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4.1 Introduction

The cryosphere is the collective term for the components of the Earth 
system that contain a substantial fraction of water in the frozen state 
(Table 4.1). The cryosphere comprises several components: snow, river 
and lake ice; sea ice; ice sheets, ice shelves, glaciers and ice caps; and 
frozen ground which exist, both on land and beneath the oceans (see 
Glossary and Figure 4.1). The lifespan of each component is very differ-
ent. River and lake ice, for example, are transient features that general-
ly do not survive from winter to summer; sea ice advances and retreats 
with the seasons but especially in the Arctic can survive to become 
multi-year ice lasting several years. The East Antarctic ice sheet, on the 
other hand, is believed to have become relatively stable around 14 
million years ago (Barrett, 2013). Nevertheless, all components of the 
cryosphere are inherently sensitive to changes in air temperature and 
precipitation, and hence to a changing climate (see Chapter 2).

Changes in the longer-lived components of the cryosphere (e.g., glaciers) 
are the result of an integrated response to climate, and the cryosphere is 
often referred to as a ‘natural thermometer’. But as our understanding 
of the complexity of this response has grown, it is increasingly clear that 
elements of the cryosphere should rather be considered as a ‘natural 

Ice on Land Percent of Global Land Surfacea Sea Level Equivalentb (metres)
Antarctic ice sheetc 8.3 58.3

Greenland ice sheetd 1.2 7.36

Glacierse 0.5 0.41

Terrestrial permafrostf 9–12 0.02–0.10g

Seasonally frozen groundh 33 Not applicable

Seasonal snow cover
(seasonally variable)i 1.3–30.6 0.001–0.01

Northern Hemisphere freshwater (lake and river) icej 1.1 Not applicable

Totalk 52.0–55.0% ~66.1

Ice in the Ocean Percent of Global Ocean Areaa Volumel (103 km3)
Antarctic ice shelves 0.45m ~380

Antarctic sea ice, austral summer (spring)n 0.8 (5.2) 3.4 (11.1)

Arctic sea ice, boreal autumn (winter/spring)n 1.7 (3.9) 13.0 (16.5) 

Sub-sea permafrosto ~0.8 Not available

Totalp 5.3–7.3 

climate-meter’, responsive not only to temperature but also to other 
climate variables (e.g., precipitation). However, it remains the case that 
the conspicuous and widespread nature of changes in the cryosphere 
(in particular, sea ice, glaciers and ice sheets) means these changes are 
frequently used emblems of the impact of changing climate. It is thus 
imperative that we understand the context of current change within the 
framework of past changes and natural variability.

The cryosphere is, however, not simply a passive indicator of climate 
change; changes in each component of the cryosphere have a signifi-
cant and lasting impact on physical, biological and social systems. Ice 
sheets and glaciers exert a major control on global sea level (see Chap-
ters 5 and 13), ice loss from these systems may affect global ocean 
circulation and marine ecosystems, and the loss of glaciers near popu-
lated areas as well as changing seasonal snow cover may have direct 
impacts on water resources and tourism (see WGII Chapters 3 and 24). 
Similarly, reduced sea ice extent has altered, and in the future may 
continue to alter, ocean circulation, ocean productivity and regional 
climate and will have direct impacts on shipping and mineral and oil 
exploration (see WGII, Chapter 28). Furthermore, decline in snow cover 
and sea ice will tend to amplify regional warming through snow and 
ice-albedo feedback effects (see Glossary and Chapter 9). In  addition, 

Table 4.1 | Representative statistics for cryospheric components indicating their general significance.

Notes:
a Assuming a global land area of 147.6 Mkm2 and ocean area of 362.5 Mkm2.
b See Glossary. Assuming an ice density of 917 kg m–3, a seawater density of 1028 kg m–3, with seawater replacing ice currently below sea level.
c Area of grounded ice sheet not including ice shelves is 12.295 Mkm2 (Fretwell et al., 2013).
d Area of ice sheet and peripheral glaciers is 1.801 Mkm2 (Kargel et al., 2012). SLE (Bamber et al., 2013).
e Calculated from glacier outlines (Arendt et al., 2012), includes glaciers around Greenland and Antarctica. For sources of SLE see Table 4.2. 
f Area of permafrost excluding permafrost beneath the ice sheets is 13.2 to 18.0 Mkm2 (Gruber, 2012). 
g Value indicates the full range of estimated excess water content of Northern Hemisphere permafrost (Zhang et al., 1999). 
h Long-term average maximum of seasonally frozen ground is 48.1 Mkm2 (Zhang et al., 2003); excludes Southern Hemisphere.
i Northern Hemisphere only (Lemke et al., 2007).
j Areas and volume of freshwater (lake and river ice) were derived from modelled estimates of maximum seasonal extent (Brooks et al., 2012).
k To allow for areas of permafrost and seasonally frozen ground that are also covered by seasonal snow, total area excludes seasonal snow cover.
l Antarctic austral autumn (spring) (Kurtz and Markus, 2012); and Arctic boreal autumn (winter) (Kwok et al., 2009). For the Arctic, volume includes only sea ice in the Arctic Basin. 
m Area is 1.617 Mkm2 (Griggs and Bamber, 2011). 
n Maximum and minimum areas taken from this assessment, Sections 4.2.2 and 4.2.3.
o Few estimates of the area of sub-sea permafrost exist in the literature. The estimate shown, 2.8 Mkm2, has significant uncertainty attached and was assembled from other publications by Gruber 

