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WHO'S AFRAID OF THE BIG BAD GLACIER?

The glacial 
identity crisis in 

UK schools 

• Subject is remote;

• Subject seems 
‘static’;

• Glaciers don't 
periodically 
explode.

In a cartoon drawn by an anonymous member of the USA’s Friends of the Pleistocene, the 
last period of sudden, sustained glacier re-advance (the Younger Dryas) is seen as a 

monster by Palaeolithic and Mesolithic humans…



OUTLINE
1. Why do glaciers matter? 

• In London
• In the British Isles
• Globally

2. Glacial processes and dynamics 

• How to build a glacier
• Making it work
• From processes to Landscapes

3. Looking at past glaciation 

• Why bother?
• Landsystems Analysis
• Modelling glacier dynamics

4. Taking this back to the classroom Looped moraines, Susitna Glacier,  Alaska, 1966
Photograph by Austin Post



PART 1: (WHY) DO GLACIERS MATTER?
Some questions to begin: 

• How many of you teach about glaciers 
beyond Key Stage 3?

• What do you teach?

• How do you teach it?

• What do your students think of the 
subject?

• Finally, what do you want to get out of this 
afternoon?

As you are all aware, there are no modern glaciers in the British Isles. So, 
why does the UK have the 2nd largest group of glacial researchers on the 
planet, after the USA? Surely there must be a valid reason?

BBC GCSE Bitesize Geography website



DO A GLACIAL FIELDTRIP
• Look at the sediments and 

landforms created by an ice 
sheet up to 1000m thick;

• Witness where glacial 
meltwater punched a 100m 
deep canyon through rocks 
millions of years old;

• See how a glacier has the 
power to create the 
conditions for modern 
civilisation; and also to 
potentially destroy civilisation. Solheimajökull, Iceland



IN LONDON

(….or within an hours travel of St. Pauls Cathedral)



LONDON AS A GLACIAL LANDSCAPE
The meltwater channels of London

Glacial 
Sediments of 
Hornchurch

The breaching of the Goring Gap





THE GLACIAL LANDSCAPE OF THE BRITISH ISLES
• The British Isles are a relict glacial landscape;

• Rivers, coasts just scratch at the surface and edges of a landscape dominated 
by glaciers;

• Offers an opportunity to explore ideas of landscape change, as well as the role of 
time in landscape evolution;

BRITICE project: http://www.shef.ac.uk/geography/staff/clark_chris/britice

http://www.shef.ac.uk/geography/staff/clark_chris/britice


... BEAUTY OF AN 
ENDANGERED SPECIES?

Fox Glacier, New Zealand (2005): a glacier that terminates near sea level 
in temperate rain-forest… now retreating rapidly



AND NOW, THE MAIN REASON

“The fate of humankind is linked to the West 
Antarctic Ice Sheet” 

(Rob Ackert, (2003) Science, 299, p57)



THE CANARY IN THE COAL MINE

Glaciers are the most sensitive planetary 
indicators of climate change: the fact that in 
general they have thinned and retreated at 

historically unprecedented rates during the 20th 
and 21st Centuries should be of concern to us all

IPCC, 2013



BUT, A CANARY THAT BITES

• Implications of glacier melt on sea level;

• ~60% of observed SL rise since 1990 
due to glacier melt.



66m (everything)
Sea level rise

http://ngm.nationalgeographic.com/2013/09/rising-seas/if-ice-melted-map



Thames - 1m (within 80 years) IPCC, 2013

http://www.telegraph.co.uk/news/uknews/1537893/London-on-Sea-the-future-of-
a-city-in-decay.html
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Figure 1. Velocity of the Amundsen Sea Embayment (ASE) sector of West Antarctica derived

using ERS-1/2 radar data in winter 1996 with a color coding on a logarithmic scale and overlaid

on a MODIS mosaic of Antarctica. Interferometrically-derived grounding lines of the glaciers are

shown in color code for years 1992, 1994, 1996, 2000 and 2011, with glacier and ice shelf names.

Note that for Pine Island and Smith/Kohler, the figure merges two independent di↵erential

interferograms to show a more complete spatial coverage of grounding lines.

c�2014 American Geophysical Union. All Rights Reserved.

