoi, 1986), western Canada (Fitzharris and Schaercr
1980), and the United States (Armstrong, 1978). They demon:
strate that although avalanches reach catastrophic proportions
in a few winters, there are no clear temporal trends or regular
periodicities.

I b
7.2.2.

i0

Ice Caps and Glaciers
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Internationally coordinated, long-term monitoring of glaciers
started in 1894 and today involves collection and publication
of standardized information on the distribution and variability
of glaciers over space (glacier inventories) and time (glacier
fluctuations; mass balance, length change). Informationon
special events (instabilities, catastrophic changes) also is avail.
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able (UNEP, 1993). The results of long observational series on
fluctuations of mountain glaciers represent convincing evi.
dence of past climatic change on a global scale Ic.g..
IAHS(lCSI)/UNEP/UNESCO,
1988, 1989, 1993, 19941.
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Figure 7.2: Historical variability of snow for three different senings:
(a) Snow-coverdurationanomaliesover the continentalinterior of North
America (after Brown et al., 1994); (b) depth of seasonal snow at an
alpine area at Davos, elevation 1560 m, in Switzerland, as measured
every I January 1893-1994 (updated from Foehn, 1990): and (c)
water equivalent of snow near the equilibrium line of a glacier at
Claridenfim, elevation 2700 m, in Switzerland, as measured every
spring 1914-1993 (updated from Muller and Kaeppenburger, 1991).

an increase over the past century (Figure 7-2a) but a decline
over the Canadian Prairies~
The longest alpine snow-cover time series come from the
European Alps. Recently, there has been a trend to lower snow
depths in early winter but delayed ablation in spring; however,
the century-long record for Davos (Figure 7-2b) shows no obvious trend in snow depth but large interannual variability (Foehn,
1990). This lack of any trend is reinforced by Figure 7-2c, which
shows snow water equivalent near the glacier equilibrium line at
Claridenfirn (Muller and Kaeppenberger, 1991). Elsewhere, a
remarkable decrease in. accumulated and maximum snow depth
is reported 'since'the 1987~88 winter over a wide area of western
Japan. Here, snowfall normally is heavy and is affected by the
winter monsoon (Morinaga and Yasunari, 1993).

Few observations assess long-term trends in the structure of
snow. In the EuropeanAlps, it is summarized by ram (ramsonde)
profiles,whichare catagorizedinto six maintypes.Each type
has a certain potential for snow avalanche formation and is
linked to a specific winter climate. Over the last 50 years in
Switzerland there has been no trend iriram profiles. A few fongterm records of avalanche occurrence have been assembled,

Mass loss and retreat of glaciers is common in many mountain
areas of the world. Oerlemans (1994) looks at glacial retreat on
a global level, using a scaling system to classify different glac.
iers. He concludes that during the period 1884-1978, mcan
global glacial retreat corresponded to a calculated warming of
0.66 :t O.lOoC per century. Chapter 7, Changes in Sea Lad, of
the Working Group I volume suggests that glaciers havc lo~t
sufficient ice over the last 100years to raise sea level by O.2-0A
mm/yr. Recent analyses by Oerlemans and Fortuin (IW2),
Meier (1993), and Dyurgerov (1994) all show negative global
ice-mass balances during this century. Although the glacial sig.
nal appears homogeneous at the global scale, there is great vari.
ability at local and regional scales and over shorter time period\
of years to decades (Letreguilly and Reynaud, 1989).

Since the end of the Little Ice Age, the glaciers of the European
Alps have lost about 30 to 40% of their surface area and about
50% of their ice volume. On average, this rate of icemeltis
roughly one order of magnitude higher than the overall mean
calculated for the end of the last glaciation and is broadlycon.
sistent with anthropogenic greenJlOuseforcing of 2-3 W/m:.
The recent discovery of a stone-age man from cold ice/per.
mafrost on a high-altitude ridge of the Oetztal Alps'~onfirms
the results of earlier moraine investigations:The extent o{
Alpine ice probablyis more reducedtoday than at any time
during the past 5,000 years. Glacier wastage in the European
Alps appears to be accelerating (Haeberli, 1994).
In the circum-Arctic, there is a consistent tendenL:Yfor negative:
mass balances over the past 30 years. Mass balances of tWO
Canadian ice caps are slightly negative (Koerner and Brugman,
1991), but these are so cold that the main signal is likely to be:
in the change of firn temperatures. The general picture (ron,'
West Greenland is that of a strong retreat through this centuf)~
w:th a trim line zone around many glacier lobes. For the Nor!
Greenland mouritainglaCiers and ice caps, the situation is le~s
clear, but the general impression is that changes are small. Ea~t

if:;'
.. -'.-:':~

'.'j:

:'.

'~!jJ/Ji~.'~

'J
°t
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Gn:t:nlandmountainglac~ersseem to have behaved as th~West
Grt:t:nlandones, but surglOgadvances occur frequently 10cer. '('ions (Weidick, 199Ia-d). The longest glacier record for
lalll r<:;~

Contemporary

climate

northern Sweden shows a preponderance of negative mass-balalKt: years since 1946 (Letreguilly and Reynaud, 1989). In
Spitsbergen, several glaciers have been losing mass (Hagen
.

alld LiestCil,1990), although the extent of glaciers probably
was less'about 5,000 years ago (Fujii et ai., 1990).

In Asia, the area of glaciers in Kazakhstan reduced by 14%,
theirnumber diminished by 15%, and the general volume of
icereducedby II % between 1955 and 1979 (Glazyrin et ai.,

1986.1990;Dikikhand Dikikh, 1990;Kotlyakovet ai., 1991; .
popovnin,1987). Fluctuations of 224 glaciers in Central Asia
fromthe 1950s to the 1980s can be summarized as retreating
(73%), advancing (15%), and stable (12%) (Shi and Ren,
1988,1990).
The general picture of ice retreat continues for mountains in
the tropics.It began around the middle of the 19th century in
the EcuadorianAndes and in New Guinea but only after 1880
in EastAfrica(Hastenrath,1994).Schubert(1992)documents
fast.ongoingglacier shrinkage in Venezuela, as do Hastenrath
andAmes(1995)for the Yanamareyglacier"inthe Cordillera
Blancaof Peru.
The Southern Hemisphere record is not as detailed as that for
the Northern Hemisphere. In New Zealand, Ruddell (1990)
showsthat most glaciers have retreated during the 20th century. some by three kilometers or more. The surface of the
TasmanGlacier has thinned by more than 100 m. This widespreadrecession has reversed for western glaciers since about
1983.In South America, the Upsala glacier has retreated about
60 mlyrover the last 60 years, and this rate seems to be accelcr.lting(Malagnino and Strelin, 1992). The area of the South
PatagonianIce Field has diminished by about 500 km2 from
13.500km2in 41 years. Surface lowering also has been considcrable-::-morethan 100 m at ablation areas of some glaciers
(Aniyal't ai.. 1992). The Soler Glacier thinned at a rate of 5.2
mlyrfrom 1983to 1985 (Aniya et ai.. 1992), and the surface of
TyndallGlacier (one of the southernmost outlet glaciers) lowcred by 20 m between 1985 and 1990 (a rate of 4.0 mlyr),
accordingto Kadota et ai. (1992). A few glaciers are advancing:The Pio XI glacier in Patagonia is larger now than it has
beenat any time in the past 6,000 years (Warren, 1994).

2°C warming

.
.
.
Pennafrost

D

None

Discontinuous

Contin uous

".

Widespread

"-

Figure 7-3: Distribution of Northern Hemisphere permafrost for
(a) the present and (b) 2050 (based on Nelson and Outcalt, 1987;
Anisimov and Nelson, 1995).

to considerable depths. It also is present under shallow polar
seabeds, in ice-free areas in Antarctica, on'some sub-Antarctic
Frontal positions of alpine glaciers of the Dry Valleys in islands, and in many mountain ranges and high plateaus Qfthe
Antarctica have fluctuated, with no apparent trends (Chinn, world (Cheng and Dramis, 1992; Harris and Giardino, 1994;
1993).On sub-Antarctic Heard Island. in the Indian Ocean, King and Akermann, 1994; Qiu, 1994). Figure 7-3a shows the
therehas been widespreadretreat since 1947-with some contemporary distribution of permafrost in the Northern
smallglaciers decreasing in area by as much as 65% (Allison Hemisphere. Some is relict, having formed during colder
and Keate, 1986).
glacial periods, but has survived due to the negative heat bal- .
ance at the ground surface or the very long time it takes for deep
permafrost to thaw. There also are many .sedimentarystructures
7.2.3. Permafrost
that show that ~~afrost was once "~ore extensive than today.

".,~

,~"
~ti
:.t.

.

Permafrost-ground material that remains below freezingLong-term measurements in deep boreholes in Alaska
underliescontinental ~in.tbe_tundra
and some borea1l~s,(I:J;~on.
1991; Zhang and Osterkamp, 1993), Canada
.. .
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(Taylor, 1991),and elsewhere (Koster et aI., 1994)demonstrate
a distinct but spatially heterogeneous wanning trend in lowland permafrost. In northern Alaska, Lachenbruch and
Marshall (1986) have demonstrated a wanning of the permafrost of 2-4°C over the last century. Temperatures along the
coast have varied over a range of 4°C (Osterkamp, 1994).
During the last two decades, permafrost in Russia and China
also has wanned (Pavlov, 1994; Wang and French, 1994).
Some discontinuous permafrost in the southern half of Alaska
is currently thawing (Osterkamp, 1994).

with mixing of offshore waters were earlier during the 19408 and
19705 but later during the 196Os. Global warming during the
19805 was marked by a trend toward earlier ice-loss dates. Other
North American lake-ice chronologies are presented by Hanson
et al. (1992) and Reycraft and Skinner (1993).

7.2.5.

The most effective means of measuring sea-ice extent is
through the use of satellite-borne passive microwave radiometers, but these data are available only from 1973 onward. They
show no convincing evidence of trends in global sea-ice extent
(Gloersen et al.. 1992; Parkinson and Cavalieri, 1989;
Gloersen and Campbell, 1991). Studies ofregional changes in
both the Arctic and Antarctic indicate some trends (e.g., Mysak
and Manak, 1989; Gloersen and Campbell, 1991; Parkinson,
1992), but longer data sets are needed because they are only of
decadallength.
-

First attempts are'now being made to monitor the long-term
evolution o(high-mountain permafrost by aerial photogrammetry of permafrost creep, borehole measurements of permafrost deformation and temperature, data archiving from geophysical surface soundings for later repetition, and qualitative
analysis of infrared aerial photography (Francou and Reynaud,
1992;Haeberliet al., lJ94; Harris, 1990;VonderMiihlland
Schmid, 1993; Wagner,..1992).

7.2.4.

Sea Ice

River and Lake Ice

Knowledge of the regional variability of ice thickness comes
almost entirely from upward sonar profiling by submarines
(Wadhams, 1990a; Wadhams and Comiso, 1992), such as the
large-scale maps of mean ice thickness in the Arctic shown in
Figure 7-4 (based on Sanderson, 1988; Vinje, 1989; Wadhams,
1992). Variations in ice thickness are in accord with the predictions of numerical models, which take account of ice
dynamics and deformation, as well as ice thermodynamics.
Measurements from a series of submarine transects near the
North Pole show large interannual variability in ice draft over

Chronologies of river and lake ice formation and disappearance
provide broad indicators of climate change over extensive lowland areas, in much the same way that glaciers provide indicators for mountains (Palecki and Barry, 1986; Reycraft and
Skinner, 1993). River-ice data have been summarized for
homogenous hydrologic regions of the former Soviet Union
(FSU) over the period 1893-1985 and adjusted to account for
any effects of water-resource development (Soldatova, 1992). the period 1979-1990(Mclaren et aI., 1992).There is eviAlthough there is appreciable interdecadal variability, there are dence of a decline in mean thickness in the late 1980s relative
significant long-term spatial patterns and temporal trends. to the late 1970s (Wadhams, 1994). Etkin (1991) found that ice
Freeze-up on rivers such ~ the Danube, Dnieper, Don, Lower breakup correlated well with melting degree-days in some
Volga,and rivers of the Black Sea region is now delayed by an areas of Hudson Bay and James Bay (Canada), but in other
average of two to three:weeks compared with the early part of areas of the bays it was more strongly influenced by ice advecthe record. Furthereast, a weaker trend to earlier freeze-up dates tion, freshwater inflow, and conditions within the air-water-ice
is observed for the Yeniseyand Lena (Ginzburg et al., 1992).
boundary layer.
I

The same broad-scale pattern is evident for break-up dates
(Soldatova, 1993). Break-up on major rivers such as the Upper
Volga, Oka, Don, Upper Ob, and Irtysh has advanced by an
average of 7-10 days during the last century. In some rivers,
such as the Lower Don, the overall result is a reducti.onin the
winter ice season by as much as a month. In Central and
Eastern Siberia (e.g., Middle to Lower Yenisey and Upper
Lena), some rivers exh~bit.later break-up dates and, hence, an
overall expansion of th.e ice season. In northern Scandinavia,
historical records as far'back as 1693 indicate that break-up inthe Tornelven river is occurring much earlier during the 20th
century than in earlier times (Zachrisson, 1989).

Winter pack ice around Antarcticahas majorclimatic importance.
The annual variation in sea-ice area is very large-from 3 x 1()6
km2 in February to 19 x 106km2in September (Gloersen et al..
1992). No change in the thickness of Antarctic sea ice can be
detected from the limited information available. The bnly systematic data have been obtained by repetitivedrilling in a region
of first-year ice from the eastern Weddell-EnderbyBasin. The
modal ice thickness is 0.5-0.6 m, and maximum observed keel
drafts are about 6 m. In the limitedregionsof the Antarctic where
multiyear ice occurs, there is a preferred ice thickness of about
1.4m (Wadhamsand Crane, 1991;Lange and Eicken,.1991).

Assel et al. (1995) analyze lake-ice freeze-up and break-up in

7.3.

North America using records from 1823-1994 at six sites
throughout the Great Lakes. Freeze-up dates gradually become
later and ice-loss. dat~~ ~dually earlier from the beginning ~f the
record to the 1890s but have"remained relatively constant during
the "2Oth century. Ice-loss dates at deeper-water environments

- -+

-

------

7.3.1.

How Sensitive is the Cryosphere to Climate Change?
Snow

Snow cover in temperate regions is generally thin (a few
meters to a few centimeters) and often close to its melting

'"

.

:
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to examine its sensitivity to climate change. For the Southern
Alps of New Zealand, Fitzharris and Garr (1995) found that
water stored as seasonal snow declines as temperature increases and precipitation decreases but that the relationship is not
linear. Seasonal snow is more sensitive to decreases in temperature than to increases. As precipitation increases. snow accumu.latio~~comes less sensitive to temperature changes. The
volume of water stored also depends on ~atchment hypsometry. In Australia, the duration of snow cov~.ris fo.undto be very
sensitive to changes in temperature. Large increases In precipitation (50%) are necessary to offset even a 0.5°C warming
.(CSIRO. 19?4).
Large. catastrophic avalanches are mostly the result of special
weather situations lasting for 5 to 10 days. In the Swiss Alps.
only nine weather types out of a possible twenty-nine have
been responsible for past catastrophic avalanche cycles. These
large avalanche episodes are thus sensitive to the frequency of
particular weather types. Similar findings also come from
Norway (Fitzharris and Bakkehoi. 1986) and Canada
(Fitzharris. 1987).

7.3.2.

