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How do we estimate the global volume of ice?

Sea level equivalents

The IPCC and other outlets frequently indicate how much sea levels will rise under given climate
change scenarios (mm sea level rise) [1]. Other times, you might see that such and such volume of
ice (km’) is equivalent to so many millimetres of sea level rise (sea level equivalent (SLE); the amount
of sea level rise on full melting of the ice). But how are these calculations made?

Table 1. Sea level equivalent (SLE) from various land ice sources. From Morligheim et al. (2017; 2019)
and_Farinotti et al. 2019.

Ice on land Sea level equivalent (m)
Antarctic Ice Sheet 57.9
Greenland Ice Sheet 7.42
Glaciers and ice caps 0.32

Calculating the volume of ice

Antarctica

The first complexity is in calculating the volume of ice in the world. This is complex, as we often do
not have a complete picture of the bed of the ice sheet or glacier. For Antarctica, BEDMAP2 and
Bedmachine provides the most complete and up-to-date estimate of ice volume, and it is derived by
combining thousands of radar and seismic measurements of ice thickness [2,3].

In fact, BEDMAP 2 is derived from 25 million measurements. Fretwell et al. 2013 estimated that the
Antarctic Ice Sheet comprised 27 million km®of ice, with a sea level equivalent of ~58 m. BedMachine
estimates the sea level equivalent of Antarctica to be 57.9 £0.9m [3].
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BEDMAP 2, showing that the bedrock on which the West Antarctic Ice Sheet rests is well below sea
level. The Antarctic Ice Sheet has a sea level equivalent of 58.3 m (i.e., if all the ice in Antarctica
melted, this is how much global sea levels would rise).

Greenland
BedMachine V3 provides a recent estimate of ice volume for the Greenland Ice Sheet [4].

In Greenland, the bed topography is a primary control on ice flow, grounding line migration and
calving, and subglacial drainage. Deep fjords allow penetration of warm Atlantic Water that undercuts
Greenland’s tidewater glaciers that terminate in the ocean. This means that sectors of the Greeland
Ice Sheet, like the Antarctic Ice Sheet, are also vulnerable to oceanic forcing.

The BedMachine V3 is a 150 m horizontal resolution bed topography and bathymetric map, which
shows that the sea level potential of the Greenland Ice Sheet is 7.42 £ 0.05 m [4].
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(a) BedMachine V3 bed topography, with areas below sea level in blue. (b) regions below sea level
(light pink) that are connected to the ocean and maintain a depth below 200 m (dark pink).
Morligheim et al., 2017

Global glaciers

For glaciers, ice thickness datasets are sparse [5]. While we have a good estimate of global glacier
ice surface area [6] from satellite measurements, direct observations of glacier ice thickness are
available for only around 3000 glaciers [5, 7, 8; Welty et al.]. These include radar measurements
(both airbourne and from the ice surface) and seismic measurements. Unfortunately, these methods
are time consuming and costly, and glaciers are often remote and difficult to access.
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Area (km?)

This figure shows the global distribution of glaciers. The diameter of the circle shows the area
covered. The area covered by tidewater glaciers is shown in blue. The number refers to the RGI
region. From the IPCC AR5 Working Group 113. The sea level equivalent of glaciers is important
because glaciers are responding rapidly to climate change and are likely to be a large contributor to
global sea level rise over the next century.

Yet glacier volume and ice thickness data are essential parameters required for understanding sea
level rise, water resource management and assessment of future glacier changes [9]. Glaciers and
small ice caps are also contributing rapidly to present-day sea level rise [9, 10]. Ice thickness data
and bed topography are essential data required for numerical modelling of glaciers [11].

Other methods employed to calculate glacier volume include volume-area scaling [12-16], and
calculations of ice thickness based on ice surface slope [16, 17] that assume a given basal shear
stress, and numerical models based on principles of ice physics and mass conservation [18]. These
methods, when correctly applied, do well against direct observations of ice thickness [11, 13, 18].

Farinotti et al. (2019) provided an updated estimate for ice thickness for all glaciers on Earth. They
used an ensemble of five models to provide a consensus esimate for 215,000 glaciers outside of the
Greenland and Antarctic ice sheets. They find a total volume of 158 + 41 x10°> km®.

Taking into account and discounting the ice below present-day sea level, this is equivalent to 0.32 =
0.08 m of sea-level equivalent [19]. Roughly 15% of glacier ice is below sea level.

These data have been compiled and can be explored in the “World Glacier Explorer” app in OGGM-
Edu.
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Calculating the mass of ice
Gigatonnes

The mass of ice is usually given in metric gigatonnes (Gt). 1 Gt = 10° tonnes (where 1 tonne = 1000
kg); a gigatonne is 1 billion tonnes.

A tonne of water occupies one cubic metre (a cube Im x 1 m x 1m). A gigatonne (Gt) occupies one
cubic kilometre of water (1km x 1km x 1km).

Densities of ice and water

Calculating the sea level equivalent for a given volume of ice requires some simple maths and a
knowledge of the densities and properties of ice and sea water. Ice volumes are usually given in km>.

Table 2. Densities of ice and water (at 1 atmospheric pressure and 4.3°C)

Density of glacier ice 916.7 kg/m’ or 0.9167 Gt/km’
Density of pure water 1000 kg/m’ or 1.000 Gt/km’
Density of sea water 1027 kg/m’ or 1.027 Gt/km’

We can calculate the mass of something if we know the volume and the density:
Density = Mass / Volume
Mass = Volume x Density

Volume = Mass / Density
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See this website for more information on these equations.