THIS WEEK…
… the predictions 
just got a whole lot 
more serious



LONDON, 2100



… BUT ALSO…



GLACIER FORCING OF CLIMATE
• Rapid switches in Greenland (and Antarctic) ice 

cores are interpreted as representing massive 
changes in global ice volume;

• Dansgaard-Oeschger Events: begin with 
abrupt warming, followed by increased 
cooling and IRD production;

• Linked to release of fresh, glacially-derived water 
to N. Atlantic, and its interaction with ocean 
thermohaline circulation.

http://commons.wikimedia.org/wiki/File:Thermohaline_circulation.png



TO SUM UP…
Glaciers are… 
• Highly dynamic, unstable and 

continuously changing;
• One of the most important agents 

shaping landscapes we inhabit on 
the planet;

• A key indicator of recent and 
ongoing climate change;

• The direct cause of potential future 
environmental catastrophe;

• The major cause of climate 
instability over the past 100 ka

… and on top of that 
• 1/3 of Earth’s terrestrial surface has been sculpted by ice within the last 500,000 years.
• Water source for a lot of the worlds major rivers & therefore for many millions of people: 

Switzerland, Pakistan, China, USA, Chile etc…
• They look nice.



SO, WHY OH WHY….

… are glaciers considered irrelevant, remote, static?

Why do they have such an identity crisis?

BBC Online GCSE Bitesize Geography:  Spot the mistakes!



• How can a subject with such clear relevance be 
better introduced and delivered to KS3, GCSE and 
A Level students?

• What subject knowledge do you need in order to 
do this?



PART 2: GLACIAL PROCESSES & DYNAMICS

Glaciers offer a simple route to develop 
understanding of how geomorphology operates at 

small to large scales

Forcing Factors Processes Landscape

Climate Glacier Mass Balance

Glacier Flow

Glacial 

Geomorphology



GLACIERS ALL LOOK DIFFERENT, 
BUT, THEY ALL WORK IN THE SAME WAY!

All photos from swisseduc.ch

http://swisseduc.ch


HOW TO GROW A GLACIER
• Inputs (= Accumulation) 

• snow precipitation
• avalanching and snowblow
• superimposition of ice 

(melting and refreezing)
• Outputs (= Ablation 

• melting
• wind deflation
• sublimation
• calving (dry ice avalanches 

or wet, iceberg calving)
• Relationship between inputs 

and outputs termed MASS 
BALANCE



THE EQUILIBRIUM LINE
• The point where net annual 

accumulation and ablation = 0;

• Typically located at a narrow altitudinal 
range on a glacier ;

• Critical location on a glacier ;

• Point of comparison between 
glaciers;

• Location of glacier in equilibrium 
with local climate conditions.



MASS BALANCE
http://www.antarcticglaciers.org/modern-glaciers/introduction-glacier-mass-balance/

• Common concept in science, 
engineering, economics etc…

• The balance between what is gained 
and lost.

• The CORE concept in understanding 
glaciers;
• Why they flow;
• Why glaciers flow at different rates;

• More dynamic glaciers have to transfer 
more mass through ELA ∴ ↑ flow rate;

• The more dynamic the glacier, the 
more it will modify the landscape.

GLACIER DYNAMICS 143

5.2 UNDERSTANDING GLACIER
DYNAMICS

5.2.1 BALANCE VELOCITIES

Averaged over long time periods, ice discharges are gov-
erned by glacier mass balance. This idea can be simply
illustrated using the ‘wedge’ concept, which represents
mass gained and lost as two wedges (Sugden and John,
1976). In the highly idealized glaciers shown in figure 5.1,
net ablation increases from zero at the equilibrium line to
a maximum at the terminus, producing a wedge of abla-
tion. Similarly, net accumulation increases from zero at
the equilibrium line towards higher elevations, producing
a wedge of accumulation. The rate at which mass is added
to or subtracted from each wedge is controlled by the
mass balance gradient (section 2.5.3). To maintain a
steady state, the glacier must transfer mass gained in the
accumulation wedge to replace that lost in the ablation
wedge, and ice discharge through any cross section on
the glacier must equal the rate of net mass gain upglacier
(total accumulation minus ablation). This can be expressed
quantitatively as:

(5.1)

where Qx is the discharge through a cross section at a
distance x from the highest point on the glacier, Σ repre-
sents ‘the sum of’, and and wi are the net balance rate
and width, respectively, of successive portions of the sur-
face from the head of the glacier to x. Note that mass
losses by ablation upglacier of x are assumed to pass
through the cross section as meltwater, and hence are not
included in the ice discharge.