(2012).
p Summer and winter totals assessed separately.



An ice sheet is a chunk of glacier ice that covers the land 
surrounding it and is greater than 50,000 kilometers (20,000 
miles) wide. An ice sheet is also known as a continental glacier.

Ice sheets

Ice caps

Ice caps cover less than 50,000 square kilometers and usually feed a series of glaciers 
around its edges. While not hemmed in by any surface features (they lie on top of 
mountains), they are usually centered on a highest point (called a massif). 

An ice shelf is a thick, floating slab of ice that forms where a glacier or ice flows down a 
coastline. Ice shelves are found only in Antarctica, Greenland, and Canada. Thicknesses of 
floating ice shelves range from 100-1,000 meters.

Ice shelves



Fig. 4. 1

Global Distribution of Cryosphere 
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Sea Ice Extent and ice area

Fig. 4. 3



1. Sea Ice

Fig. 4. 4

Multi-year Sea Ice Extent and ice area



1. Sea Ice

Fig. 4.5

Sea Ice Thickness



1. Sea Ice

Fig. 4.6

Arctic Sea Ice Summary



1. Sea Ice

Fig. 4.7

Antarctic Sea Ice
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waves, and strong wind events that cause the ice to break-up. Histor-
ical records of Antarctic land-fast ice extent, such as that of Kozlovsky 
et al. (1977) covering 0° to 160°E, were limited by sparse and sporad-
ic sampling. Recently, using cloud-free Moderate Resolution Imaging 
Spectrometer (MODIS) composite images, Fraser et al. (2012) derived 
a high-resolution time series of land-fast sea ice extent along the 
East Antarctic coast, showing a statistically significant increase (1.43 
± 0.30% yr–1) between March 2000 and December 2008. There is a 
strong increase in the Indian Ocean sector (20°E to 90°E, 4.07 ± 0.42% 
yr–1), and a non-significant decrease in the sector from 90°E to 160°E 
(–0.40 ± 0.37% yr–1). An apparent shift from a negative to a positive 
trend was noted in the Indian Ocean sector from 2004, which coincid-
ed with greater interannual variability. Although significant changes 
are observed, this record is only 9 years in length.

4.2.3.7  Decadal Trends in Antarctic Sea Ice

For the Antarctic, any changes in many sea ice characteristics are 
unknown. There has been a small but significant increase in total annual 
mean sea ice extent that is very likely in the range of 1.2 to 1.8 % per 
decade between 1979 and 2012 (0.13 to 0.20 million km2 per decade) 
(very high confidence).  There was also a greater increase in ice area 
associated with an increase in ice concentration. But there are strong 
regional differences within this total, with some regions increasing in 
extent/area and some decreasing (high confidence).  Similarly, there are 
contrasting regions around the Antarctic where the ice-free season has 
lengthened, and others where it has decreased over the satellite period 
(high confidence). There are still inadequate data to make any assess-
ment of changes to Antarctic sea ice thickness and volume.

4.3 Glaciers

This section considers all perennial surface land ice masses (defined in 
4.1 and Glossary) outside of the Antarctic and Greenland ice sheets. 
Glaciers occur where climate conditions and topographic  characteristics 
allow snow to accumulate over several years and to transform grad-
ually into firn (snow that persists for at least one year) and finally to 
ice. Under the force of gravity, this ice flows downwards to elevations 
with higher temperatures where various processes of ablation (loss of 
snow and ice) dominate over accumulation (gain of snow and ice). The 
sum of all accumulation and ablation processes determines the mass 
balance of a glacier. Accumulation is in most regions due mainly to 
solid precipitation (in general snow), but also results from refreezing 
of liquid water, especially in polar regions or at high altitudes where 
firn remains below melting temperature. Ablation is, in most regions, 
mainly due to surface melting with subsequent runoff, but loss of ice 
by calving (on land or in water; see Glossary) or sublimation (important 
in dry regions) can also dominate. Re-distribution of snow by wind 
and avalanches can contribute to both accumulation and ablation. The 
energy and mass fluxes governing the surface mass balance are direct-
ly linked to atmospheric conditions and are modified by topography 
(e.g., due to shading). Glaciers are sensitive climate indicators because 
they adjust their size in response to changes in climate (e.g., tempera-
ture and precipitation) (FAQ 4.2). Glaciers are also important season-
al to long-term hydrologic reservoirs (WGII, Chapter 3) on a regional 
scale and a major contributor to sea level rise on a global scale (see 

