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Chapter 4 Observations: Changes in Snow, Ice and Frozen Ground

4.1 Introduction The cryosphere on land stores about 75% of the world’s
freshwater. The volumes of the Greenland and Antarctic Ice
Sheets are equivalent to approximately 7 m and 57 m of sea
The main components of the cryosphere are snow, river anelvel rise, respectively. Changes in the ice mass on land have
lake ice, sea ice, glaciers and ice caps, ice shelves, ice sheetmtributed to recent changes in sea level. On a regional scale,
and frozen ground (Figure 4.1). In terms of the ice mass and itsany glaciers and ice caps play a crucial role in freshwater
heat capacity, the cryosphere is the second largest componestilability.
of the climate system (after the ocean). Its relevance for climate Presently, ice permanently covers 10% of the land surface,
variability and change is based on physical properties, such asds which only a tiny fraction lies in ice caps and glaciers
high surface r@ectivity (albedo) and the latent heat associatedutside Antarctica and Greenland (Table 4.1). Ice also covers
with phase changes, which have a strong impact on the surfaapproximately 7% of the oceans in the annual mean. In
energy balance. The presence (absence) of snow or ice in pamidwinter, snow covers approximately 49% of the land surface
regions is associated with an increased (decreased) meridiomalthe Northern Hemisphere (NH). Frozen ground has the
temperature difference, which affects winds and ocean currentargest area of any component of the cryosphere. Changes in
Because of the positive temperature-ice albedo feedback, soie components of the cryosphere occur at different time scales,
cryospheric components act to amplify both changes andepending on their dynamic and thermodynamic characteristics
variability. However, some, like glaciers and permafrost, act t¢Figure 4.1). All parts of the cryosphere contribute to short-term
average out short-term variability and so are sensitive indicatotdimate changes, with permafrost, ice shelves and ice sheets
of climate change. Elements of the cryosphere are found at allso contributing to longer-term changes including the ice
latitudes, enabling a near-global assessment of cryospherage cycles.
related climate changes.
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Figure 4.1. Components of the cryosphere and their time scales.
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23 x 10° km? or 24% of the land area in the NH. On average,
the long-term maximum areal extent of the seasonally frozen
ground, including the active layer over permafrost, is about
48 x 10° km? or 51% of the land area in the NH. In terms of
areal extent, frozen ground is the single largest cryospheric
component. Permafrost also acts to record air temperature
and snow cover variations, and under changing climate can be
involved in feedbacks related to moisture and greenhouse gas
exchange with the atmosphere.

4.2 Changes in Snow Cover

4.2.1 Background

The high albedo of snow (0.8 to 0.9 for fresh snow) has
an important influence on the surface energy budget and on
Earth’s radiative balance (e.g., Groisman et al., 1994). Snow
albedo, and hence the strength of the feedback, depends on a
number of factors such as the depth and age of a snow cover,
vegetation height, the amount of incoming solar radiation and
cloud cover. The albedo of snow may be decreasing because of
anthropogenic soot (Hansen and Nazarenko, 2004; see Section
2.5.4 for details).

In addition to the direct snow-albedo feedback, snow may
influence climate through indirect feedbacks (i.e., those in
which there are more than two causal steps), such as to summer
soil moisture. Indirect feedbacks to atmospheric circulation
may involve two types of circulation, monsoonal (e.g., Lo
and Clark, 2001) and annular (e.g., Saito and Cohen, 2003;
see Section 3.6.4), although there are large uncertainties in the
physical mechanisms involved (Bamzai, 2003; Robock et al.,
2003).

In this section, observations of snow cover extent are updated
from IPCC (2001). In addition, several new topics are covered:
changes in snow depth and snow water equivalent; relationships
of snow to temperature and precipitation; and observations and
estimates of changes in snow in the Southern Hemisphere (SH).
Changes in the fraction of precipitation falling as snow or other
frozen forms are covered in Section 3.3.2.3. This section covers
only snow on land; snow on various forms of ice is covered in
subsequent sections.