Ice Caps alld Glaciers

In the chain of processes linking climate and glacial fluctuations. mass balance is the direct. undelayed reaction; glacier
length variation is the indirect. delayed response. Averaged for
glaciers with comparable geometry and over time intervals of
decades. changes in length provide an integrated and smoothed
signal of climate change. At shorter time scales. glaciers will
vary markedly with climate change. especially temperature.
The nature of the response to warming will vary from glacier
to glacier depending on accompanying precipitation change.
the mass-balance gradient. and hypsometry.

Figure 7-4: Estimated mean thickness of Arctic Basin sea ice in
meters for (a) summer and (b) winter (after Sanderson. 1988;
Bourkeand Garrett. 1987). The data do not include open water.
thus overestimating mean ice draft.

Most glaciers of the world are more sensitive to changes in temperature than to any other climatic ele~n~. In the case of many
Asian glaciers, where precipitation' ocCurs mainly during the
summer monsoon season, temperature has a double impact.The
first impact is an increase in the absorption of solar radiation
due to a lowering of the surface albedo as snowfall is converted to rainfall. The second effect is an increase in the energy
exchange between the atmosphere and the gillcier surface
(Ageta and Kadota, 1992). Many maritimegk.ciers. which have
large mass turnover. are more sensitive to changes in pre'Cipitation than to temperature. This complex dependence of glacier
mass balance on temperature, precipitation. and radiation
makes it difficult to define their sensitivity to climate change.

A number of approaches are used to express the sensitivity of
glaciers to climate. Where there are long glacier records for calpoint; consequently. both continental and alpine snow covers ibration, regression equations are used to relate mass balance to
are very sensitive to climate change. Karl et al. (1993) found summer mean temperature and annual (or winter) precipitation
that a 1°C increase in the annual temperature of the Northern (Laumann and T.vede, 1989; Chen, J991). Changes in summer
Hemisphere results in a 20% reduction in North American ablation rates at the margins of Greenland glaciers are nearly
snow cover. Snow accumulation and melt models can e."timate linear with changes in summer temperature. with sensitivities
water stored as seasonal snow in alpine areas and can be used ranging from 0.43-0.57 mIyrrC (water equival~nt; Braithwaite
--'.
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and Olesen. 1990). Although these empirical relationships are
valuable for regions irrwhich they have been developed. they
are not always applicable to other mountain areas with different
climate and terrain. The sensitivity of glacier ablation has been
assessed for number of melting degree-days (dd) for a range of
glaciers by Braithwaite and Olesen (1989. 1990. 1993).
Ablation sensitivity for ice varies from 5.5 to 7.6 mmldd
(Braithwaite and Oleson. 1989).Valuesfor snow range from 1.0
to 5.7 mmldd (Johannesson et al., 1993). Hydrometeorological
.modelsare similar but include precipitation as well as temperatu~~;they also usually estimate the mass balance (e.g.. Woo and
Fitzharris. 1992) and sometimes the water balance (e.g..
Tangborn: 1980). Energy-balance models also have been used
to assess the sensitivity of glacier ablation to climate
(Oerlemans. 1991; Oerlemans et at., 1993); they are appealing
because they are more physically based. but they require input
parameters that are difficult.to obtain.
Glaciers are sensitiy'~ to changes in atmospheric circulation
patterns. but it is difficult to quantify the response. The behavior of the Franz Josef glacier in New Zealand this century can
be qualitatively explained by changes in the westerlies and
shifts in the subtropical high-pressure zone (Fitzharris et al.,
1992). A major advance since 1983 appears to be consistent
with circulation changes induced by three large EI Nino events.
In the first half of the 20th century. warming accounted for
most of the ice thinning observed on Mount Kenya. However.
from 1963 to 1987. greater atmospheric humidity was instrumental in enhancing melt-perhaps
a consequence of
enhanced evaporation in the Indian Ocean and its subsequent
advection over East Africa by the prevailing atmospheric circulation patterns (Hastenrath. 1992. 1994; Hastenrath and
Kruss. 1992). In the Canadian High Arctic. mass-balance and
ice-core melt studies show that when the circumpolar vortex
shifts to the Asian side of the Arctic Ocean and the North
American trough is replaced by a blocking ridge. high-arctic
glaciers experience high melt (Alt. 1987).

7.3.3.

Permafrost

The direct influence of climate on permafrost includes the
effects of air temperatures and solar radiation. Permafrost also
is influenced indirectly by local factors. many of which 'also
have a climate component. These include the thiCkness and
duration of snow cover. the type of vegetation. the properties
of the organic layer a~d soil. and the characteristics of running
water (Harris and Corte. 1992; Schmitt. 1993). These factors
interact in complex Ways.making it difficult to asses the sensitivity of permafrost. and its response. to climate change
(Koster. 1991. 1994; Koster and Nieuwenhuijzen. 1992; Koster
et al., 1994; Nelson and Anismov. 1993). However. climatic
warming usually causes an increase in the thickness of the
active layer via melting at the permafrost table (the active layer
is the zone of annual freezing and thawing above permafrost).
Surface disturbances appear in the first few years. but changes
in temperature profiles within the permafrost may be delayed
by decades to centuries. The response of permafrost is very

dependent on initial ground temperatures and the latent heat
(Geo-engineering Ltd. 1995). Displacement of the permafrost
base-the final response-takes
years to millennia, depending
on the depth. thickness. and conductivity of the Earth material.
Discontinuous permafrost tends to be most sensitive to climate
change because it is'usually within one or two degrees of O"c.
Many -surface processes that preserve permafrost also are
affected by climate change.

Depending on initial conditions. even small changes in climatic regimes cause.permafrost to thaw. Simulations performedby
Riseborough and Smith (1993) suggest that the rate of thaw
and ultimate disappearance of a relatively thin (4.5 m) permafrost profile is highly dependent on the interannual variability of temperature. The broad sensitivity of permafrost to climate change is documented in the former Soviet Union and
China. where the permafrost distribution changed substantially
during warmer periods of the Quaternary (Kondratjeva el ClI..
1993; Qiu and Cheng. 1995). The southern limif of lowland
permafrost moved at 60 kml°C (Cui and Xie. 1984). In the
alpine permafrost of Tibet. the lower elevation changed by 160
ml°C (Cui. 1980). On the northern slope of the Himalayas. the
sensitivity is about 80 ml°C (Xie. 1996).
7.3.4.

River and lAke Ice

Ginzburg et al. (1992) and Soldatova (1993) show that ice formation and break-up correlate with air temperature in the preceding autumn and spring months but not with winter temperatures. Spring warming is more important to the timing of
break-up than the overall winter severity and peak ice thickness. Assessing ice chronology and seasonal temperature data
from Scandinavia. Canada. and the FSU leads to an estimated
sensitivity of both freeze-up and break-up of 5 daysl"C. The
sensitivity for the length of the ice season is about 10 days/°C.

Freeze-up and ice-loss dates for lakes correlate with autumn
and winter air temperatures. Assel and Robertson (1995) show
that the sensitivity of freeze-up dates for the Great Lakes is
approximately 7 days/°C. For sixty-three smaller lakes in
Finland. Palecki and Barry (1986) suggest 5.5 days/°C.
Anderson et at. (1995) show that interannual variation in ice
break-up for twenty U.S. lakes can be explained by"ENSO.

7.3.5.

Sea Ice

The thickness of fast ice-which grows in fjords. bays. and
inlets in the Arctic; along the open coast in shallo .J,"ater;and
in channels of restricted dimensions-is correlated to the number of degree-days of freezing since the beginning of winter. In
pack ice. however. the relationship between ice extent or ice
thickness and temperature is less clear. Chapman and Walsh
(1993) report that there is a statistically significant decrease in
Arctic sea-ice extent in winter correl~!ed with atmospheric
warming. Dutthere are no trends in winter Arctic ice extent or
..
in the Antarctic.
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The sensitivity of oceanic sea-ice cover to climate change
is not well-understood. From the data comparisons made
so far by McLaren (1989), Wadhams (1989, 1990a), and
McLaren et al. (1992), the following tentative conclusions
canbe drawn.
Icereach;r.g the Fram Strait via the Trans Polar Drift Stream
along routes where it is not heavily influenced by a downstream-land boundary shows great consistency in its mean
thicknessfrom season to season and from year to year, at latitudesfrom 84°30'N to 800N and in the vicinity of 0° longitude.Ice upstream of the land boundary of Greenland shows
great changes in mean ice draft due to anomalies in the balancebetween pressure-ridge formation through convergence
and open-water formation through divergence. The overall
extent of sea ice is largely determined by ice transport via
currentsand wind and is not necessarily directly related to ill
silllfreezing and melting controlled by temperature (Allison,
Brandt,and Warren, 1993; Allison and Worby, 1994). As yet,
there is no conclusive evidence of systematic thermodynamic thinning of the sea-ice cover, as might be caused by global warming.

Ocean circulation systems-such as the Atlantic conveyor
belt-are thought to be sensitive to changes in sea-ice export
from the Arctic (Aagaard and Carmack, 1989). Salt flux from
local ice production plays an important role in triggering narrow convective plumes in the central gyre region of the
Greenland Sea in winter (Rudels, 1990). Here frazil and pancake ice production due to cold-air outbreaks from Greenland
.ean yield high salt fluxes. There already is evidence that a
reduction in ice production has produced an pcean response in
the form of reduced volume and depth' of convection
(Schlosser et al., 1991).

7.4.

What Will Be the Impact of Future Climate
Change on the Cryosphere?

Outputs from three Transient General Circulation Models
(GCMs) in Greco et al. (1994) were applied to the major cryospheric regions of the world in order to assess impacts for the
decade about 2050. They predict that most regions of the
cryosphere will warm by 0.5-2.5°C, but some will be wetter
and others drier. The amount of warming is consistent among

Box 7-1. Ice Sheets
The great ice sheets of Antarctica and Greenland have changed little in extent during this century. Dynamic response
times of ice sheets to climate change are on the order of thousands of years, so they are not necessarily in equilibrium
withcurrent climate. Observational evidence for Antarctic and Greenland ice sheets is insufficient to determine whether
they are in balance or have decreased or increased in volume over the last 100 years (see Chapter 7, Challges ill Sea
Level, in the Working Group I volume). Zwally et al. (1989) note that the Greenland ice sheet surface elevation is
increasingby 0.23 mIyr, but this issue of stability remains contentious (Douglas et al., 1990; Jacobs, 1992). There is evidence for recent increases in snow accumulation in East Antarctica (Morgan et aI., 1991). On the other hand, Kameda el
al. (1990) report that the thickness of this ice sheet has decreased by about 350 m during the last 2,000 years.
If Antarcticawere to warm in the future, its mass balance would be positive (see Chapter 7, Changes in Sea Lel'el, in the
WorkingGroup I volume). The rise in temperature would be insufficent to initiate melt but would i~.creasesnowfall.
Concernhas been expressed that the West Antarctic ice sheet may "surge." Working Group I prQjec;~that the probability
of this occuring within the next century "may be relatively remote, but not zero." There is considerable doubt regarding
the possible dynamic response of ice sheets.
The response of Greenland to warming is likely to be different. Both the melt rates at the margins and the accumulation
rates in the interior should increase. The former rate is expected to dominate. Thus, the mass balance would become negative as temperatures rise. Several studies have examined precipitation variations over Greenland (e.g., Bromwich et aI.,
1993;Kapsner et al., 1995). The likely changes in atmospheric circulation and moisture flux (Calanca antlOhfuura,
1994)must be determined before future snowfall can be predicted. Surface topography also plays an important role in.
determiningregional accumulation on the Greenland ice sheet (Ohmura and Reeh, 1991).
. .
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the three GCMs in most, though not all, cryospheric regions,
but predictions for Q.recipitationare discqrdant among the three
GCMs and must be considered less reliable. Assessments of
impacts in this chapter generally are made using output from
the UKTR model, mainly because of the better resolution of
maps in Greco et al. (1994) over alpine and polar regions. See
Box 7-1 for a discussion of the possible impacts of climate
change brought about by the interaction of ice sheets and sealevel change.

7...4.1.

T
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Snow

case, snow-cover duration at even the highest sites (1,900 m) is
halved by 2030 and is near zero by 2070.

7.4.2.

Ice Caps and Glaciers

Empirical and energy-balance models both indicate that a large
fraction (about one-third to one-half) of presently existing
mountain glacier mass could disappear with anticipated warming over the next ]00 years (Kuhn, 1993; Oerlemans and
F~rtuin, 1992). By 2050, up to a quarter of mountain glacier
mass could have melted. The scenarios of Greco et al. (1994)
indicate that some mountain areas will experience an increase
in precipitation. Because models demonstrate that increases in
temperature usually dominate changes in precipitation, mass
balances of glaciers will become negative rather than positive.
Glaciers are likely to shrink even where mountains become
wetter. An upward shift of the equilibrium line by some 200 to
300 m and annual ice thickness losses of 1 to 2 m are expected
for temperate glaciers.

Continental snow cover will be diminished in extent, duration,
and depth by the UKTR climate scenarios in Greco et al.
(1994). Winter snowlines could move further north by 5.-10°
latitude. The snow season could be shortened by more than a
month, depending on snow depth. In North America, climatic
warming based ol1Jhe=Boeret al. (1992) scenario would cause
a 40% decrease in snow-cover duration over the Canadian
Prairies and a 70% decrease over the Great Plains (Brown et
al.. 1994). Using CCMl model output for the whole Northern Many mountain chains will lose major parts of their glacier
Hemisphere, the area of seasonal snow in February may dimin- cover within decades. Haeberli and Hoelzle (1995), who have
ish by 6-20%, with a mean decrease of 12 x 1Q6 km2 developed algorithms for analyzing glacier inventory data,
(Henderson-Sellers and Hansen, 1995).
show that glacier mass in the European Alps could be reduced
to a few percent within decades if current warming continues.
Snowfall will begin later and snowmelt will be earlier than at Nevertheless, the largest alpine glaciers-such as those found
present, so the snow-free season will be extended. The advance
around the Gulf of Alaska and in Patagonia, Karakoram, Pamir,
in melt time is likely to be less pronounced in the High Arctic,
Tien Shan, and the Himalayas-should continue to exist into
where the snow is so cold that it requires significant warming to the 22nd century. At high altitudes and high latitudes, glaciers
produce consistent melt (more than 10°C at many locations).
and ice caps may change little in size, but warming of cold firn
More frequent periods of open water for rivers, lakes, and seas
areas will be pronounced. Their mass balance may be affected
through enhanced ablation at low altitudes, while accumulation
will produce greater snowfall downwind. This will be important
near Hudson Bay, the Great Lakes, the Barents Sea, and the Sea at higher zones could increase. As an analog, Miller and de
of Okhotsk. In the Antarctic, summer temperatures are so low Vernal (1992) report that some Arctic glaciers did not shrink
during warmer parts of the Holocene but actually grew due to
that the present regi!'1e of little or no snowmelt will persist.
increased precipitation.
In alpine areas, the snow line could rise by 100-400 m,
depending on precipitation. Higuchi (1991) shows that as There will be pronounced alterations to glacier melt runoff as
warming occurs for many Asian mountains, there is a tenden- the climate changes. Glaciers will provide extra runoff as the
cy for rainfall to occur at the expense of snowfall, although the ice disappears. In most mountain regions, this will happen for
extent of this shift depends on location. Less snow will accu- a few decades, then cease. For those with very large glaciers,
mulate at low elevations, but there may be more above the the extra runoff may persist for a century or more and may profreezing level from any increased precipitation. Martinec et al. vide a substantial increase to regional water resollfCes.As the
(1994) and Rango and Martinec (1994) have examined the area of ice eventually diminishes, glacial runoff will wane.
behavior of a snowmelt-runoff model in various catchments for Tentative estimates have been made for Central Asia
different climate scenarios. With a rise of 1°C, snow cover (KotIyakov et al.. 1991) based on mass balances from a small
would be depl~ted i~ winter due to conversion of precipitation number of Tien Shan glaciers for the period 1959-1992.
to rainfall and increa~edsnowmelt. Five days into the melt sea- Extrapolation to the whole of Central Asia suggests glacier
son, snow depth would be depleted to the equivalent of 9 days mass has decreased by 804 kID3over that time, representing a
under the present climate. It is estimated that for the New 15% increase in glacial runoff. Projections to 2100 are preZealand Alps, total water stored as snow would be reduced by sented in Table 7-2; these data assume that glacial runoff varies
20% of present for a climate scenario that is 2°C warmer but as a linear function of glacier area.
10% wetter than present (Garr and Fitzharris, 1994). Impacts
of best- and worst-case scenarios on snow cover in the An alternative approach is based on calculations of ablation
Victorian Alps (Australia) are presented in CSIRO (1994). and equilibrium-line altitude, according to given climatic sceSimulated average snow cover and the frequency ofyears'W,ith:>'rnuws-(KotIyakov et al.. 1991; Glazyrin et al.. 1990; Dikikh
more than 60 days of cover decline at all sites. For the worst ahd pikikh, 1990). Ablation intensifies in Central Asia with
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There will be poleward shift of discontinuous and continuous
permafrost zones (Woo et al., 1992; Nelson and Anisimov,
1993). These estimates only treat degradation of near-surface
2100
permafrost; more attention must be given to the role of latent
heat associated with ablation of ground ice. Simulations con80,OeO ducted by Riseborough (1990) indicate that areas with abundant ground ice, such as west~rn Siberia (Bums et aI., 1993),
18
-may retain substantial amounts of per:mafrostthat are not in
equilibrium with new temperature condition.s imposed at the
50
surface. The relict permafrost of the' southern part of West
Siberia, which may well date from the last glacial epoch, is a
68
present-day example of resistance to changes of temperature in
deep-seated, ice-rich permafrost (Kondratjeva et aI., 1993).