Section 4.3.3.4 and Chapter 13). In the following, we report global 
glacier coverage (Section 4.3.1), how changes in length, area, volume 
and mass are determined (Section 4.3.2) and the observed changes in 
these parameters through time (Section 4.3.3).

4.3.1 Current Area and Volume of Glaciers

The total area covered by glaciers was only roughly known in AR4, 
resulting in large uncertainties for all related calculations (e.g., overall 
glacier volume or mass changes). Since AR4, the world glacier invento-
ry (WGMS, 1989) was gradually extended by Cogley (2009a) and Radić 
and Hock (2010); and for AR5, a new globally complete data set of gla-
cier outlines (Randolph Glacier Inventory (RGI)) was compiled from a 
wide range of data sources from the 1950s to 2010 with varying levels 
of detail and quality (Arendt et al., 2012). Regional glacier-covered 
areas for 19 regions were extracted from the RGI and supplemented 
with the percentage of the area covered by glaciers terminating in tide-
water (Figure 4.8 and Table 4.2). The areas covered by glaciers that are 
in contact with freshwater lakes are only locally available. The separa-
tion of so-called peripheral glaciers from the ice sheets in Greenland 
and Antarctica is not easy. A new detailed inventory of the glaciers in 
Greenland (Rastner et al., 2012) allows for estimation of their area, 
volume, and mass balance separately from those of the ice sheet. This 
separation is still incomplete for Antarctica, and values discussed here 
(Figures 4.1, 4.8 to 4.11, Tables 4.2 and 4.4) refer to the glaciers on 
the islands in the Antarctic and Sub-Antarctic (Bliss et al., 2013) but 
exclude glaciers on the mainland of Antarctica that are separate from 
the ice sheet. Regionally variable accuracy of the glacier outlines leads 
to poorly quantified uncertainties. These uncertainties, along with 
the regional variation in the minimum size of glaciers included in the 
inventory, and the subdivision of contiguous ice masses, also makes 
the total number of glaciers uncertain; the current best estimate is 
around 170,000 covering a total area of about 730,000 km2. When 
summed up, nearly 80% of the glacier area found in regions Antarctic 
and Subantarctic (region 19), Canadian Arctic (regions 3 and 4), High 
Mountain Asia (regions 13, 14 and 15), Alaska (region 5), and Green-
land (region 17)  (Table 4.2).

From the glacier areas in the new inventory, total glacier volumes 
and masses have been determined by applying both simple scaling 
relations and ice-dynamical considerations (Table 4.2, and references 
therein), however, both methods are calibrated with only a few hun-
dred glacier thickness measurements. This small sample means that 
uncertainties are large and difficult to quantify. The range of values as 
derived from four global-scale studies for each of the 19 RGI regions 
is given in Table 4.2, suggesting a global glacier mass that is likely 
between 114,000 and 192,000 Gt (314 to 529 mm SLE). The numbers 
and areas of glaciers reported in Table 4.2 are directly taken from RGI 
2.0 (Arendt et al., 2012), with updates for the Low Latitudes (region 16) 
and the Southern Andes (region 17).

4.3.2 Methods to Measure Changes in Glacier Length, 
Area and Volume/Mass

To measure changes in glacier length, area, mass and volume, a wide 
range of observational techniques has been developed. Each technique 
has individual benefits over specific spatial and temporal scales; their 
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2. Glaciers

Glaciers

Tidewater Glaciers

Accumulation

Ablation

Glacier terminus

All perennial surface land ice masses outside of the Antarctic and Greenland ice sheets.

Glaciers that terminate in the sea

Glacier dynamics

Grey Glacier, Chile



2. Glaciers

Fig. 4.8



2. Glaciers

Table 4.3

Measuring methods
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Length Change
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Area Change
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Mass Change
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Mass Change

Reference period 1986-2005



3. Ice Sheets

Fig. 4.13

Greenland
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Greenland
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Antarctica
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Antarctica



3. Ice Sheets
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Antarctica + Greenland



4. Snow cover

Fig. 4.19
Reference period 1971-2000
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Active Layer Depth
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Thickness of Frozen Ground
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