4.2.2 Observations of Snow Cover, Snow Duration
and Snow Quantity
4.2.2.1 Sources of Snow Data

Daily observations of the depth of snow and of new snowfall
have been made by various methods in many countries, dating
to the late 1800s in a few countries (e.g., Switzerland, USA,
the former Soviet Union and Finland). Measurements of snow
depth and snow water equivalent (SWE) became widespread

by 1950 in the mountains of western North America and
Europe, and a few sites in the mountains of Australia have been
monitored since 1960. In situsnow data are affected by changes
in station location, observing practices and land cover, and are
not uniformly distributed.

The premier data set used to evaluate large-scale snow
covered area (SCA), which dates to 1966 and is the longest
satellite-derived environmental data set of any kind, is the
weekly visible wavelength satellite maps of NH snow cover
produced by the US National Oceanic and Atmospheric
Administration’s (NOAA) National Environmental Satellite
Data and Information Service (NESDIS; Robinson et al., 1993).
Trained meteorologists produce the weekly NESDIS snow
product from visual analyses of visible satellite imagery. These
maps are well validated against surface observations, although
changes in mapping procedures in 1999 affected the continuity
of data series at a small number of mountain and coastal grid
points. For the SH, mapping of SCA began only in 2000 with
the advent of Moderate Resolution Imaging Spectroradiometer
(MODIS) satellite data.

Space-borne passive microwave sensors offer the potential
for global monitoring since 1978 of not just snow cover, but
also snow depth and SWE, unimpeded by cloud cover and
winter darkness. In order to generate homogeneous depth or
SWE data series, differences between Scanning Multichannel
Microwave Radiometer (SMMR; 1978 to 1987) and Special
Sensor Microwave/Imager (SSM/I; 1987 to present) in 1987
must be resolved (Derksen et al., 2003). Estimates of SCA
from microwave satellite data compare moderately well with
visible data except in autumn (when microwave estimates are
too low) and over the Tibetan plateau (microwave too high;
Armstrong and Brodzik, 2001). Work is ongoing to develop
reliable depth and SWE retrievals from passive microwave for
areas with heavy forest or deep snowpacks, and the relatively
coarse spatial resolution (~10-25 km) still limits applications
over mountainous regions.
4.2.2.2 Variability and Trends in Northern Hemisphere
Snow Cover

In this subsection, following the hemispheric view provided
by the large-scale analyses by Brown (2000) and Robinson et
al. (1993), regional and national-scale studies are discussed.
The mean annual NH SCA (1966-2004) is 23.9 x 10° km?, not
including the Greenland Ice Sheet. Interannual variability of
SCA is largest not in winter, when mean SCA is greatest, but
in autumn (in absolute terms) or summer (in relative terms).
Monthly standard deviations range from 1.0 x 10° km? in August
and September to 2.7 x 10° km? in October, and are generally
just below 2 x 10° km? in non-summer months.

Since the early 1920s, and especially since the late 1970s,
SCA has declined in spring (Figure 4.2) and summer, but not
substantially in winter (Table 4.2) despite winter warming
(see Section 3.2.2). Recent declines in SCA in the months of
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a. Western North America western Andes from about 30°S to 36°S. Over the 1975 to 2001
o T T ] period of record, the linear change in winter ZIA was 121.9
I T 7.7 m, and the positive trend was dominated by atmospheric
L 1 conditions on dry days (enhancing melt) with no trend on wet
5_- L ] days (accumulation zone unchanged).
®
o 1
£ ° 4 ° 1 4.2.2.3.2 Australia and New Zealand
= ok 0 o—2 ° i For the mountainous south-eastern area of Australia, studies
£ 00 of late winter (August—September) snow depth have shown
o °o ° R ] some sigripcant declines (as much as 40%) since 1962. Trends
i ° o 1 in maximum snow depth were more modest. The stronger
‘5_' §§Z ) declines in late winter are attributed to spring season warming,
while maximum snow depth is largely determined by winter
[ ] precipitation, which has declined only slightly (Hennessy et al.,
-10 L L 2003; Nicholls, 2005).
-150  -100 -59 0 50 100 In New Zealand, annual observations of end-of-summer
7 change snow line on 47 glaciers have been made by airplane since 1977,
b. Switzerland ar_ld reveal Iarge i_nterar_mual varia_bility primarily associa?e_d
1wo———————7 with atmospheric circulation anomalies (Clare et al., 2002); itis
I noteworthy, however, that the four years with highest snow line
i occurred in the 1990s. The only study of seasonal snow cover in
5'_ ] the Southern Alps found no trend over the 1930 to 1985 period
L (Fitzharris and Garr, 1995) and has not been updated.
Q
5 _
Eoop ° 7 4.3 Changes in River and Lake Ice
= ]
5L ] 4.3.1 Background
i Because of its importance to many human activities, freeze-
100 . . . up and breakup dates of river and lake ice have been recorded
150 100 50 0 50 100 for a long time at many locations. These records provide useful