Table 7-2: Present and possible future extent of glaciation
(I/ldglacial nmoff in Central Asia (after Kotlyakov et aI., 1991).

Contponent

Present

Areaof glaciers (km2)

115,000

-

Decreae of glacier mass (km3/yr)

25

Runoffdue to precipitation (km3fyr)

73

Glacialrunoff (km3/yr)

98

-

climatewanning because conditions become even more continental.Annual mass balance decreases. These estimates give a
high rate of glacier degradation and large alteration of runoff
(Figure7-5). By 2050, the volume of runoff from glaciers in
CentralAsia is projected to increase threefold.

7.4.3.

Permafrost

Anisimovand Nelson (1995) have compiled global permafrost
mapsfor the present day and for a 2050 scenario (see Figure 73b). The compilation uses a predictive climate-based permafrostmodel, in which permafrost is classified on the basis of
"surfacefrost index" (Nelson and Anisimov, 1993) and which
also considers the influence of snow cover on the soil thermal
regime. Calculated contemporary boundaries, based on the
GlobalEcosystemDatabase (GED), show good agreement with
Figure7-3a. Table 7-3 provides the areal extent of permafrost
distributionin the Northern Hemisphere for two climate scenarios(GEDcontemporary and 2050). A 16%shrinkage in total
permafrostarea is projected by 2050. Subsurface conditions
may not be in equilirium with the surface area shown. Some
may take_hundreds of years to respond. The extent of permafrostzones in the Southern Hemisphere, which cover only
approximately0.5 x 10 6km2in total, also is likely to decrease.
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In areas where permafrost is discontinuous, long-term warming ultimately will lead to its thinning and general disappearance (Wright et al., 1994). Long-term temperature measurements in discontinuous permafrost in Alaska indicate that an
increase in surface temperature of 2°C would cause most of the
permafrost south of the Yukon River and on the south side of
the Seward Peninsula to thaw. In continuous permafrost, a
wanning of the permafrost, thickeni~g of the active layer, and
changes in thaw lake dynamics are likely. Initial degradation
will be contemporaneous with the alteration of the climatic signal (Osterkamp, 1994; Kane et aI., 1991), but as the thaw plane
penetrates more deeply, lag times will increase.
Xie (in press) estimates that the southern boundary of permafrost in northeast China could be at 48°N latitude by the
year 2100, and the predominantly continuous permafrost zone
may recede to 52°N-similar to that in the Climatic Optimum
of the Holocene (Lu Guowei et aI., 1993). In Tibet, it is estimated that an air-temperature warming of 3°C would raise the
permafrost limit to an elevation of 4,600 m. Continuous frozen
ground would disappear, except in the northwestern part of the
plateau and areas around the Fenghuo Shan, in the event of a
5°C rise in temperature (Xie, in press)....
In the FSU and Europe, reconstruction~:Ofthe permafrost zone
in past wann and cold periods are used as palaeoanalogues
(Velichko and Nechaev, 1992; Vanderberghe, 1993). The most
significant change in the thermal regime will occur in the high
Table 7-3: Calculated contemporary and future areas of
permafrost in the Northern Hemisphere (jQs"km2)(based on
Nelson and Anisimov, 1993).
Zone

Contemporary

2050

% Change

11.7

8.5

-27

5.6

5.0

-11

8.1

7.9

-2

--.'. 25.4

21.4

-16
'.

Continuous

.c: .1000
U
1950

1960

1970

1980

1990

Pennafrost
~
Discontinuous
Sgs
00....
co co co

.1gure 7-5: Changes in recent and future runoff from Thyuksu
glacier,Zailiyski Alatau, Central Asia (after Kotlyakov et aI., 1991).
Valuesrepresent runoff due to ice toss, expressed as departures from
long-termmean.
..
-.
.

Permafrost
Sporadic
Pennafrost

Total

..

--.----

-- --

-

254

The Cryosphere: Changes and 'J'hejt'lnijja~ts

latitudes within the present-day zones of the tundra and boreal
forest. With a rise in temperature of 1°C, the pennafrost would

be partiallypreserv~dto the east of the Pechorariver.In the
_

south of Yamal and Gydan, discontinuous pennafrost would
prevail. Continuous pennafrost would be restricted to north of
70oN. It would remain to the east of the Yeniseyat the same latitudes. The active layer of fine-grained soils could increase by
20-30 cm. With a temperature rise of 2°C, continuous permafrost would disappear in the north of Europe. From the
.Lo~er Ob to the Lower Hatanga, as well as in the Anadyr lowland, only island and discontinuous pennafrost would survive.
Continuo~s permafrost would exist only in the lowlands of the
Taimyr Peninsula, Lena, lower Kolyma, and lower Indigirka
basins. The stratum of seasonal thawing would increase by
40-50 cm. These changes will result in the activation of
solifluction, thermokarst and thennoerosion processes, an
increase in bogs, and alterations to large tracts of vegetationwhich in turn will !lIter food sources for traditional tundra
species within penn~rost areas.

Holocene and historical past) to carbon dioxide loss to the
atmosphere (Oechel et at., 1993). Estimates of present lossesof
carbon dioxide from arctic terrestrial ecosystems to the atmosphere range from 0.2 Gt of carbon (Oechel et ai., 1993) to
much higher values in winter for th~ Russian Arctic (Zimovet
ai., 1993; KoIchugina and Vinson, 1993).Maimer (1992) estimates Thatabout 25% or less of the carbon may be released in
the fonn of methane (CH4).A climatic shift to wanner temperatures in the future would increase the release of CH4 from
deep peat deposits, particularly from tundra soils. It is expected that -therelease of C02 would increase, though not by more
than 25% of its present level (Maimer, 1992). Wetter soils
could lead to increased methane loss, and a drier tundra might
become a sink for atmospheric methane (Christensen, 1991.
1993; Fukuda, 1994).
Large amounts of natural gas-mostly methane-are stored in
the fonn of gas hydrates, although their distribution is not wellknown. In the Canadian Arctic Islands and Beaufort-Mackenzie
region, analysis of thennal and geophysical logs indicates that
2-4 x 103Gt of methane is stored as hydrates. Decomposition
is occurring presently beneath the shelves of the Arctic Ocean
in response to the increase of surface temperatures accompanying the recent marine transgression. For the Beaufort Shelf, an
estimated 105m31km2may decompose over the next century
(Judge and Majorowicz, 1992; Judge et ai., 1994).

Other mathematical models assess permafrost dynamics during
warming (MacInnes et at., 1990; Burgess and Riseborough,
1990; Romanovsky, Maximova, and Seregina, 1991;
Romanovsky, Garagula, and Seregina, 1991; Osterkamp and
Gosink, 1991; Nixon and Taylor, 1994; Nixon et at., 1995).
Changes in permafrost temperatures and thaw depths under an
increase in annual average air temperatures of 2 and 4°C are
simulated by Vyalov et al. (1993). Results indicate that warm- There are very ,fewdata for the methane content of permafrost
ing in the tundra will produce a slight increase in thawing itself. Samples obtained near Fairbanks (Kvenvolden and
depths, with no radical changes in permafrost conditions. Lorenson, 1993) and the Prudhoe Bay area (Moraes and Khalil,
Further south, more marked effects could occur-with a shift 1993; Rasmussen et at., 1993) suggest substantial variability.
to discontinuous permafrost, fonnation of taliks, and degrada- Dallimore and Collett (1995) found high methane concentration of ground ice. If wanning is long-lasting, the permafrost tions in ice-bonded sediments and gas releases suggest that
line would recede northward by 500 km along 700E longitude pore-space hydrate may be found at depths as shallow as 119
and by 1,200 km along 1000E longitude. Given an average m. This raises the possibility that gas hydrates could occur at
thawing rate of 100 inmlyr, thawing of the upper 10m would much shallower depth and be more rapidly influenced by clitake a century. Lower limits of permafrost in mountain areas mate change than previously thought. Fukuda (1994) estimates
could rise by several hundred meters, although this is depen- methane emissions from melting ground ice in northern Siberia
dent on future snow depths (Hoelzle and Haeberli, 1995). cover the range 2-10 Mtlyr.
Owing to the slow reaction of thennal conditions at depth, pronounced disequilibria are most likely to result over extended
7.4.4. River and Lake Ice
time periods and wide areas.
Ice-saturated pennafrost forms an impervious layer to deep
infiltration of water, maintaining high water tables -andpoorly
aerated soils. Significant increases in active layer depth or loss
of permafrost is expe~ted to cause drying of upper soil layers
in most regions, as well as enhanced decomposition of soil
organic matter. Loss of a sizable portion of more than 50 Gt of
carbon in Arctic soils and 450 Gt of carbon in soils of all tundra ecosystems could cause an appreciable positive feedback
on the atmospheric rise of carbon dioxide. Marion and Oechel
(1993) have examined Holocene rates of soil carbon change
along a latitudinal transect across arctic Alaska and conclude
that arctic areas will continue to act as a small sink for carbon.

Under conditions of overall annual wanning, the auration of
river-ice cover would be reduced through a delay in the timing
of freeze-up and an advancement of break-up (Gray and
Prowse, 1993). For freeze-up, higher water and air temperatures in the autumn would combine to delay the time of first ice
fonnation and eventual freeze-up. If there also is a reduction in
the rate of autumn cooling, the interval between these twO
events also will increase. The frequency and magnitude of
major frazil-ice growth periods could be reduced. This may
alter the types of ice that constitute the freeze-up cover and has
implications for hydrotechnical problems associated with particular ice fonns.

Recent warming and drying apparently have shifted arctic
ecosystems from carbon sequestration (as occurred during the

Many rivers within temperate regions wouid tend -to-become
-ice-free or develop only intennittent or partial ice coverage. Ice
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orowth
and
"
. thickness would be reduced. In colder regions, the
present Ice season could be shortened by up to a month by 2050.
Warmer winters would cause more mid-winter break-ups as

and a 33% reduction for the Northern Hemisphere. The global
area of sea ice is projected to shrink by up to 17 x I06 km~.

Using empirical ice growth-melt models, Wadhams (I990b)
predicts that in the Northwest Passage and Northern Sea Route,
a century of warming would lead to a decline in winter fast-ice
thickness from 1.8-2.5 m at pre-<;p.nt
to 104-1.8 m and an
increase in the ice-free season of 41-109 days. This effect will
upstream forces (flood wave). Although thinner ice produced by be of great importance for the extensioQ..of the:navigation seaa warmer winter would tend to promote a thermal break-up, this son in the Russian Northern Sea Rotite and' the' Northwest
might be counteracted to some degree by the earlier timing of Passage. A possible feedback with snow thickness may alter
these rela.tionships.As Arctic warming increases open-water
the event, reducing break-up severity (Prowse et al., 1990).
. area, precipitation may increase and cause thicker snow cover.
Changesin the size of the spring flood wave depend on two cli- The growth rate of land fast ice will decrease, as has been
mate-relatedfactors: the rate of spring warming and the water directly observed (Brown and Cote, 1992). But if snow thickequivalent of the accumulated winter snowpack. Whereas ness is increased to the point where not all ice is melted in sumgreater and more-rapid snowmelt runoff favors an increase in mer, then the protection that it offers the ice surface from sumbreak-upseverity, the reverse is true for smaller snowpacks and mer melt could lead to an increase, rather than decrease, in
more protracted melt. The final effect on break-up also will equilibrium ice thickness.
depend on the potentially conflicting roles of ice strength and
thickness.
Predicting future thickness of movingcpack ice is a difficult
problem, because dynamics (ocean and wind currents), rather
For arctic lakes, the duration of ice cover would be shortened than thermodynamics (radiation and heat components), deter(Asselet al.. 1995). A longer open-water period, together with mine its area-averaged mean thickness. Wind stress acting on
warmer summer conditions, would increase evaporative loss the ice surface causes the ice cover to open up to form leads.
fromlakes. Some patchy wetlands and shallow lakes owe their Later under a convergent stress, refrozen leads and thinner ice
existence to a positive water balance and the presence of an elements are crushed to form pressure ridges. Exchanges of
impermeable ~rmafrost substrate that inhibits deep percola- heat, salt and momentum are all different from those that
tion. Enhanced evaporation and ground thaw would cause would occur in a fast ice cover. The effects of variable thicksometo disappear. Using a 20-year period of record, Schindler ness are very important. The area-averaged growth rate of ice
et at. (1990) found that climate warming increased the length is dominated (especially in autumn and early winter when
of the ice-free season by 3 weeks, as well as having numerous much lead and ridge creation take place) by the small fraction
indirecteffects (see Chapter 10).
of the sea surface occupied by ice less than I m thick. In fast
ice, climatic warming will increase sea-air heat transfer by
If the warming of the 1980s continues unabated over the next reducing ice growth rates. However, over open leads a warm10-20 years, ice cover on the Great Lakes of North America ing will decrease the sea-air heat transfer. so the area-averaged
will likely be similar to or less than that during the 1983 ice change in this quantity over moving ice (hence its feedback
season, which was one of the mildest winters of the past 200 effect on climatic change itselO depeJids on the change in the
years. Mid-lake ice cover did not form, and ice duration and rate of creation of new lead area. Thisls itself a function of a
thickness were less than normal (Assel et at., 1985). Complete change in the ice dynamics, either driving forces (wind field)
freezing will become increasingly infrequent for larger and or response (ice rheology). Hibler (1989) pointed out a further
deeper embayments in the Great Lakes. The duration of ice factor relevant to coastal zones of the Arctic Ocean, such as off
cover will decrease as freeze-up dates occur later and ice-loss the Canadian Arctic Archipelago, where there is net converdates occur earlier. Winters without freeze-up will begin to gence and the mean thickness is very high (7 m pr more) due
OCcurat small inland lakes in the region. Winter lake evapora- to ridging. Here the mean thickness is det~~ned by mechantion also may increase due to the decreased ice cover.
ical factors, largely the strength of the ice, and is IikeIy'to be
insensitive to global warming.
..
rapid snowmelt, initiated particularly by rain-on-snow events,
becomes more common. Warmer spring air temperatures may
affect break-up severity, but the results would be highly sitespecific because break-up is ~!:!~result of a complex balancing
between..downstream resistance (ice strength and thickness) and

7.4.5.