The average velocity, , through the cross section is
equal to:

(5.2)

where Ax is the cross-sectional area. Because of their
dependence on mass balance, velocities calculated in this
way are known as balance velocities (Clarke, 1987c).
Two important implications stem from this simple model:

(1) Ice discharges increase from the head of the glacier
to the equilibrium line, then decrease towards the
terminus. For a glacier of constant cross-sectional
area, average velocities increase and decrease in a
similar way. These simple patterns, however, will be
modified by changes in glacier cross section area.
Constrictions in a valley will be associated with higher
balance velocities, so that the discharge of ice can be
maintained through a smaller cross-sectional area.
Similarly, higher velocities are also often associated
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with glacier steepenings, such as icefalls, where ice
tends to be thinner.

(2) Balance velocities will be highest on glaciers with steep
mass balance gradients, or where the accumulation
from wide basins is focused into narrow channels. The
influence of the mass balance gradient can be under-
stood by considering two glaciers of identical shape
but differing mass balance gradients (fig. 5.1). Where
the mass balance gradient is steeper, the mass of the
ablation and accumulation wedges will be greater,
thus requiring greater rates of throughflow to main-
tain equilibrium.

Regional trends in mass balance gradients mean that gla-
ciers in humid, maritime areas should flow faster than
glaciers in arid, cold climates, if other factors are held
constant. Steep mass balance gradients reflect heavy
snowfall in the upper accumulation area and high abla-
tion rates near the terminus, and correspond with high
rates of ice throughput (Andrews, 1972; Kuhn, 1984).
Such high-activity glaciers occur in moist, mid-latitude
areas such as southern Alaska, western Norway, New
Zealand and Patagonia. In contrast, shallow mass
balance gradients indicate small differences in specific
mass balance across the altitudinal range of a glacier, and
are associated with slow-moving, low-activity glaciers.
Examples of this type are the Devon Ice Cap and White
Glacier in Arctic Canada, and the glaciers around the Dry
Valleys, Antarctica. The strong influence of glacier geom-
etry on balance velocities, however, means that there is no
simple relationship between mass balance gradients and
ice velocity.

‘wedge’

‘wedge’

Glacier A

Glacier B

Thickening

Thinning

Thickening

Thinning

‘wedge’

‘wedge’

Glacier movement

Glacier movement

Figure 5.1 The idea of balance velocity, illustrated using the wedge concept.
Glacier B has a steeper mass balance gradient than Glacier A, so requires
higher velocities to balance the mass gained and lost in the two wedges.
(Modified from Sugden and John, 1976)

From Benn, D.I., Evans, D.J.A. (2010) Glaciers & 
Glaciation: Hodder Arnold, London

http://www.antarcticglaciers.org/modern-glaciers/introduction-glacier-mass-balance/


USING MASS BALANCE TO UNDERSTAND 
GLACIER FLOW RATES

ELA

WEDGE 
OF 

ABLATION

MASS TRANSFER

WEDGE OF ACCUMULATION



‘Balance velocity’ sometimes does not equal actual velocity.
= Glacier Instability



SURGING GLACIERS
• Periodic unstable variations between high & low actual velocity, compared with that predicted by 

glacier mass-balance
• Quiescent phase: slow glacier flow during buildup: often decay at the glacier margin
• Active phase: dramatic increase in actual velocity when pulse of mass transferred, may result in 

short term glacier margin advance



MAKE YOUR GLACIER FLOW
• Ice Deformation: creep and fracture: Glen’s Flow Law (see glacier reconstruction handout)
• Basal Motion: basal sliding and substrate deformation:

• This is what does all the work! Basal motion erodes, entrains, transports and emplaces 
sediment, and in the processes creates sediments and landforms.



FROM PROCESSES TO LANDSCAPES
• Move away from glacial geomorphology 

being about classifying individual (often 
meaningless) features;

• Towards emphasising understanding the 
linkages between process and form;

BBC GCSE Bitesize Geography website



BEING A LITTLE MORE ROBUST
• A more systematic approach to glacial geomorphology:

• Reflecting the major changes in the behaviour and dynamics 
of glaciers

• Landscapes of Erosion;

• Subglacial Bedforms: Flutes, drumlins, lineations

• Ice Marginal Landforms: Moraines, kames, 

• Proglacial Landforms: Outwash



GLACIAL LANDSCAPES

• Sugden & John (1976) Glaciers & Landscape, 
Longman, London;

• Simple system for a temperate glacier, 
loosely based on Breiðamerkurjökull;

• Orderly progression of expected landforms 
exposed during retreat from LIA maximum.