climate information, although they must be interpreted with
care. In the case of rivers, both freeze-up and breakup at a given
Figure 4.4. Dependence of trends in snow on mean winter temperature (;C) Kgcation can be strongly affected by conditions far upstream
each location. (a) Relative trends in 1 April SWE, 1950 to 2000, in the mount{feg e@xample, heavy rains or snowmelt in a distant portion of
western North America (British Columbia, Washington, Oregon and Callformqhélwa@ershed) In the case of lakes, the h|5t0r|ca| observations
S i o e et s s h' 055 B el e mace st cosstlocaons ofen proectd
interval for bins with at least 10 points, and circles indicate outliers. Total nunf@YS “and harbours) and so may not be representative of the
of data points is 323 (adapted from Mote et al., 2005). (b) Relative trend in ddg&ef as a whole, or comparable to more recent satellite-based
winter (DJF) snow cover at 109 sites in Switzerland, 1958 to 1999, binned byghesyvations. Nevertheless, these observations represent some
DJF temperature (adapted from Scherrer et al., 2004). of the longest records of cryospheric change available.
Observations of ice thickness are considerably sparser
and are generally made using direct drilling methods. Long-
record 1979 to 2002 show substantial interannual variabilitterm records are available at a few locations; however it
with little or no long-term trend. A long-term increasing trendshould be noted that, just as for sea ice, changes in lake and
in the number of snow days was found in the eastern side of thiger ice thickness are a consequence not just of temperature
central Andes region (33°S) from 1885 to 1996, derived fronand radiative forcing, but also of changes in snowfall (via the
newspaper reports of Mendoza City (Prieto et al., 2001). insulating effect of snow).
Other approaches suggest some response of snow line to
warming in South America. The 0°C isotherm altitude (ZIA),4.3.2 Changes in Freeze-up and Breakup Dates
an indication of snow line, has been derived from the daily
temperature piele obtained from radiosonde data located at Freeze-up is dened conceptually as the time at which a
Quintero (32°47'S, 71°33'W, 8 m above sea level; Carrascoontinuous and immobile ice cover forms; however, operational
et al., 2005), which represents the snow line behaviour in thdebnitions range from local observations of the presence

% change
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4.6 Changes and Stability of Ice

Sheets and Ice Shelves

New and improved observational techniques, and extended
time series, reveal changes in many parts of the large ice sheets.
Greenland has experienced mass loss recently in response
to increases in near-coastal melting and in ice flow velocity
more than offsetting increases in snowfall. Antarctica appears
to be losing mass at least partly in response to recent ice flow
acceleration in some near-coastal regions, although with greater
uncertainty in overall balance than for Greenland. Shortcomings
in forcing, physics and resolution in comprehensive ice flow
models have prevented them from fully capturing the ice flow
changes.
4.6.1 Background