I

..

Sea lee

GCM experiments with simplified treatments of sea-ice
processes predict large reductions in sea-ice extent but produce
widely varying results and do not portray extent and seasonal
changes of sea ice for the current climate very well. Boer et at.
(1992) estimate that with a doubling of greenhouse gases, sea
ice would cover only about 50% of its present area. CCM I
model output presented in Henderson-Sellers and Hansen
(1995) projects a 43% reduction fOl"theSouthern Hemisphere

Ice dynamics also have other effects. In the Eurasian Basin of
the Arctic the average surface ice drift pattern is a current (the
Trans Polar Drift Stream) which transports ice across the
Basin, out through Fram Strait, and south via the East
Greenland Current into the Greenland and Iceland Seas, where
it melts. The net result is a heat transfer from the upper ocean
in sub-Arctic seas into the atmosphere above the Arctic Basin.
A change in area-averaged freezing rate in the Basin would
thus cause a change of similar sign to the magnitude of this
long-range heat transport.
,_. .,'"
..

.,,;1
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An identical argument applies to salt flux, which is positive
into the upper ocean in ice growth areas and negative in melt
areas. Salt is transported northward via the southward (Lemke
et al.. 1990) ice drift. A relative increase in area-averaged melt
would cause increased stabilization of the upper layer of polar
surface water, and hence a reduction in heat flux by mixing
across the pycnocline. A relative increase in freezing would
cause destabilization and possible overturning and convection.

suppose that the main effect of global warming will be a simple retreat of the ice edge southward. However, Martinson
(1990) has demonstrated that even here, a complex set of feedback mechanisms comes into play when the air temperature
changes. The balance of lead concentration, upper ocean structure and pycnocline depth adjusts itself to minimize the impact
of changes, tending to preserve an ice cover even though it may
be thinner and more diffuse.

If ice were to retreat entirely from the central gyre region of the
.

Greenland Sea, it may cause deep convection to cease. Already

.'there is evidence from tracer studies (Schlosser et aI., 1991) of
a marked reduction in the renewal of the deep waters of the
Greenland Sea by convection during the last decade. It is not
known whether this is part of a natural variation, or a response
due to greenhouse warming. If continued, it could have a positive feedback effect on global warming, since the ability of the
world ocean to sequestrate carbon dioxide through convection
is reduced. Given the complexity of these interactions and
feedbacks, it is not at all clear what the overall effect of an air
temperature increase on the Arctic ice cover and upper ocean
will be. Sensitivity studies using coupled ocean-ice-atmosphere models are required, but results are not yet available.
In the Antarctic, where the sea ice cover is divergent and where
land boundaries are less important, it is more reasonable to

7.5.

Wha~ Will Be the Impact of These
Cryospheric Changes?

These changes in the cryosphere will affect many natural and
managed ecosystems, as well as socioeconomic systems. Only
the most notable are considered here. Two regions will be most
affected: Temperate mountains and tundra lands (see Boxes 72 and 7-3, respectively).

7.5.1.

Impact on Hydrology and Water Resources

The impact of climate change on water resources in alpine
areas can be large, as shown by Gleick (1987a, 1987b),
Martinec and Rango (1989) and Moore (1992), and are discussed at length in Chapter 10. Seasonal changes can be

Box 7-2. Impact on Temperate Mountains
Revegetation of terrain following deglaciation is slow in high-mountain areas. This leaves morainic deposits unprotected
against erosion for extended time periods (decades to centuries). There will be increased sediment loads in alpine rivers
and accelerated sedimentation in lakes and artificial reservoirs at high altitude. On slopes steeper than about 25-30
degrees, stability problems, such as debris flows, will develop in freshly exposed or thawing non-consolidated sediments.
At places of pr~:mouncedglacier retreat, changes in stress distribution and surface temperature conditions in rock walls of
deeply cut glacier troughs must also be anticipated, so that massive rock slides will occur in the deglaciated valley
(Clague and Evans, 1992, 1994; Evans and Clague, 1993, 1994). Steep hanging glaciers which are partially or entirely
frozen to their beds could become less stable. On the other hand, some steep glacier tongues with present-day potential
for large ice avalanches will disappear. Lakes dammed by landslides, moraines and glaciers can drain suddenly and produce floods or debris flows orders of magnitude larger than normal stream flow. Processes related to ice retreat such as
glacier avalanches, slope instability caused by debuttressing, and glacier floods from moraine or ice-dammed lakes may
pose hazards to people, transport routes, and economic infrastrucure in mountain areas. The general tendency in high
mountains will be an upslope shifting of hazard zones and widespread reduction in stability of formerly glaciated or
perennially frozen slopes (Barsch, 1993; Haeberli, 1992; Gu et al.. 1993; Dutto and Mortara, 1992).
Shrinkage of permafrost and snow cover will eliminate snow metamorphism, and avalanche formation in high mountain
regions and adjaCent lowlands (Keller and Gubler, 1993; Tenthorey, 1992). An increased frequency of catastrophic snow
avalanches may'.occui' if sudden cold spells and a mixtu~ of cold and warm air masses are more common in late winter, or if
periods of rapid warming are accompanied by heavy,rain follow periods of intensive snowfalls. There is insufficient evidence
to indicate whether the frequency of such events will change. Avalanches are expected to be less of a hazard than at present.

The empirical basis for assessing alpine hazard probabilities comes from historical documents, statistics of measured time
series or traces in nature of past events with long recurrence intervals. A future probl~m is that these will lose more and
more of their significance as climate changes. This is because floods, avalanches, debris flows, and rock falls could have
different magnitudes and frequencies than in the present climate, as tl1e.~onditionof the ~ryosphere in high mountain
areas evolves beyond the range of Holocene and historical variability: :-.i-

..
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Box 7-3. Impact on Thndra Lands
A aitical factor influencing the response of tundra to warming depends on the presence of ground ice. Ground ice is
cc.nerallyconcentrated in the upper 10 meters of permafrost, the very layers that will thaw first as permafrost degrades.
This loss is effectively irreversible, because once the ground ice melts, it cannot be replaced fc. milIenia, even if the climatewere.to subsequently cool. Respv'l's~of the permafrost landscape to warming wiII be profound, but will vary greatly al'the local scale, depending on detail of ground ice contenLAs substantial ice in permafrost is melted, there wiII be
land=subsidence.This process of thermokarst erosion wiII create many ponds and lakes and lead to coastal ~treat.
A forerunnerof future landsfapes can be seen in areas of massive ground ice, such as in Russia, where past climatic
warminghas altered the landscape by producing extensive flat-bottomed valleys. Ponds within an area of thermokarst
topographyeventually grow into thaw lakes. These continue to enlarge for decades to centuries, due to wave action and
continuedthermal erosion of the banks. Liquefaction of the thawed layer wiII result in mudflows on slopes in terrain that
is poorlydrained or that contains ice-rich permafrost. On steeper slopes there wiII also be landslides (Lewkowicz, 1992).
Winterdischarge of groundwater often leads to ice formation, and this is expected to increase on hilIslopes and in the
streamchannels of the tundra.
Changesin landscape, sea-ice distribution, and river and lake ice could have a major impact on indigenous people who
live in Arctic regions and depend upon traditional occupations, food gathering, and hunting (Kassi, 1993; Roots, 1993;
W:III.1993).These include the Inuit of North America and Greenland and the various reindeer herding groups of
Eurasia.They depend directly on the living resources of the area and often travel on ice, so their livelihood may be
widelyaffected. Ice roads and crossings are commonly used to link northern settlements. The greatest economic impact
is likely to stem from decreases in ice thickness and bearing capacity, which could severely restrict the size and load
limitof vehicular traffic (Lonergan et al.. 1993). There is likely to be a change in the migration patterns of polar bears
and caribou, along with other biological impacts.
There will be considerable impacts of climate change on resource management in the tundra (Wall, 1993). Some infrastructureand mining activities and structures will be threatened by thawing of permafrost. Water resources will change
in that the seasonality of river flows will be different. Environmental changes are expected to be greater than for many
other places on Earth (Roots, 1993).

markedwhen the cryosphere is involved in river flow. In their
~nowllleitrunoff simulations, Martinec et aJ. (1994) report that
for a 4°C rise in temperature of the Rio Grande basin in the
USA. winter runoff increases from 14% of the total annual
flowat pr<:sentto 30%. Summer runoff decreases from 86% of
IInnualnow to 70%. Such changes in snow runoff can affect
irrigationwater and electricity supply.
l.ess snowand glacier ice will influence the seasonality of river
flow by reducing meltwater production in the warm season.
The expected smoothing of the annual runoff amplitude could
be:both beneficial(e.g., energy production in winter, reduction
of summer flood peaks) and adverse (e.g., reduced water supply for summer irrigation in dry areas, more frequent winter
floods).As mountain glaciers begin to disappear, then eventually the volume of SUmmerrunoff will be reduced due to the
105.\of ice resources. Consequences for downstream agriculture, which relies on this water for irrigation, are in some
placesvery unfavourable. For example, low and midland parts
?f C~ntralAsia are likely to gradually change into a more arid,
IRtenor desert.

'

,

As climatic warming occurs, there will be notable changes in
the hydrology of Arctic areas (Woo, 1990). The nival regime
~ill-weaken
for
~runoff
,:. .'. pattern
"
.
. many rivers in the permafrost

region, and the pluvial influence upon runoff will intensify for
rivers along the southern margin of the Arctic, regions of
Eurasia, and North America. Should climatic change continue,
the vegetation will likely be different from today. When the
lichens and mosses, that tend to be .suppressors of evapotranspiration, are replaced by transpiring plahts, evaporative losses
will increase. Enhanced evaporation will lower the water table,
followed by changes in the peat characteristics as the extensive
wetland surfaces become drier (Woo, 1992).
In permafrost regions, increased thawing deepens. the active
layer, allowing greater infiltration and water-&orage, especially for rain that falls during the thawed period. Warming

ofthe

ground will also lead to the formation of unfrozen zones With.:
in the permafrost which provide conduits for groundwater
flow. The chemical composition and the amount of groundwater discharge may be changed as sub-permafrost or intra-permafrost water is connected to the surface. In autumn and winter, more groundwater should be available to maintain baseflow, further extending the streamflow season.
Structures such as .pipelines, airstrips., community water supply and sewage systems, and building foundations are susceptible to performance problems if existing, frozen foundations or subgrades thaw, even minimally. Special measures
.,
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would be needed to ensure the structural stability and durability of installatiQns for tourism, mining industry, and
telecommunication in permafrost areas affected by climate
warming (Anyia et al.. 1992; Haeberli, 1992; Vyalov et aI.,
1993). Transport links could also be affected. For example,
the permafrost zone in China contains more than 3,000 km of
railway and over 13,000 km of highway. Thawing induced by
climate warming will result in serious disruption and
increased maintenance costs from ground subsidence, sideslope slumpings, landslides, icings and i~e mound growth
(Yang, 1985). On the other hand, many northern cities will
spend less n:t.o.neyon snow and ice clearance. Engineering
design~riteria will need to be modified to reflect changing
snow and frost climates, deepening of the active layer over.
permafrost, and warming and ultimate disappearance of marginal or discontinuous permafrost. Present permafrost engineering commonly designs for the warmest year in the past 20
years of record (Esch, 1993). Such criteria may need to be
reviewed and revi~d.:c'
Where c!imate change alters the river-ice regime, substantial
effects on the hydrology can be expected that will affect flow,
water levels, and storage. For cold continental rivers, many
hydrologic extremes, such as low flows and floods, are frequently more a function of ice effects than landscape runoff. At
freeze-up, the hydraulic resistance of an accumulating cover
can induce sufficiently large hydraulic storage that the river
flow falls below that normally expected (Gerard. 1990; Gray
and Prowse, 1993). Projected climates will delay the timing of
freeze-up and so prolong the autumn low flow period. At
break-up, the rapid hydraulic storage and release of water by
river-ice jams often forms the most significant hydrologic
event of the year. Break-up flood levels typically exceed those
that develop during the open-water period, even though actual
discharge of water is .lower. The impact of climatic warming
will be to advance tpe timing of break, but its effect on breakup flooding is not dear. ..
Of all river-ice processes, ice-jams are the major source of economic damages, averaging approximately $CDN20-30 million
per year in Canada alone (Van Der Vinne et aI., 1991).Changes
in damages from such events depend on how climate change
affects the frequency and severity of river-ice freeze-up and
break-up events. Less river ice and a shorter ice season in
northward flowing rivers of Canada, Russia and Siberia should.
enhance north-south river transport. When combined with less
sea ice in the Arctic, new opportunites for reorganization of
transport networks 3Qdtrade links will arise. Ultimately those
changes could affeci. trading patterns among Russia, USA,
o'
Canada, northern Europe, and Japan.

(Austral) gap between electricity consumption and generation
is reduced for a climate scenario that might be expected about
2050 (Figure 7-6). The electricity system is made less vulnera_
ble to climate variability. Water supply is increased, but
demand, which is largely driven by domestic heating, is
reduced. There would be less need for new hydro plants and
water storage. On the whole, these amount to net benefits. In
countries where heating is supplied by natural. gas, these
changes will be less obvious. Instead the demand may well
increase in the summer due to greater use of air conditioners
du.etQ a highe~frequency of very hot days.
River ice creates a host of hydrotechnical difficulties for the

. operation of hydropower facilities, ranging from the blockage
of trash racks by frazil ice to the curtailment of operations so
as to avoid freeze-up flooding. One Canadian hydropower
company estimates revenue losses of over $CDNI million/year
associated with the release of sufficient flow to avoid the
downstream freeze-off of a major tributary (Foulds, 1988).
Major economic savings are likely if the length of the ice season is reduced by climatic warming. Operational problems during the ice covered period will remain, and could even increase
because some rivers may experience a higher frequency of
winter break-ups.
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7.5.2.

Impact on the Hydroelectric Industry

Altered future climates could have a significant impact on
the seasonal distribution of snow st~rage, runoff into hydroelectric catchments, arid aggregated electricity consumption;
Garr and Fitzharris (1994) show'that in New Zealand the winter

---0

Avg monthly potential SI electricity generation
Present
t:. 2050 (Temp -+=2.C
/ Prec +10%)

Figure 7-6: Synthesis of hydroelectricity generation and total consumprior..orelectricity for New Zealand: The present'compared wlib
2050 (after Garr and Fitzharris, 1994).
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7.5.3.

Impact 011S"ippillg

InCanada, absence of sea ice south of Labrador would eliminate Canadian Coast Guard ice breaking requirements. This
meansan annual saving of between $CDN15-20 million. Even
largersavings can also be expected in the FSU. The substantial
.

reductionsin sea ice in the ArcticOceanthat are expectedto
occur.with climatic warming will increase opportunities for
shippingthere and open up new trade routes. The effect of
annualwarmingon ice calving, simulated using a simple degree
daymodel(Brown, 1993)shows that for every IOCof warming
therewould be a I° latitude retreat of the iceberg occurrence in
the Atlantic Ocean. In the Southern Ocean, any effects of'
reducedsea ice will be economically less pronounced.