PART 3: PAST GLACIATION
• The British Isles are a relict glacial landscape;
• Why bother looking at it?

Wasdale: a U shaped valley and Ribbon Lake. (Yuk!)
A relict over-deepened glacial trough (That’s better)

Increasingly glacial geomorphologists use Digital Elevation 
Models to map glacial geomorphology of the last British Ice 
Sheet at a landscape scale of analysis



If you want to study the processes and landscapes of glaciation, 
modern ice sheets are not the best places to work!

Snow megadunes on East Antarctic Plateau. 
Photo courtesy of Ted Scambos, NSIDC



Stream and continued migration away from the residual saddle.
The BIIS now had its main axis configured SW to NE from SW
Ireland to the Shetland Isles, and roughly parallel to the continental
shelf edge. This might be a reflection of proximity to moisture
sources or, more likely in our model, as a consequence of the
purging of ice from ice stream activity and calving bays in both the
Irish Sea and northern North Sea. The latter effect thus appears to
have unzipped the ice sheet through its middle leaving a residual
ice mass over the southern North Sea. Although there is no direct

dating control, we presume that the Kerry-Cork ice cap has by now
been reduced to cirque and valley glaciers.

4.5. Final collapse of all marine sectors, with margin oscillations
and minor ice streaming at the coastline e17 ka BP

Ice has now been lost from nearly all of the continental shelf
areas and finally collapsed completely in the North Sea. There is
very little pattern or timing information from the floor of the

Fig. 18. Reconstruction of the demise of the BIIS and North Sea ice cover. Note that the Faroe Islands were also glaciated but are not included in this reconstruction. Margins are
based on the retreat analysis in this paper and the divide positions and flow configurations are partly based on flow evidence (Greenwood and Clark, 2009a, b; Hughes et al., in
press) but are necessarily schematic for areas where this is unknown. Ice divides (white), ice streams (thick blue arrows) and sheet-flow geometry (thin blue) are shown. This
reconstruction is of our scenario two (see text and Fig. 17) which has a persistent ice cover over the southern North Sea. See Figs. 17 and 19 for the alternative version of early break
up of ice over the North Sea and a surge lobe down the east coast of England. The final panel of the figure schematically suggests that ice shelves (in white) likely existed in
favourable locations during ice sheet retreat (here we show 18 ka BP) and also that certain margin positions should have dammed large proglacial lakes (blue) in topographic
depressions with no external drainage.

C.D. Clark et al. / Quaternary Science Reviews 44 (2012) 112e146134

THE PAST IS THE KEY TO THE PRESENT  
(AND TO THE FUTURE)

http://www.bgs.ac.uk/ebooks/angleseyImap/english.html

• We do not have a good understanding of the 
dynamics and modern major ice sheets;

• We suspect the WAIS is highly unstable 
under current climate forcing;

•  But, we only have at best a few decades of 
reliable, observational data to predict 
hundreds of years into the future.

• We need to find analogue ice sheets in the 
palaeo-record to establish how they 
responded to climate change;

• We have detailed records of these in the 
form of the former Laurentide, 
Fennoscandian and British-Irish Ice Sheets;

http://www.bgs.ac.uk/ebooks/angleseyImap/english.html


S.L. Greenwood, C.D. Clark / Quaternary Science Reviews 28 (2009) 3085–31003088

S.L. Greenwood, C.D. Clark / Quaternary Science Reviews 28 (2009) 3085–31003088

Greenwood, S., Clark, C.D. (2009) Reconstructing the last 
Irish ice sheet. Quaternary Science Reviews 28, 3085-3100



GLACIAL LANDSYSTEMS
http://www.antarcticglaciers.org/glacial-geology/glacial-landforms/glacial-landsystems-on-james-ross-island/

• A landsystem is a group of landforms (landform assemblage) that reflects a 
distinctive set of processes on the scale of a whole glacial catchment;

• A great way of reversing the links between forcing, processes and landscape. 

• See the handout for how this could be done…

Forcing Factors Processes Landscape

Climate Glacier Mass Balance

Glacier Flow

Glacial 

Geomorphology

http://www.antarcticglaciers.org/glacial-geology/glacial-landforms/glacial-landsystems-on-james-ross-island/


RECONSTRUCTING SMALL GLACIERS
• General relationship observed that the RESPONSE 

TIME of a glacier to perturbation increases 
proportionally with glacier size.