The ice sheets of Greenland and Antarctica hold enough ice
to raise sea level about 64 m if fully melted (Bamber et al.,
2001; Lythe et al., 2001). Even a modest change in ice sheet
balance could strongly affect future sea level and freshwater
flux to the oceans, with possible climatic implications. These
ice sheets consist of vast central reservoirs of slow-moving
ice drained by rapidly moving, ice-walled ice streams or rock-
walled outlet glaciers typically flowing into floating ice shelves
or narrower ice tongues, or directly into the ocean. Ice shelves
often form in embayments, or run aground on local bedrock
highs to produce ice rumples or ice rises, and friction with
embayment sides or local grounding points helps restrain the
motion of the ice shelves and their tributaries. About half of
the ice lost from Greenland is by surface melting and runoff
into the sea, but surface melting is much less important to the
mass balance of Antarctica. Dynamics of the slow-moving
ice and of ice shelves are reasonably well understood and can
be modelled adequately, but this is not so for fast-moving ice
streams and outlet glaciers. Until recently (including IPCC,
2001), it was assumed that velocities of these outlet glaciers
and ice streams cannot change rapidly, and impacts of climate
change were estimated primarily as changes in snowfall and
surface melting. Recent observations show that outlet glacier
and ice stream speeds can change rapidly, for reasons that are
still under investigation. Consequently, this assessment will not
adequately quantify such effects.

4.6.2 Mass Balance of the Ice Sheets and Ice

Shelves

The current state of balance of the Greenland and Antarctic
Ice Sheets is discussed here, focussing on the substantial
progress made since IPCC (2001). Possible future changes are
considered in Chapter 10, and in Chapter 19 of the Working
Group II contribution to the IPCC Fourth Assessment Report.

4.6.2.1 Techniques

Several techniques are used to measure the mass balance of
large ice masses. The mass budget approach compares input
from snow accumulation with output from ice flow and melt
water runoff. Repeated altimetry measures surface elevation
changes. Temporal variations in gravity over the ice sheets
reveal mass changes. Changes in day length and in the direction
of the Earth’s rotation axis also reveal mass redistribution.

4.6.2.1.1 Mass budget

Snow accumulation is often estimated from annual layering
in ice cores, with interpolation between core sites using satellite
microwave measurements or radar sounding (Jacka etal., 2004).
Increasingly, atmospheric modelling techniques are also applied
(e.g., Monaghan et al., 2006). Ice discharge is calculated from
radar or seismic measurements of ice thickness, and from in situ
or remote measurements of ice velocity, usually where the ice
begins to float and velocity is nearly depth-independent. A major
advance since [PCC (2001) has been widespread application of
Interferometric Synthetic Aperture Radar (InSAR) techniques
from satellites to measure ice velocity over very large areas of
the ice sheets (e.g., Rignot et al., 2005). Calculation of mass
discharge also requires estimates for runoff of surface melt
water, which is large for low-elevation regions of Greenland and
parts of the Antarctic Peninsula but small or zero elsewhere on
the ice sheets. Surface melt amounts usually are estimated from
modelling driven by atmospheric reanalyses, global models or
climatology, and often calibrated against surface observations
where available (e.g., Hanna et al., 2005; Box et al., 2006).
The typically small mass loss by melting beneath grounded
ice is usually estimated from models. Mass loss from melting
beneath ice shelves can be large, and is difficult to measure; it is
generally calculated as the remainder after accounting for other
mass inputs and outputs.

Ice sheet mass inputs and outputs are difficult to estimate
with high accuracy. For example, van de Berg et al. (2006)
summarised six estimates of net accumulation on the grounded
section of Antarctica published between 1999 and 2006, which
ranged from 1,811 to 2,076 Gt yr! or £7% about the midpoint.
Transfer of 360 Gt of grounded (non-floating) ice to the ocean
would raise sea level about 1 mm. Uncertainty in the Greenland
accumulation rate is probably about 5% (Hanna et al., 2005; Box
etal., 2006). Although broad InSAR coverage and progressively
improving estimates of grounding-line ice thickness have
substantially improved ice discharge estimates, incomplete
data coverage implies uncertainties in discharge estimates of
a few percent. Uncorrelated errors of 5% on input and output
would imply mass budget uncertainties of about 40 Gt yr! for
Greenland and 140 Gt yr! for Antarctica. Large interannual
variability and trends also complicate interpretation. Box et al.
(2006) estimated average accumulation on the Greenland Ice
Sheet of 543 Gt yr! from 1988 to 2004, but with an annual
minimum of 482 Gt yr!, a maximum of 613 Gt yr! and a
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