I

I

I
I
I

I

Ice-breakerskeep river channels open for ship traffic within
Russiaon the major northern rivers, and to a limited degree in
NorthAmerica within the Great Lakes system. Considering the
highoperational costs of ice-breaking, any reduction in the ice
season should translate into significant cost-savings. With
warming there will be a longer shipping season, allowing
increasedpassage of goods and services and longer time and
largerarea open for commercial fishing (Reycraft and Skinner,
1993).Changes in fresh colder water in the North Atlantic may
changethe distribution of fisheries.

losses from projected warming at $1.7 billion annually. In
some countries, ski resorts could be re-established at higher
elevations, but this too has associated transportation and emission problems. In others, such as Australia, the ski industry
could, under the worst case scenario, be eliminated. Less snow
and fewer glaciers on mountains will also diminish the quality
of many alpine vistas, where their scenic appeal depends upon
t...heir
presence in the general landscape. Some countries are still
sufficiently high that their mountains ~ill ret~in snow, so will
possess an increasingly scarce, but valuable, s'cenic and recreational resource.
Reduced sea ice will provide safer approaches for tourist ships
and new opportunities for sightseeing around Antarctica and
the Arctic.

7.6.

What Do We Still Need to Know?

There are many uncertainties in understanding what is currently happening to critical components of: the cryosphere, especially ice sheets, sea ice, and permafrost: mainly because existing monitoring systems are inadequate. Critical questions
remain ahout how each component of the cryosphere will react
to climate change and a multitude of proposals could be made.
The most important are synthesized as follows:

7.5.4. Impact on the Oil Industry
Projectedclimatic warming could extend summer open water
in the Beaufort Sea an additional 200-800 km offshore
(McGillivrayet aI., 1993).The fetch, and frequency of extreme
wave heights, will therefore increase. It is estimated that the
frequencyof 6m waves would rise from 16% to 39% of the
timc (McGillivray el af., 1993). Present design requirements
furlong-livedcoastal and offshore structures, such as oil installations,will be inadequate under these conditions.
A possible -beneficial effect would be shorter winters disrupting
construction, exploration, and drilling programs. A decrease in
thickness of first-year ice of 50-70% is projected for the
Arctic, which will extend the drilling seasons for floating vessels considerably. Costs of drilling "downtime" on offshore oil
and gas drilling explorations could practically be eliminated
duc to iceberg and sea-ice absence, saving more than $CDN40
million annually (Stokoe, 1988).

7.5.5.

Impact on the Tourist Industry

·

·
·

.,!

.,tI.
~
.'

~

Many mountainous regions of the world are used for tourism.
A prerequisite for such commercially important activities as.
skiing is an extended snow cover of sufficient depth. Despite
increases in precipitation, warming will decrease the cover,
depth, and quality of snow and impair winter tourism in most
alpine countries. Subsequent socioeconomic consequences
could be detrimental for many mountain communities (Foehn,
.. .1990).In the t!nited States..!.
Cline (1992) estimates ski industry .

·

Climatic scenarios produced by GCMs need to be
refined so as to provide more detail for mountain and
polar regions. Their output for regions of the globe
where snow, ice, and permafrost are dominant needs
to be better verified for the present climate. Imprecise
estimates of future polar and alpine precipitation, and
particularly snow depth, are a major constraint in predicting the behavior of most components of the
cryosphere and their impact.
Research should focus on processes that are driven by

interactions between the a~mo~phereand the cryosphere. Improving understanding of these processes
would allow the construction of more sophisticated
and realistic climate sensitivity models.
Monitoring of key components of the cryosphere must
continue. The mass balance of the ice sheets of the
world is poorly known. Databases need to.be further
developed and maintained. They grRvide.the benchmark for assessing future change and for modertesting. More statistical work is required on existing data..
bases to improve knowledge of cryospheric trends.
Effects of cryospheric change on other natural systems need to be better understood and quantified, particularly where they affect human communities and
economic systems of agriculture, forestry, tourism,
transport, and engineered structures. Future response
of Arctic sea ice is especially critical because large
changes ~ill have profound climatic, economic, trade,
and strategic implications.
New methods are needed to assess probabilities of nat-

ural hazard. and .riakJIt~t take mto account changing
..
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climate. For hazard mitigation measures in mountain
environments of developing countries, transfer of
technologies for preparing the necessary assessments
would be helpful.

Braithwaite, R.1. and O.B. Olesen. 1989: Calculation of glacier ablation from
air temperatures, West Greenland. In: Glacier Fluctuations and Climatic
Change [Oerlemans. J. (ed.)]. Kluwer Academic Publishers,
Netherlands, pp. 219-233.
Braithwaite,

Braithwaite,

The Convening Lead Author was funded by the Climate
Management Centre, University of Otago, and by the New
Zealand Ministry for Research, Science, and Technology. We
wish to.thank-the many reviewers who made constructive suggestions for improving the chapter.

Dordrecht,

RJ. and O.B. Olesen, 1990: Increased ablation at the margin of

the Greenland ice sheet under a Greenhouse-effect
Glaciology. 14, 20-22.

Acknowledgments

.."
~."..

climate. Annals of

RJ. and O.B. Olesen, 1993: Seasonal variation of ice ablation at

the margin of the Greenland ice sheet and its sensitivity to climate change,
Qamanrssp sermia. West Greenland. J. Glaciol.. 39(132), 267-274.
Bromwich.

D.H., EM. Robasky, RA. Keen, and J.F. Bolzan, 1993: Modeled

variations of precipitation
Climate, 6(7), 1253-1268.

over the Greenland

Ice sheet. Journal of

Brown, R.D.. M.G. Hughes. and D.A. Robinson, 1994: Characterizing the
long term variability of snow cover extent over the interior of Nonh
America. Annals of Glaciology. 21. 45-50.
Brown, RD., 1993: Implications of global climate warming for the Canadian
east coast sea ice and iceberg regimes over the next 50-100 years.
Climate Change Digest 93-03. Canadian Climate Centre. Environment
Canada. pp. 1-15.

References
Aagaard,

K. and E.C. Carmack,

1989: The role of sea-ice and other fresh-

Brown, RD. and P. Cote, 1992: Interannual variability of landfast ice thick-

94,

ness in the Canadian High Arctic. 1950-1989. Arctic, ~S, 273-284.
Burgess, M.M. and D.W. Riseborough, 1990: Observations on the thermal

Ageta, Y. and T. Kadota, 1992: Predictions of changes of mass balance in the

response of discontinuous permafrost terrain to development and climate
change-an
800-km transect along the Norman Wells pipeline.
Proceedings of the Fifth Canadian Permafrost Conference, Col/ectiol/
Nordicana, 54, Laval University. 291-297.
Burns, R.A., N.N. Goriainov, J.A. Hunter. A.S. Judge, A.G. Skvonsov, BJ.

water in the Aretjc circulation.
485-14-498.

Journal

of Geophysical

Research,

Nepal Himalaya and libetan Plateau: a case study of air temperature
increase for three glaciers. Annals of Glaciology, 16, 89-94.
Allison, I.F. and P.C. Keate. 1986: Recent changes in the glaciers of Heard
Island. Polar Record, 23(144), 255-271.
Allison, I.F. and A. Worby, 1994: Seasonal changes of sea-ice characteristics
off East Antarctica. Annals of Glaciology. 20, 195-201.
Allison, I., R.E. Brandt, and S.G. Warren 1993: East Antarctic sea ice: albedo,

Todd, and Y.M. limofeev, 1993: Cooperative Russian-Canadian geophysical investigations of permafrost on the Yamal Peninsula, westem

thickness distribution and snow cover. Journal of Geophysical Research.
98,12.417-429.

China,1993. Proceedings, vol. I. South China University of Technology
Press. Wushan, Guangzhou, China, pp. 66-71.
Calanca, P. and A. Ohmura, 1994: Atmospheric moisture flux convergence
and accumulation
on the Greenland Ice Sheet. In: Snow and lee

Alt, B.T.. 1987: Developing synoptic analogs for extreme mass balance conditions on Queen Elizabeth Island ice caps. Journal of Climatology
Applied Meteorology, 26,1605-1623.
Anderson,

W., D.M. Robenson.

and 1.1. Magnuson,

and

1995: Evidence ofrecent

warming and ENSO related variation in ice breakup of Wisconsin lakes.
American Society of Limnology and Oceanography (in press).
Anisimov, O.A. and EE. Nelson, 1995: Permafrost distribution in the Nonhern
Hemisphere under sc~narios of climatic change. Global and Planetary
Change (submitted).
Aniya, M.. R. Naruse,:M. Shizukuishi, P. Skvarca, and G. Casassa, 1992:
Monitoring recent glacier variations in the southern Patagonia Ice field,
utilizing remote sensing data. International Archives of Photogrammetry
and Remote Sensing, 29(B7), 87-94.
Armstrong, B.R.. 1978: A history of avalanche hazard in San Juan and Ouray
Counties, Colorado, in avalanche control, forecasting and safety. In:
Proceedings of Workshop held in Banff, Alberta. National Research
Council, Canada, p. 199.
Asset

R.A.. C.R. Snider, and R. Lawrence.

1985: Comparison

Lakes winter weather and ice conditions
Weather Review. 113.291-303.

of 1983 Great

with previous years. Monthly

Assel, R.A and D.M. Robenson, 1995: Changes in winter air temperatures near
Lake Michigan during 1851-1993, as determined from regional lake-ice
records. Limnology and Oceanography, 40(1), 165-176.
Assel. R.A., D.M. Robenson. H. Hoff. and J.H. Segelby. 1995: Climatic
change implications from long term (1823-1994) ice records for the
Barry,

LaUrentian Great L3kes. (1995). Annals of Glaciology, 21 (in press):
R.G.. 1985: The Cryosphere and climate change. In: Detecting the
Effects of Increasing Carbon Dioxide. DOElER-0235, U.S. Depl. of
Energy, Washington, DC, pp. 109-148.

Barsch,
D., 1993: Periglacial
Geomorphology,7,141-163.
Bjornson,

geomorphology

in

the

21st

century.

H., 1980: Avalanche activity in Iceland. climatic conditions and ter-

rain features. Journal of Glaciology, 26(94), 13-23
Boer. GJ.. N.A. Mcfarlane, and M. La2~re. 1992: Greenhouse gas-induced climate change simulated with the CCC second-generation" general' circuhition model. Journal of Climatology,S,
1045-1077.

Siberia.

In: Permafrost:

Sixth

Intematiollal

Conference,

Beijing.

Covers:
Interactiol/s
with the Atmosphere
and Ecosystems
(Proceedings of Yokahama Symposia 12 and J5, July 1993). IAHS
Publication 223, pp. 77-84.
Chapman, W.L. and J.E. Walsh, 1993: Recent variations of sea ice and air
temperature

in high latitudes. Bull. Am. Meteorol. Soc., 74, 33-47.

Chen Ji Yang, 1991: Changes of alpine climate and glacier water resources.
ZlIricher Geographische Schriften, 46, 196 pp.
Cheng Guodong and F. Dramis, 1992: Distribution of mountain permafrost
and climate. Permafrost alld Periglacial Processes, 3(2), 83-91.
Chinn, T.J., 1993: Physical hydrology of the dry valley lakes. In: Physical and
Biochemical
Processes in Afltarctic Lakes [Green, W.J. and E.I.
Freidmann (eds.)]. Antarctic Research Series. 51. American Geophysical
Union. pp. 1-51.
CSIRO, 1994: Climate Change alld Snow Cover Duration in the Victorian
Alps. Repon to the Environment Protection Authority, CSIRO Division
of Atmospheric Research. Australia. Publication 403, 45 pp.
Cui Zhijiu. 1980: Periglacial phenomena and environmental ~QStruction
in the
Qinghai-libet Plateau. In: Collection of Geological Research Papersforthe
International Exchange. Wrinen for the 26th session of the International .
Geology Conference (Geohydrology, Engineering Geology, Quaternary
Geology. Geomorphology), Geological Publishing House. pp. 109-115.
Cui Zhijiu and Xie Youyu, 1984: On the Southern boundary of permafrost and
the periglacial environment in Nonheast and Nonh China in the late period of the late Pleistocene. Allagcological Sinica. 2, 95-175.
Christensen. T., 1991: Arctic and sub-Arctic soils emissions: possible implications for global climate change. Polar Record. 27. 205-210.
Christensen,
T.R..
1993: Methane
emission
from Arctic
tundra.
Biogeochemisry,

21. /17-139.

Clague, J.1. and S.G. Evan~, 1992: Historic catastrophic retreat of Grand
Pacific and Melbern Glaciers, Saint Elias Mountains, Canada: an analogue for the decay of the Cordilleran ice sheet at the end of the
Pleistocene? Journal of Glaciology, 39(134). 619-624.
"
Clague. JJ. and S.G. Evans. 1994: Forrnationand failure ofnaturafdiunsin
the:"~.Canadian Cordillera. Geological Survey of Canada Bulletin, 464. 35 pp. .

""

261

The Cryosphere: Changes and Their Impacts
Cline,

W.R., 1992: Energy efficiency
Climate Challge, 22(2), 95-97.

and Greenhouse

abatement

,costs.

Dallimore, S.R.. 1995: Intrapermafrost gas hydrates from a deep core hole in
the Mackenzie Delta, Nonhwest territories, Canada. Geology (in press).
Dikikh, A.N. and L.K. Dikikh. 1990: Water-glacial resources of the IssykkulChuiski region. Their modem and future situation. Water Resources, 4,
74-81 (in Russian).
))oake, C.S.M. and D.G. Vaughan, 1991: Rapid disintegration of the Wordie ice
shelf in responsa to atmospheric warming. Nature. 350(6316), 328-330.
Domack, -E.W., AJ. Timothy Jull. and S. Nakao, 1991: Advance of East
Ant3rctic outlet glaciers during the Hypsithermal: implications for the
volume state of the Antarctic ice sheet under global warming. Geology.
19. 1059-1062.
Douglas, B.C.. R.E. Cheney. L. Miller, and R.W. Agreen 1990: Greenland ice
sheet: is it growing or shrinking? Sciellce. 248, 288.
Dutto. F. and G. Monara, 1992: Rischi connessi con la dinamica glaciale nelle
Alpi Italiane. Geograjia Fisica e Dillamica Quatemaria.

15. 85-99.

Dyurgerov, M., 1994: Global Mass Balallce MOllitorillg. Repon to U.S.
Department of State. Institute of Geography of Russian Academy of
Sciences.
Esc:h. D.C.. 1993: Impacts of Nonhem Climate Change on Arctic Engineering
Practice. In: Impacts of Climate Challge 011 Resource Mallagemell/ ill
the North (Wall, G. (ed.)]. Depanment of Geography Publications
Series. Occasional Paper No. 16. University of Waterloo. Ontario.
Canada, pp. 185-192.
Etkin, D.A., 1991: Breakup in Hudson Bay: il~ sensitivity to air temperatures
and implications for climate warming. ClimalOlogical Bulletill. 24, 21-34.
Evans. S,G. and 1.1. Clague, 1993: Glacier related hazards and climatic
change. In: The World at Risk: Natural Hazards alld Climatic Challge
(Bras. R.A. (ed.)]. American Institute of Physics Conference Proceedings
277. American Institute of Physics, New York. NY. pp. 48-60.
Ewns, S.G. and JJ. Clague, 1994: Recent climate change and catastrophic geomorphic processes in mountain environments. Geomorphology. 10. 107-128.
Fitzharris, B.B.. 1987: A climatology of major avalanche winters in Western
Canada. Atmosphere-Oceall. 25. 115-136.
Fitzharris. B.B.F. and S. Bakkehoi, 1986: A synoptic climatology of major
avalanche winters in Norway. Joumal of Climatology. 6. 431-446.
Fitzharris, B.B.F. and e.E. Garr. 1995: Detection of changes in seasonal snow
in Southern Alps New Zealand, Allllais of Glaciology (in press).
~'itzharris. B,B.F., J.E. Hay. and P.D. Jones, 1992: Behaviour of New Zealand
glaciers and atmospheric circulation changes over the past 130 years. The
Holocene. 2(2). 97-106.
Fitzharris. B.B.F. and P.A. Schaerer. 1980: Frequency of major avalanche
winters. Joumol of Glaciology. 26(94), 43.
Foehn, P.M.,)99O: Schnee und Lawinen. In: Schnee. Eis und Wasser in der
Alpen ill einer waermeren Atmosphaere. MitteU. VAWIETH Zuerich. Nr.
108. S. 33-48.
Foulds. D.M. (ed.), 1988: Optimum Operation of Hydro Plall/s during the Ice
Regime of Rivers. Subcommittee on the Hydraulics of lce-Covered
Rivers, National Research Council of Canada, Ottawa, Canada, 81 pp.
Francou, B. and L. Reynaud, 1992: 10 year surficial velocities on a rock glacier (Laurichard, French Alps). Permafrost and Periglacial Processes.
3(3).209-213.
Fukuda, M., 1994: Methane flux from thawing Siberian pennafrost
plexes)-results
from field observations. EOS. 75. 86.