Because ice and water are different densities, 1 km’ results in different masses. However, remember
that 1 Gt of ice = 1 Gt of water! They take up different volumes but have the same mass. So, 1 Gt
(whether ice or water) is equal to:

e 1.091 km’ ice
 1.000 km’ pure water
 0.9737 km’ sea water

Converting a volume (km® ) to a mass of ice (Gt)

We can convert a given volume of ice (in km’) to a mass of ice (in Gt) by using the following equation:
Mass of ice (Gt) = Volume of ice (km?) x Density of ice (Gt/km’)

If we have a calculated ice volume of 500 km’, then:

Mass of ice = 500 x 0.9167

The mass of ice here is 458.30 Gt. If it all melted, you would have 458.30 Gt of water.

Calculating sea level equivalent

Removing ice below sea level and floating ice

Calculating the sea level equivalent from a mass of ice involves firstly, removing all ice below sea
level. This ice is already displacing water, and will not raise sea levels upon melting. This is explained
in excellent detail here.

Floating ice (ice shelves, sea ice, floating ice tongues) are already floating and displacing water, and
so these ice masses do not raise sea levels upon melting.

However, increased ice discharge, which delivers more icebergs to the ocean, will raise sea levels as
ice that was not floating is delivered into the ocean.

The ice that is excluded from sea-level equivalent calculations is shown in the figure below. Firstly,
the ice volume, ice thickness and bed topogrpahy must be known. Then, ice below sea level is
excluded (it already displaces water) (2).

In (3) below, ice that is below hydrostatic equilibrium is excluded as it will not contribute to sea level
rise (only ice that is above freeboard will contribute to sea level rise).

Finally, in (4) a firn air correction is applied; the snow and firn near the upper surface includes a lot of
air. If you remove all the air, the surface of the ice sheet would be slightly lower.
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1. The Antarctic lce Sheet, parts of which are grounded below sea level.

Grounding line

{Fhating icil{

2. lce that's flaating or below sea level does not contribute to sea level rise

3. Ice that's below hydrostatic equilibrium does not contribute to sea level rise

4. Correction for the volume of air in the ice shest

Thin red area is volume of air in ice and firn
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Calculating the amount of ice that contributes to sea level rise. Only ice above hydrostatic equilibrium
can contribute to sea level rise. Ice below sea level and ice that is floating is excluded from sea level
equivalent calculations. The amount of air in firn and ice is also excluded.

Converting ice volume to sea level rise

To convert a mass of ice into the total amount global sea levels would rise if the ice all melted (i.e.,
the sea level equivalent), we need to know how much area the oceans cover. This is usually given as
3.618 x 10°km’. A 1 mm increase in global sea level requires 10° m* (10™** km®) of water for each
square metre of the ocean surface, or 10™** Gt of water.

We can calculate the volume of water required to raise global sea levels by 1 mm:
Volume = area x height

Area = 3.618 x 10°km’

Height = 10° km (1 mm)

Volume (km’) = (3.618 x 10°km?®) x (10° km) = 3.618 x 10°km’ = 361.8 km’ water.

We can convert km® of water to Gt of water as we did above; 1 km’>water = 1 Gt water. In the same
way, 1 Gt of ice = 1 km’ water. So, 361.8 Gt of ice will raise global sea levels by 1 mm. 361.8 Gt of ice
is equivalent to 394.67 km” ice.

Calculating sea-level equivalent

If we took our 458.30 Gt of ice (as calculated above), then we could calculate the global sea level
equivalent by:

SLE (mm) = mass of ice (Gt) x (1/361.8)
SLE = 458.30 x (1 /361.8)
SLE =1.27 mm

However, we should note that some of the world’s glaciers have parts that are below sea level. This
ice will not affect sea level if it melted. The volume of glacier ice below the surface of the ocean
should therefore be subtracted from the total volume of glaciers and ice caps when calculating sea
level equivalents [20].

Also remember that ice that is floating (like ice shelves, sea ice and icebergs) does not contribute to
sea level rise upon melting. Only land ice above sea level will contribute to sea level rise.

Useful websites

e What is the volume of land ice, and how is it changing?
http://sealevel.info/conversion _factors.html

IPCC AR5 Cryosphere: Observations

BEDMAP2

Mapping the World's Glaciers

Antarctic sea level rise

e SkepticalScience: a visual depiction of how much ice Greenland is losing
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http://www.antarcticglaciers.org/modern-glaciers/ice-shelves-sea-ice-icebergs/
http://www.antarcticglaciers.org/glaciers-and-climate/what-is-the-global-volume-of-land-ice-and-how-is-it-changing/
https://www.ipcc.ch/pdf/assessment-report/ar5/wg1/WG1AR5_Chapter04_FINAL.pdf
https://www.bas.ac.uk/project/bedmap-2/
http://www.antarcticglaciers.org/glaciers-and-climate/mapping-worlds-glaciers/
https://www.mathworks.com/matlabcentral/mlc-downloads/downloads/e5ae7391-4a80-11e4-9553-005056977bd0/b6802148-7be9-4b8e-8ba5-054d116a2613/previews/AntarcticMappingTools/Documentation/html/antarctic_slr.html
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Calculating glacier ice volumes and sea level
equivalents AntarcticGlaciers.org Royal Holloway University of London

e Lindsey Nicholson: What's a gigatonne?
e NASA JPL Llve Sea Glacier Change and Sea Level Rise lecture
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