(ice com-

Fujii, Y.. K. Kamiyama, T. Kawamura. T. Kameda. K. Izumi. K. Satow. H.
Enomoto. T. Nakamura, OJ. Hagen,Y. Gjessing, and O. Watanabe. 1990:
6000-year climate records in an ice core from the Hoghena ice dome in
northern Spitsbergen. Annals of Glaciology. 14. 85-89.
Carr. c.E. and B.B. Fitzharris. 1994: Sensitivity of mountain IUI10ffand hydro-electricity to changing climate. In: MounJain Environments in Changing CIimata
(Deniston, M. (cd)]. RoutIodge. London and New York, pp. 366-381.
~EngJneering
(M.S.T) Ltd.. 1995: Potential ImpaCl of Global Warming in
PemUlfrost in the McKenve Valley-Results
of Geothermal Modelling.
Geological Survey of Canada, Open file 2540. onawa. Canada, 40 pp.

Gerard. R.. 1990: Hydrologyof floating ice. In: Northern Hydrology,
Canadian Perspectives (Prowse. T.D. and C.S.L. Omrnanney (eels.)].
NHRl Science Report No. I. JIlational.Hydrology Research Institute.
Environment Canada, ~~#-:.~as~cheWari;c8nada.
pp. 103-134.
., o.

Ginzburg.

B.M, K.N. Polyakova, and 1.1.Soldatova,

1992: Secular changes in

dates of ice formation on rivers and their relationship with climate
change. Soviet Meteorology alld Hydrolog)', 12, 57-64.
Glazyrin. G.Y.. K.V. Ratsek, and A.S. Tshetinnikov, 1986: Glacial runoff
changes of middle Asian rivers due to the possible changes of the climate.
Trall.mctiOlI of SANII, 117(198),59-70 (in Russian).
Glazyrin G.Y., M.M. Pershukova. and A.V. Yakovlev, 1990: Ch,mge of the
Kungei-Alatoo chain glaciation within possible changes of the climate.
_

Trallsactions of SANIGMI,

136(217), 113-q9

(in Russian).

Gleick, P.H.. 1987a: Regional hydrologic conseq~ences of increases in atmospheric C02 and other trace gases. Climatic Challge. .10. IJ7-161.
Gleick. P.H.. 1987b: The development and testing of a water balance model for
climate impact assessment:. modelling the sacramento ba.~in. Water
Resources Re.fearch, 23(6), 1049-1061.
Gloersen.
P: and WJ. Campbell, 1991: Recent
Antarctic sea-ice covers. Nature, 352, 33-36.

variations

in Arctic and

Gloersen, P.. WJ. Campbell. DJ. Cavalieri, J.e. Comiso. e.L. Parkinson, and
H.I. Zwally, 1992: Arctic and Antarctic Sea Ice, 1978-1987: Satellite
Passive-Microwave
Observations
and Analysis. SP-511, National
Gray,

Aeronautics and Space Administration (NASA), Washinglon DC. 290 pp.
D.M. and T.D. Prowse, 1993: Snow and floating ice. In: Handbook of
Hydrology (Maidment, D. (ed.»). McGraw-Hili. New York, NY, pp.
7.1-7.58.

Greco.

S.. R.H. Moss, D. Viner, and R. Jenne, 1994: Climate Scenarios alld

Socioecollomic ProjectiOlI.f for IPCC WGII 'Asse.umt'lI/. Consonium for
International Eanh Science Information Network. Washington DC, 67 pp.
Gu Zhongwei. Zhou Youwu. Liang Fenxian. Liang Linheng, and Zhang Qibin.
1993: Permafrost features and their changes in Amur area. Daxinganling
Prefecture. Nonh-eastern
China. In: Permafro.fI: Sixth III/emational
COllference. Beijing. China 1993. Proceedings. vol. I. South China
University of Technology Press. Wushan, Guangzhou. China. pp. 204-209.
Haeberli, W.. 1992: Construction. environmental problems and natural hazards in periglacial mountain belts. Permafrost and Periglacial Proce.ue.f.
3(2), III -124.
Haeberli: W.. 1994: Accelerated glacier and permafrost changes in the Alps.
In: III/ematiollal Conference on Moull/aill E",.irollmt'lI/s in Changing
Climates. Davos 1992. Routledge Publishers.
1-107.

London and New York. pp.

Haeberli. W., G. Cheng. A.P. Gorbunov, and S.A. Harris. 1993: Mountain permafrost and climatic change. Permafrost and Periglacial Processes, 4(2).
165-174,
Haeberli,

W., M. Hoelzle, F. Keller. W. Schmid.

Wagner.

1993: Monitoring

the long-term

D. Vonder Miihll, and S.

evolution

of mountain

per-

mafrost in the Swiss Alps. In: Permafrost: Su!/rilltematiollal
Conferellce.
Beijing. ChilUl 1993. Proceedings. vol, I, .south China University of
Technology Press, Wushan, Guangzhou;"China. pp. 214-219.
Haeberli, W. and M. Hoelzle, 1995: Application of inventory data for estimating characteristics of and regional climate change effects on mountain
glaciers-a
pilot study with the European Alps. Annals of Glaciology (in
press).
Hanson, H.P.. C.S. Hanson. and B.H. Yoo. 1992: Recent Great Lakes ice
trends. Bulletin American Meteorological

Society, 73. 577~~84.

Harris, S.A.. 1990: Long-term air and ground temperature records from the
Canadian cordillera and the probable effects odor moisture changes.
Proceedings
Fifth Canadian
Permafrost
Conference.
Collectia.n

Nordicana. pp. 151-157.
Harris.

.

S.A. and A.E. Cone. 1992: Interactions

and relations between moun-

tain permafrost, glaciers, snow and water. Permafrost and Periglacial
Processes. 3(2). 103-110.
Harris, S.A. and R. Giardino. 1994: Permafrost in mountain ranges of North
America. In: Permafrost: Sixth Intemotional Conference, Beijing. China
1993. Proceedings. vol. 2, South China University of Technology Press.
Wushan, Guangzhou. China.
Harrison. W.D.. 1991: Permafrost response to surface temperature change and
its implications for the 4O.000-year sUrf~
history at Prudhoe Bay.
Joumol of Geophysical Research. 96. 683.:c;95
Hastenrath,
S~ 1992: Ice flow and mass changes of Lewis Glacier. Mount
Kenya, 1986-90; observations and modelling. Joumol of Glaciology. 38.
. 36-42.

_n_

-- -

.

262

The Cryosphere: Changes and Their..lmpac!.f.:~.
.'

Hastenrath,
S.. 1994: Variations of equatorial glaciers and global change. In:
Praceedings af Inte.r!latianal Sympasium an _Seasanal and Long-tenn
Fluctuatians af Naval and Glacial Pracesses in Mauntains. UNESCOIUGG-IAHS-ICSI. September 1993, Tashkent. Uzbekistan.
Hastenrath,
S. and A. Ames. 1995: Recession of Yanamarey Glacier in
Cordillera Blanca, Peru. during the 20th century. Jaumal af Glaciology,
41(137). 191-196.
Hastenrath.
S. and P.D. Kross. 1992: The dramatic retreat of Mount Kenya's
glaciers 1963-87: greenhouse forcing. Annals afGlacialagy.16.
127-133.
Henderson-Sellers.
A. and A. Hansen. 1995: Atlas af Results from
Greenhause Model Simulatians. Model Evaluation Consonium
for
Climate Assessment. Climate Impacts Centre, Macquarie
Kluwer Academic Publishers. Dordrecht. Netherlands.

University.

Hibler, W.D. 11.(._1989: Arctic ice-ocean dynamics. In: The Arctic Seas.
Climatolog)~ Oceano.graphy, Geo.lag.\: and Bialagy [Herman. Y. (ed.)].
Van' Nostrand Reinhold, New York. NY. pp. 47-91.
Higuchi. K.. 1991: Change in hydrological cycle in cold regions corresponding to "greenhouse" warming. In: Arctic Hydrolagy, Presell/ and Future
Tasks. Repon 23. Norwegian National Committee for Hydrology. Oslo.
Norway. pp. 47-49.
Hoelzle. M. and W. Haeberli, 1995: Simulating effects of mean annual air temperature changes-Qn permafrost distribution and glacier size-an example from the Up~! Engadin. Swiss Alps. Annals af Glacialagy (in press).
IAHS (lCSI)lUNEPIUNESCO.
1988: Flucll/a/ion.r af Glaciers. 1900-1985
[Haeberli. W. and P. Muller
IAHS (lCSI)lUNEPIUNESCO.
[Haeberli. W.. H. Bosch. K.
Nairobi. Kenya. 390 pp.
IAHS (lCSI)lUNEPIUNESCO.
1990-1991

[Haeberli.

(eds.)]. Paris. France. 290 pp.
1989: Warld Glacier Inventory-Status
1989
Scherler. G. 0strem. and c.c. Wallen (eds.)].
1993: Glacier Mass Balance Bulletin No. 2-

W..

E.

Herren.

and

M.

Hoelzle

(eds.)].

WGMSIETH Zurich. 74 pp.
IAUS (lCSI)IUNEPIUNESCO,
1994: Glacier Mass Balance Bulletin No.. 31992.1993
[Haeberli.
W.. M. Hoelzle. and H. Bosch (eds.)].
WGMSIETH Zurich. 80 pp.
IPCC.

1990: Climate Change: The IPCC Impacts Asse.r.rmell/ [McG. Tegan.
WJ.. G.W. Sheldon. D.C. Griffiths (eds.)]. Australian Government

Publishing Service. Canberrd. Australia. 268 pp.
IPCC. 1992: Climate Change 1992. The Supplemell/ary Report 10.Ihe IPCC
Sciell/ijic Assessmell/ [Houghton. J.T.. B.A. Callander. and S.K. Varney
(ed.)]. Cambridge Univ. Press. Cambridge. UK. 200 pp.
Jacobs. S.S.. 1992: Is the Antarctic ice sheet growing? Nall/re. 360.29.33.
Johannesson. T.. O. Sigurdsson. T. Laumann. and M. Kennett. 1993: Degreeday glacier masS: balance modelling with applications to glaciers in
Iceland and Norway. No.rdic Hydrolagical Programme NHP Repart. 33.
Judge. A.S. and J.A. Majorowicz.
1992: Geothermal conditions for ga.~
hydrate stability in the Beaufon-Mackenzie
area: the global change
aspect. Global and Planetary Change. 6. 251-263.
Judge. A.S., S.L. Smith, and J.A. Majorowicz. 1994: The current distribution
and thermal stability of natural gas hydrates in the polar regions. In:
Proceedings af the Faurth Internatianal Offshare and Palar Engineering
Canferetlce. April 10-15. 1994. Vol. I. International Society of Offshore
and Polar Engineers. Osaka. Japan. pp. 307-314.
Kadota. T.. R. Naruse. P. Skvarca. and M. Aniya. 1992: Ice flow and surface
lowering of Tyndall Glacier. southern Patagonia. Bulletin af Glacier
Research, 10, Japanese Society of Snow and Ice. 63-68.
Kameda. T., M. Nakawo. S. Mae. O. Watanabe. and R. Naruse. 1990.
Thinning of the iC;~sheet estimated from total gas content of ice cores in
Mizuho Plateau, East Antarctica. Annals afGlacialagy. 14, 131-135.
Kapsner. W.R., R.B. Alley, C.A. Shuman. S. Anandakrishnan. and .P.M.
Grootes. 1995: Dominant influence of Atmospheric Circulation on snow
accumulation
in Greenland
over the past 18.000 years. Nature.
373(6509), 52-54.
Karl. T.R.. P. Ya. Groisman. R.W. Knight. and R.R. Heim. Jr.. 1993: Recent variations of snowcover and snowfall in Nonh America and their relation to precipitation and temperature variations. Jaurnal o.f Climatalagy, 6, 1327-1344.
Kassi. N.. 1993: Native perspective on climate change. In: Impacts afClimate
. Change an Resaurce Management
in the, N.orth [Wall, G. (ed.)].
Depanment of Geography Publications 'Series. Occasio.~l. Paper No. 16,
University of Waterloo. Ontario, Canada, pp. 43-49.
.

'.

-.

Keller. F. and H.U. Gubler, 1993: Interaction between snow cover and high
mountain permafrost at MuneUCorvatsch. Swiss Alps. In: Perma/m.rt:
Sixth III/ematianal Canference. Beijing. China 1993. Proceedings. vol. I.
South China University of Technology Press, Wushan. Guangzhou.
China. pp. 332-337.
King.

L. and HJ. Akermann. 1994: Mountain permafrost in Europe. In:
Permafrost: Sixth Intematianal
Canference, Beijing, China 1993.
Proceedings. vol. 2. South China University of Technology Press.
Wushan. Guangzhou. China, pp. 1022-1027.
Koerner.
R.M. and M.M. Brugman. 1991: Mass balance trends in the
Canadian High Arctic and Western Cordilleran Glaciers over the pa.~1
three decades. Paper presented at IAMAP symposium "Climate-depen_
dent dynamics, energy and mass balance of polar glaciers and ice sheets."
Vienna, August 1991. Abstract.
Kolchugina. T.P. and T.S Vinson. 1993: Climate warming and the carbon cycle
in the permafrost zone of the Former Soviet Union. Pennafrost and
Periglacial Processes. 4,149-163.
Kondratjeva,
K.A.. S.F. Khrutsky. and N.N. Romanovsky. 1993: Changes in
the extent of permafrost during the late Quaternary period in the territory of the Former Soviet Union. Permafrast and Periglacial Proces.re.r. 4.
113-119.
Koster. E.A.. 1991: Assessment of climate change impact in high-latitudinal
regions. Terra. 103. 3-13.
Koster. E.A.. 1994: Global warming and periglacial landscapes. In: The
Changing
Global Enviranll/em
[Robens.
N. (ed.)]. Blackwell.
Cambridge USA. pp. 127-149.
Koster. E.A. and M.E. Nieuwenhuijzen. 1992: Permafrost response to climalic change. Calena Supplemem. 22. 37-58.
Koster. E.A.. M.E. Nieuwenhuijzen. and A.S. Judge. 1994: Permafrost cmd
Climale Change: All Annolated Bibliagraphy. Glaciological Data Repon
27. WDC-A for Glaciology. University of Colorado. Boulder, CO. 94 pp.
Kotlyakov V.M.. M.G. Grosswald. M.B. Dyurgerov. and V.L. Mazo. 1991:
The reaction of glaciers to impending climate change. Palar Geagraphy
and £cala8.\'. 15(3).203-217.
Kuhn. M.. 1993: Possible future contribution to sea level change from small
glaciers. In: Climate and Sea Le,'el Change: Observations, Projectians
and Implicatians [Warrick. R.A.. E.M. Barrow. and T.M.L. Wigley
(eds.)]. Cambridge University Press. Cambridge. UK. pp. 134-143.
Kvenvolden. K.A. and T.D. Lorenson. 1993: Methane in permafrost: preliminary results from coring at Fairbanks. Alaska. Chemasphere, 26(1-4).
609-616.
Lachenbrach. A.H. and B.V. Marshall. 1986: Changing cIimale-geothermal evidence from permafrost in the Ala.~kan arctic. Science. 234(4777). 689-696.
Lange. M.A. and H. Eicken. 1991: The sea ice thickness distribution in the
nonhwestern Weddell Sea. Jal/mal af Geophy.fical Research, 96(eJ).
4821-4837.
Laumann.

T. and A. M. Tvede.

1989: Simulation

of the effects of climate

changes on a glacier in western Norway. Narges Vassdrags-ag
Energiverk. Meddelelse fra Hydrolagisk Avdelillg. 72. 339-352.
Lemke. P.. W.B. Owens. and W.D. Hibler 111.1990: A coupled sea ice-mixed
layer-pycnocline model for the Weddell Sea. Jaumal af Geaphysical
Research. 95. 9527-9538.
Letreguilly.
A. and L. Reynaud. 1989: Pa.~t and forecasf l1uctuations of
Glacier Blanc (French Alps). AI/I/als ofGlacialagy.
13, 159-163.
Lewkowicz. A.G.. 1992: Factors influencing the distribution and initiation of'
active-layer detachment slides on Ellesmere Island. Arctic Canada. In:
Periglacial Geamarphalagy
[Dixon, J.C. and A.D. Abrahams (eds.)].
John Wiley and Sons, New York, NY. pp. 223-250.
Lonergan.
S.. R. Difrancesco, and M.K. Woo. 1993: Climate-change and
transponation in Nonhern Canada-an
intergrated impact assessment.
Climate Challge. 24(4). 331-351.
MacInnes.
K.L.. M.M. Burgess, D.G. Harry. and T.H.W. Baker. 1990:
Permafrost and Terrain Research and Manitarillg: Narmall Wells
Pipelille. Vall/me II Research and Manitorillg Resl/lts: 1983-1988.
Environmental Studies Repon No. 64. Depanment of Indian and Nonhem
Affairs Canada. Northern Affairs Program. Ottawa. Canada. 204 pp.
Malagnino, E. and J. Strelin, 1992: Variations of Upsala Glacier in southern
Patagonia since the late .Holocene to the. present.. In: Glacialagical .
Researches in Patagania (1990) [Naruse. R. and M Aniya (cds.)]. pp. 61-85.

..

~
J
:.

.

~

The Oyosphere:

263

Changes alld Their Impacts

Maimer, N., 1992: Peat accumulation
Supplement, 22, 97-110.

and the global carbon cycle. Catena

Marion, G.M. and W.e. Oechel, 1993: Mid- to late-Holocene
in Arctic Alaska and its implications
Holocene, 3, 193-200.

carbon balance

for future global warming.

The

Martinec, J., A. Rango, and R. Robens, 1994: Modelling the redistribution of
runoff caused by global warming. In: Effects of HI/man-Induced Chanl1es
on Hydrologigal Systems. American Water Resources Associ::cti"n, pp.
153-161.
Martinec, J. and A. Rango. 1989: Effects of climate change on snow melt
runoff patterns. In: Remote Sensing and Large-Scale Global Processes.
Proceedings of the IAHS Third International Assembly, Baltimore, MD,
May 1989. IAHS Publication No. 186, pp. 31-38.

Martinson. D.G., 1990: Evolution of the Southern Ocean winter mixed layer
and sea ice: open ocean deepwater formation and ventilation. Journal af
Geaphysical Research. 95(C7). 11,641-654.
McGillivray, D.G, T.A. Agnew, G.A. McKay. G.R. Pilkington, and M.e. Hill,
1993: Impact~ of climatic change on the Beaufort sea ice regime: implications for the Arctic Petroleum Industry. Climate ClulIIge Digest 93-0 I.
Atmospheric Environment Service. Canada. pp. 1-17.
Mclaren, A.S.. 1989: The under-ice thickness distribution of the Arctic basin
as recorded in 1958 and 1970. Journal
4971-4983.
Mclaren,

of Geophysical

Research.

94,

A.S., J.E. Walsh, R.H. Bourke. R.L. Weaver, and W. Wittman, 1992:

Variability in sea-ice thickness over the North Pole from 1979 to 1990.
Nature, 358, 224-226.
Meier, M.E, 1993: Ice, climate and sea level: do we know what is happening'?
In: Ice in the Climllle Sy.ftem [Peltier, W.R. (ed.». NATO ASI series I,
Global Environmental
Change,
12, Springer-Verlag,
Heidelberg,
Germany, pp. 141-160.
Melnikov. P.A. and R.B. Street, 1992: Terrestrial component of the cryosphere.
In: Climate Change 1992. The Supplemellfary Report ta the IPCC Impacts
Assessmellf [McG. Tegart, W.I. and G.w. Sheldon (eds.)]. Australian
Government Publishing Service, Canberra, Australia. pp. 94-98.
Miller. G.H. and A. de Vernal. 1992: Will greenhouse warming lead to
North~rn Hemisphere ice-sheet growth'? Nature. 355. 244-246.
Moraes, E and M.A.K. Khalil, 1993: Permafrost methane content: 2.
Modeling theory and results. Chemosphere.

26. 595-607.

Morgan, V.I.. I.D. Goodwin, D.M. Etheridge, and C.w. Wookey, 1991:
Evidence from Antarctic ice cores for recent increases in snow accumulation. Nature, 354, 58-60.
Morinaga, Y. and T. Yasunari. 1993: Recent global warming and variation of
winter snow cover in Japan. Science Report. Institute of Geoscience,
University ofTsukuba, Section A. 14.49-59.
Miiller, H. and G. Kaeppenberger. 1991: Claridenfirnmessungen
1914-1984.
ZUrcher Geographische Schriften. Nr. 40, Geographishe Institut, ETH
Zurich (graph updated by H. Lang and U. Steinegger 1995).
Mysak, L.A. and D.K. Manak. 1989: Arctic sea ice extent and anomalies.
1953-84. Atmosphere and Ocean. 27(2). 346-505.
Nelson. EE. and O.A. Anisimov. 1993: Permafrost zonation in Russia under
anthropogenic climatic change. Permafrost
4(2). 137-148.

and Periglacial

Processes,

Nixon. EM. and A.E. Taylor, 1994: Active Layer Monitoring in Natural
Environm"nts, MacKenzie Valley, Northwest Territories. Current Research
1994-B. Geological Survey of Canada, Ottawa, Canada, pp. 27-34.
Nixon. EM.. A.E. Taylor.. V.S. Allen. and F. Wright, 1995: Active Layer
Monitoring in Natural Environments, Lower McKenzie Valley, Northwest
Territories. Current Research 1995-B. Geological Survey of Canada.
Ottowa. Canada, pp. 99-108.
Occhel. W.C.. S.I. Hastings. G. Vourlitis. M. Jenkins. G. Riechers. and N.
Grulke. 1993: Recent change of Arctic tundra ecosystems from a net carbon dioxide sink to a source. Nature, 361(6412), 520-523.
Oerlemans. J., 1991: The mass balance of the Greenland ice sheet sensitivity
to climate change as revealed by energy-balance
modelling. The
Holocene. 1(1).40-49.
Oerlemans. J.. 1994: Quantifying global warming from the retreat of glaciers.
Science. 264. 243-245.

.s:.

Oerlemans. J. and J.P.F. Fortuin, 1992: Sensitivity of glaciers and small ice
caps to greenhouse warming. Science. 258. 115-118.

Oerlemans.

J.. R.S. van de Wal, and L.A. Conrads, 1993: A model for the sur-

face balance of ice masses: Part II. Application
sheet. Z Gletscherkd. Glazialgeal, 27/28, 85-96.

to the Greenland

ice

Oerlemans, J. and H.F. Vugts. 1993: A meteorological experiment in the melting zone of the Greenland
ice sheet. Blllletill of the Americall
Meteorological Society, 74(3). 355-365.
Ohmura. A. and N. Reeh, 1991. New precipitation and accumulation maps for
Greenland. JOllrtlal afGlaciolagy, 37(125). 140-148.
Orheim, 0.. 1988: Antarctic icebergs-'rrnduction,
distribution and disintegration. Allnals ofGlacialagy,
11.205.
Osterkamp, T.E., 1994: Evidence for warming ahd thawing of discontinuous
permafrost in Alaska. EOS, 75(44),85(1994').
Osterkamp, T.E. and J.P. Gosink, 1991: Variations in permafrost thickness in
response to changes in climate. Jaur/wl of Geophysical Research.
96(83),4423-4434.
Osterkamp. :r.E.. T. Zang, and V.E. Romanovsky. 1994: Evidence for a cyclic
. variation of permafrost temperatures in Northern Alaska. Permafro.ft alld
Periglacial Pr()(:esses, 5, 137-144.
Palecki, M.A. and R.G. Barry, 1986: Freeze-up and break-up of lakes as an
index of temperature changes during the transition seasons: a case study
for Finland. JOllrnal af Climate alld Applied Climatology. 25. 893-902.
Parkinson.
e.L.. 1992: Spatial panerns of increases and decreases in the
length of the sea ice season in the north polar region, 1979-1986. JOllrnal
of Geophysical Re.fearch. 97(C9), 14,377-388.
Parkinson, e.L. and D.I. Cavalieri. 1989: Arctic sea ice 1983-1987: seasonal.
regional and interannual

94(CIO), ]4,199-523.

variability. JOllrnal of Geophysical

Research.

.

Pavlov, A.V.. 1994: Climate controls and high-aliitude permafrost, Qinghai-Xizang
(Tibet) Plateau, China. Pemwfrost alld Periglacial Pm<:e.f.\'es,5, 10I-II O.
Popovnin, V.V.. 1987: The problem of long term prediction of mountain
glaciation evolution and the alternative design for the Dzhankuat glacier.
In: E.ftimatioll alld LOllg Term Predictioll ofMolllltaill Nalllre Challgillg.
Moscow, USSR, pp.128-145 (in Russian).
Prowse. T.D.. M.N. Demuth, and H.A.M. Chew. 1990: The deterioration of
freshwater ice due to radiation decay. Journal af Hydraulic Re.fearch.
28(6),685-697.
Qiu Guoqing. 1994: Mountain permafrost in central Asia. In: Permafrrw: Sixth
Illfer/wticJ//al COllferell<:e.Beijillg. Chilla 1993. Proceedings. vol. 2. South
China University of Technology Press. Wushan, Guangzhou.
1028-1030.

China, pp.

Qiu' Guoqing and Cheng Guodong, 1995: Permafrost in China: past and present. Permafrost alld Periglacial Processes, 6(1), 3-14.
Rango, A. and J. Martinec, 1994: Areal extent of seasonal snow cover in a
changed climate. Nordic Hydrology. 25. 233-246.
Rasmussen, R.A.. M.A.K. Khalil. and E Moraes, 1993: Permafrost methane
content I: experimental data from sites in northern Alaska. Chemo.fphere.
26,591-594.
'';
:::Reeh. N., 1989: Dynamic and climatic history of the Greenland ice sheet. In:
Quaternary Geology of Canada alld Greenland [Fulton. R.I. (ed.».
Geological Survey of Canada, Onawa, Canada. pp. 795-822.
Reycraft. J. and W. Skinner, 1993: Canadian lake ice conditions: an indicator
of climate variability. Climatic Perpectives, 15.9-15.
Rlseborough.
D.W., 1990: Soil latent heat as a filter of the climate signal in
permafrost.
In: Proceedings
of the Fifth Canadi"il
Permafrost
Conference.
Centre d'etudes
nordiques. Universite 'LavallNational
Research Council of Canada, Quebec. Canada, pp. 199-205.
Riseborough. D.W. and M.W. Smith, 1993: Modelling permafrost response. to tli-

mate change and climate variability. In: Proceedings of the Fourth
International Symposium on 1hennal Engineering & Sciencefor Cold Regiolls
[Lunardini, V.I. and S.L. Bowen (eds.)]. U.s. Army Cold Regions Research
and Engineering LaboratoIy. Special Report 93-22, Hanover.NH. pp. 179-187.
Robinson. D.A.. F.T. Keimig, and K.F. Dewey. 1993: Recent variations in
Northern Hemisphere snow cover. In: Proc. Fifteenth Allnual Climate
Diagnostics Workshop. NOAA, pp. 219-224.
Romanovsky. V.E.. L.S. Garagula, and N.V. Sergina, 1991: Freezing and thawing of soils under the influence of 300- and 9O-year periods of temperature
fluctuation. In: -Proceedings: Internatiorii1l Conference on the Role of the
Po«zr Regions in Global Change. Fairbanks, AI(, June 11-15. 1990 [Weller,
G. et aL (ed.)]. University of Alaska. Fairbanks, AI(, vol 2. pp. 542-548.

'.

264

The Cryosph£re, Chang" and Their Impacts

Romanovsky,
V.E., L.N.
Maximova,
and N.V. Sergina,
1991:
Paleotemperature reconstruction for freeze-thaw processess during the
late Pleistocene "through the Holocene. In: Proceedings: International
Conference on the Role of the Polar Regions in Global Change,
Fairbanks, AK, June 11-15, 1990 [Weller G. et al. (ed.)]. University of
Alaska, Fairbanks, AK, vol. 2, pp. 537-542.
Roots, F., 1993: Climate change-its
possi.ble impact on the environment and
the people of northern regions. In: Impacts of Climate Change on
Resource Management in the North [Wall, G. (ed.)]. Department of
Geography Publications Series, Occasional Paper No. 16, University of
Waterloo, Ontario, Canada, pp. 127-15l.
Ruddell, A.R., 1990: The glaciers of New Zealand's Southern Alps: a century
of retreat. Paper presented at ANZAAS Congress, Hobart, Australia,
February 1990.
Rudels, B.;- f990: Haline convection
Research, 37(9), 1491-151l.

in the Greenland

Sea. Deep-Sea

Sanderson, TJ.O., 1988: Ice Mechanics Risks to Offshore Structures. Graham
and Trottman, London, UK, 253 pp.
Schindler, D.W., K.G. Beaty, EJ. Fee, D.R. Cruickshank, E.D. de Bruyn, D.L.
Findlay, G.A. Linsey, J.A. Shearer, M.P. Stainton, and M.A. Turner,
1990: Effects of climate warming on lakes of the Central Boreal Forest.

Science, 250, f}67-?70.

.

Schlosser, P., G. Ifo'niscfi; M. Rhein, and R. Bayer. 1991: Reduction of deepwater formatron in the Greenland Sea during the 1980's: evidence from
tracer data. Science, 251, 1054-1056.
Schmitt, E., 1993: Global climatic change and some possible geomorphological and ecological effects in Arctic permafrost environments, 1sfjorden
and Liefedefjorden,
Northern Spitsbergen.
In: Permafrost:
Sixth
Imemational
Conference. Beijing. China 1993. Proceedings, vol. I,
South China University of Technology Press, Wushan, Guangzhou,
China, pp. 544-549.
Schubert, e., 1992: The glaciers of the Sierra Nevada de Merida (Venezuela):
a photographic comparison of recent deglaciation. Erdkunde, 46, 59-64.
Shi Yafeng and Ren Binghui, 1988: An introduction to the Glaciers in China.
Science Press, 75,172-174.
Shi Yafeng and Ren Jiawen, 1990: Glacier recession and lake shrinkage indicating a climatic warming and drying trend in Central Asia. Annals of
Glaciology, 14,261-265.
Skvarca, P., 1993: Fast recession of the northern Larsen Ice Shelf monitored
by space images. Annals of Glaciology,

17, 317-321.

Skvarca, P., 1994: Changes and surface features of the Larsen Ice Shelf,
Antarctica. derived from the Landsat and Kosmos mosaics. Annals of
Glaciology, 20~ 6-12.
Soldatova, 1.1., 1992: Causes of variability of ice appearance dates in the lower
reaches of the Volga. 'Soviet Meteorology and Hydrology, 2, 62-66.
Soldatova, 1.1.. 1993: Secular variations in river break-up dates and their relationship with climate variation. Meteorologia i gidrologia, 9, 89-96 (in
Russian).
Stokoe, P., 1988: Socia-economic assessment of the physical and ecological
impacts of climate change on the marine environment of the Atlantic
region of Canada. Climate Change Digest 88-07, Atmospheric
Environment Service, Canada, pp. 1-8.
Street, R.B. and P.l. Melnikov, 1990: Seasonal snow cover, ice, and permafrost. In: Climate Change: The IPCC Impacts' Assesment [McG.
Tegart, WJ.. G.W. Sheldon, and D.C. Griffiths (eds.)]. Australian
Government Publishing Service, Imprimatur Press, Canberra, Australia,
pp.7-1-7-33.
Sun Jianzhong, I985:'1>aleoenvironment in the Northeast China during the last
ice age. China Quaternary Period Research, 6(1).
Tangbom, W., 1980: Two models for estimating climate-glacier relationships
in the north Cascades, Washington, U.S.A. Journal of Glaciology,
25(91), 3-21.
Taylor, A.E., 1991a: Marine transgression, shoreline emergence: evidence in
sea-bed and terrestrial ground temperatures of changing relative sea-levels, Arctic Canada. Journal of Geophysical Research. 96(B4). 6893-6909.
Taylor, A.E., 1991b: Holocene paleoenvironmental

reconstruction

from deep

ground temperatures: a comparison with paleoclimate derived from the
18 0 record in. an ice core from the Agassiz Ice Cap, Canadian Arctic
Archipelago. Journal of Glaciology, 37, 209- 219.

Tenthorey, G., 1992: Perennial ne've's and the hydrology of rock glaciers.
Permafrost and Periglacial Processes, 3(3), 247-252.
UNEP, 1993: Glaciers and the Environment.
Library No.9, 23 pp.

UNEP/GEMS

Environment

U.s. Department of Energy, 1985: Glaciers, Ice Sheets and Sea Level. Repon
of a Workshop held in Seattle, Washington, September 13-15, 1984,
DOElEV/60235-I,
330 pp.
V!cmdenberghe, J., 1993: Permafrost changes in Europe during the last glacial.
Permafrost and Periglacial Processes, 4, 121-135.
Van Der Vinne, G., T.D. Prowse, and D. Andres, 1991: Economic impact of
river ice jams in Canada. In: Northern Hydrology, Selected Perspectives
[Prowse, T.D. and C.S.L. Ommanney (eds.)]. NHRI Symposium No.6,
National Hydrology Research Institute, Environment Canada, Saskatoon,
Saskatcliewan, Canada, pp. 333-352.
Velichko, A.A. and V.P. Nechaev, 1992: The estimation of permafrost dynamics in Northern Eurasia within the global warming 1992. Doklady of the
Academy of Sciences, 324(3), 667-671 (in Russian).
Vinje. T£.. 1989: An upward looking sonar ice draft series. In: Proceedings of
the 10th International Conference on Port & Ocean Engineering under
Arctic Conditions [Axelsson, K.B.E. and L.A. Fransson (eds.)]. Lulea
University, Technology, I, pp. 178-187.
Vonder Muhll, D.S. and W. Schmid, 1993: Geophysical and photogrammetric
investigation of rock glacier Muragl I, Upper Engadin, Swiss Alps. In:
Permafrost: Sixth Intemational
Conference. Beijing. China 1993.
Proceedings, vol. I, South China University of Technology Press,
Wushan, Guangzhou, China, pp. 654-659.
Vyalov, S.S., A.S. Gerasimov, AJ. Zolotar, and S.M. Fotiev, 1993: Ensuring
structural stability and durability in permafrost ground at global warming
of the Earth's climate. In: Permafrost: Sixth Intemational Conference,
Beijing. China 1993. Proceedings. vol. I, South China University of
Technology Press, Wushan. Guangzhou, China, pp. 955-960.
Wadhams, P., 1989: Sea-ice thickness in the Trans Polar Drift Stream. Rapp.
P-v Reun Cons. Int. Explor. Mer, 188,59-65.
Wadhams, P., 1990a: Evidence for thinning of the Arctic ice cover north of
Greenland. Nall/re, 345.795-797.
Wadhams,
P., I990b: Sea ice and economic development in the Arctic
Ocean-a
glaciologist's experience. In: Arctic Technology and Economy.
Present Situation and Problems, Future Issues. Bureau Veritas, Paris,
France, pp. 1-23.
Wadhams. P., 1992: Sea ice thickness distribution
Eurasian Basin, May 1987. Joumal
5331-5348.

in the Greenland Sea and

of Geophysical

Research, 97(C4).

Wadhams, 1'., 1994: Sea ice thickness changes and their relation to climate. In: The
Polar Oceans and Their Role in Shaping the Global Environment. The
Nansen Centennial Volwne [Johannessen, O.M., R.D. Muench, and J.E.
Overland (eds.»). American Geophysical Union.. Monograph 85, pp. 337-361.
Wadhams, P. and J.e. Comiso, 1992: The ice thickness distribution inferred
using remote sensing techniques. In: Microwal'e Remote Sensing of Sea
Ice [Carsey,
F. (ed.)]. Geophysical
Monograph
68, American
Geophysical Union, Washington. pp. 375-383.
Wadhams, P. and D.R. Crane. 1991: SPRI participation in the Winter Weddell
Gyre Study 1989. Polar Record, 27, 29-38.
Wagner. S" 1992: Creep of alpine permafrost investigated 'On the Murtl rock
glacier. Permafrost and Periglacial Processes, 3(2), 157-162.
.
Wall, G. (ed.), 1993: Impacts of Climate Change 011Resource Management in
the North. Department of Geography Publications Series, Occasional
Paper No. 16, University of Waterloo, Ontario, Canada~ 245 pp.
Wang Boalai and H.M. French, 1994: Climate controls and high-altitude permafrost, Qinghai Xizang (Tibet) Plateau, China.' Permafrost and
Periglacial

Processes,S,

87-100.

"

,"

Warren. C.R., 1994: Against the grain; a report on the Pio XI glacier
Patagonia. Geographical Magazine, September. 66(9), 28-30.
Weidick. A., 1991a: Present-day expansion of the southern part of the Inland
lee. RappoTl Grolliands geoliske Undersogelse, 152, 73-79.
Weidick. A.. 1991b: Jakot>shavn Isbrae during the climatic optimum. Rapport
Gronlands geoliske Undersogelse, 155,67-72.
Weidick. A., 1991c: Neoglacial change of ice cover and the related response
to the Earth's.crust
in West Greenland. Rappo11-Gronlands" geoliske
Undersogelse. 159, 121-126.

1

...:.,"

C"t,

~i4.
<'n

~~k
~J'~ Cryosphere: Changes
,

.

265

alld Their Impacts

irk.A.. 1991d:Present day expansion of the southern part of the Inland

"rid,cc. Rapport Gronlands geoliske Undersogelse. 152.73-79.
M.W. Smith, and A.E. Taylor, 1994: A hybrid model for predicting

<111

hI F.,
,,'01:.

","
114.

pennafrost OCCUITenceand thIckness. E05, 75, 77.
"'00. ~1.K., 1990: Consequences of climatic change for hydrology in permafrost zones. JO/lnral of Cold Regions Engineering, 4, 15-20.
.
K and B.B. Fitzharris, 1992: Reconstruction of mass balance varia-

I
,j

I.t

f

.

.1

"'00 JV" .
/. ",":ticos for Franz Josef glacier, New Zealand. 1913 to 1989. Arctic
-Alpine Research, 24(4), 281-290.

and

'"f',

,,'00, f,f.K., 1992: Impacts of climate variability and change on Canadian wetlands. Canadian Water Resources Journal. 17,63-69.

f,.
'II.

,,"00, M.K., A.G. Lewkowicz, and W.R. Rouse, 1992: Response of the
Canadian permafrost
environment
to climatic change.
Physical

Ilf

Geography,

13,287-317.

n,.
'hr

Xlt Youyu, 1985: Preliminary discussion on the climatic conditions for the fore.
mation of permafrost
in Northeast
China
and its evolution.
Glacial

"I
'.-,

Xlt Youyu, 1996: Effects of Climatic
Change on Permo frost in China. Institute
of Geography,
Chinese Academy
of Science,
Global Change Study No.

Cf)'Opedology,

CII

7(4),

2, Series publication

Yang Hairong, 1985: Measures of preventing and controlling the Roadbed subsidence in the permafrost zone and improving its stability. Glacial
Cryopedology, 7(1).
Zachrisson,
G., 1989: Climate variation and ice conditions in the River
Tornelven. In: Conference on Climate and Water. Publications of the
Academy of Finland, vol. I, Helsinki, Finland, pp. 353-364.
Zhang. T. and T.E. Osterkamp. 1993: Changing climate and permafrost temperatures in the Alaskan Arctic. In: Permafrost: Sixth Imemational
Conference. Beijing. China /993. Proceedings, vol. I, South China
University

of Technology

Press, Wushan,

G~angzhou,

China,

pp. 783-788.

Zimov,
S.A., J.P. Semiletov,
S.P. Daviodov,
Yu.V. Voropaev, S.F.
Prosyannikov, C.S. Wong. and Y.-H. ChaO" 1993: Wintertime C02 emission from soils of Northeastern Siberia. Arctic, 46, 197-204.
Zwally, H.1., A.C. Brenner, J.A. Major, R.A. Bindschadler, and J.A. Marsh,
'1989: Growth of Greenland ice sheet: measurement and interpretation,
Science, 246. 1587- I591.

323-329.

(in press).

1,'
n:
./.

.~.
Ij:
Ij:

,'.
.If
:'.
,f

,.

"
,I

. -:.....

Q"

'.
'..

Climate Change 1995
Impacts, Adaptations and Mitigation of Climate Change:
Scientific- Technical Analyses

Edited by
Robert T. Watson
Officeof SciencealldTechnologyPolicy.
ExecutiveOfficeof the Presidelll

Marufu C. Zinyowera

Richard H. Moss

Zimbabwe Meteorological Services

Battelle Pacific Northwest
National Laborator.\'

Project Administrator

David J. Dokken

.Contribution of Working Group II to the Second Assessment Report
of the Intergovernmental Panel on Climate Change

Published for the Intergovernmental Panel on Climate Change

I~ CAMBRIDGE

UNIVERSITY PRESS
...........
..

~

."..

Published by the Press Syndicate of the University of Cambridge
The Pitt Building, Trumpington Street. Cambridge CB2 IRP
40 West 20th Street, New York, NY 10011-4211. USA
10 Stanford Road. Oakleigh, Melbourne 3166, Australia
@ IPCC 1996
First published 1996

Printed in the United States of America
Library of Congress cataloging-in-publication data available.
A catalog recordfor this book is available from the British Library.
ISBN 0-52 1-5643 I-X Hardback
ISBN 0-521-56437-9

Paperback

Also available from Cambridge University Press:
Climate Change /995;- tlie Science afClimate Change
Contribution of Working Group I to the Second Assessment Report
of the Intergovernmental Panel on Climate Change. Editors J.J. Houghton.
L.G. Meiro Filho. B.A. Callander. N. Harris. A. Kattenberg and K. Maskell.
(ISBN 0 521 564336 Hardback; 0521 564360 Paperback)
Climllte Change /995

- Economic

and Social Dimensions of Climate Change

Contribution of Working Group III to the Second Assessment Report of the
Intergovernmental Panel on Climate Change. Editors J. Bruce. Hoesung Lee
and E. Haites. (ISBN 0521 560519 Hardback; 0 521 568544 Paperback)

-

Photo Credits Photographic imagery embedded in the geodesic globe derived from the following sources: 'The World Bank' CDROMs (Aztech New Media Corporation)~~PhQtoGallery' CD-ROMs (SoftKey ,International, I!1c.);and the 'Earth, ~ir, Fire, and
~ater' CD-ROM (MediaRights, Inc.). The mosquito image was provided by the Iowa State Department of Entomology; hurricane
photo courtesy of NOAA. Geodesic globe designer

-

Mark Sutton.

T

he Intergovernmental Panel on Climate Change (IPCC)was set up jointly by the World

.

Meteorological Organization and the United Nations Environment Programme to provide
an authoritative international statement of scientific opinion on climate change. The IPCC
prepared its first comprehensive assessment report in 1990, with subsequent supplementary
reports in 1992 and 1994. Climate Change 1995 is the first full sequel to the original assessment.
The IPCC's periodic assessments of the causes, consequences and possible responses to climate
<_changeare the most comprehensive and up-to-date available. These assessments form the
. 'standard scientific reference for all concerned with climate change and its consequences, in
- academia, government and industry worldwide. Several hundred scientists and co~tributors,
recognized internationally as experts in their fields, were brought together in thre-e working.
groups to assess climate change for this Second Assessment Report. During drafting, the
chapters were exposed to extensive review by many other independent experts, and subjected
to full governmental reviews. This volume, Impacts, Adaptations and Mitigation of Climate

Change: Scientific-TechnicalAnalyses, is companion to two other volumes from the IPCC
produced under the umbrella title Climate Change 1995. For the first time, all three volumes
are published by Cambridge University Press:
Climate Change 1995 The Science of Climate Change
Contribution of Working Group I to the Second Assessment Report of the Intergovernmental
Panel on Climate Change
Editors J.j. Houghton, L.G. Meiro Filho, B.A. Callander, N. Harris, A. Kattenberg and K. Maskell.
(ISBN0-521-564336 Hardback; 0-521-564360 Paperback)

-

Climate

Change

1995

-Economic

and Social Dimensions

of Climate

Change

Contribution of Working Group III to the Second Assessment Report of the Intergovernmental
Panel on Climate Change
Editors J.P. Bruce, Hoesung Lee and E.F. Haites.
(ISBN0-521-560519 Hardback: 0-521-568544 Paperback)

-

Climate Change 1995 Impacts, Adaptations
Scientific- Technical Analyses

and Mitigation of Climate Change:

This comprehensive volume provides a roadmap for n~vigating the sometimes divisive
public debate about the consequences of climate change. It reviews what is known, unknown,
uncertain and controversial about the potential impacts of climate change and finds that:

·

· the composition and geographic distribution of many ecosystems will shift;
some regions, especially in the tropics and subtropics, may suffer significant adverse
consequences for food security, even though the effects of climate change on global food
production may prove small to moderate;
there could be an increase in a wide range of human diseases, including mortality, and
illness due to heat waves and extreme weather events, extensions in the potential transmission of vector-borne diseases, such as malaria, and regional declines in nutritional status;
. some countries will face threats to sustainable development from losses of h1imin habitat
due to sea-level rise, reductions in water quality and quantity, and disruptions from
extreme events;
technological advances have increased the range of adaptation and mitigation options, and
offer exciting opportunities for reducing emissions, but are not currently available in all
regions of the world.
This volume will be of great value to decisionmakers, the scientific community and students~

·

·

ISBN 0-521-56437-9

CAMBRIDGE

UNIVERSITY PRESS

~ll~J~l~AI~J~

.'