• Therefore, smaller glaciers are the most sensitive 
to climate forcing on ‘human’ timescales;

• 20th Century glacier melt and retreat 
disproportionately seen in mountain glaciers;

• Therefore, mountain glaciers are a potentially high 
resolution, high precision palaeoclimatic indicator.

• And in the British Isles, they provide an excellent 
opportunity to explore landscape response to 
climate change during the Younger Dryas.
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Fig. 3. Geomorphological maps of the five sites investigated within this study.
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STAGES IN GLACIER RECONSTRUCTION
• Identify glacier outline;

• Reconstruct 3-D glacier form and 
surface contours;

• Calculate Equilibrium Line Altitude;

• Palaeoclimatic inferences

• Temperature, Precipitation

• Derive glacier dynamics:

• Basal shear stress @ELA

• Centre-line deformation @ELA

• Total flow rate: balance velocity

See handout for more details!

Geomorphological mapping focused on identifying ice-marginal
evidence (e.g. moraines, meltwater channels). The ability to
reconstruct ice-margins during deglaciation is important because:
(i) they provide information on changing glacier configurations
through time; and (ii) they assist in the recognition and interpre-
tation of subtle yet important ice-marginal evidence. Some mo-
raines have undergone significant slumping on steep valley sides,
leaving little more than fragments on valley sides, but these are
nevertheless useful in delineating former ice margins (see Chinn,
1979). All recognisable moraines were mapped, irrespective of
prominence (freshness).

5. Geomorphological evidence

5.1. Introduction

Moraines occur throughout the study area, as can be seen in
Fig. 3, but they are most common and best-developed in central
and south-western parts. In general, the extents of Sissons’ (1980)
glaciers correspond to the areas in which the most prominent
glacial depositional landforms occur, with particularly impressive
examples in Hayeswater (‘A’ in Fig. 3; Fig. 4a), Pasture Bottom (‘B’;
Fig. 4b) and the northern slopes of Mardale Head (‘C’). Nevertheless,

Fig. 3. Geomorphological map of the study area. !Crown Copyright/database right 2013. An Ordnance Survey/EDINA supplied service.

D. McDougall / Quaternary Science Reviews 73 (2013) 48e5852

individual valleys, although at this scale the presence or absence
of moraines at any given location also reflects ice-margin
behaviour during deglaciation. For example, the only reason-
ably clear moraines within Riggindale (northeast of Racecourse
Hill) document the presence of a small outlet glacier in the
southwest corner of the valley (‘N’ in Fig. 5). However, this does
not represent the maximum extent of ice; evidence from the
surrounding valleys and nearby high ground demonstrates that
the volume of ice in Riggindale was formerly much greater, with
ice descending down the valley sides from the north as well as

being supplied from the high ground to the west and southwest.
Thus there would be limited opportunities for the development
of ice-marginal moraines under these conditions. Of course, it is
possible that the distribution of moraines in Riggindale merely
reflects ice-margin behaviour, with those in the southwest corner
forming during a pause in what was otherwise a period of un-
interrupted retreat. Such a pattern of retreat is not, however,
evident in Mardale Head immediately to the south, where there
is an extensive tract of recessional moraines on the northern
slopes.

Fig. 7. Speculative reconstruction of ice masses in the eastern Lake District. !Crown Copyright/database right 2013. An Ordnance Survey/EDINA supplied service.

D. McDougall / Quaternary Science Reviews 73 (2013) 48e5856

Reconstructed Younger Dryas Icefield centred on High Raise, Eastern 
Lake District. From McDougall, D. (2013) Glaciation style and the 
geomorphological record: evidence for Younger Dryas glaciers in the 
eastern Lake District, northwest England. Quaternary Science Reviews 73, 
48-58
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SO WHAT DOES GLACIER 
RECONSTRUCTION TELL US?

• Offers a link between glacial 
landforms, processes, dynamics and 
forcing.

• Enables visualisation of what a 
former glacier looked like, how it 
behaved, and what the conditions 
were when it was extant.

• Encourages observation: looking at 
the landscape as a GEOGRAPHER.

• Can be undertaken with no specialist 
equipment; 

• Application of some straightforwards 
physics and maths in a real-world 
context;

• Geography as a scientific discipline.

Surge of Variegated glacier, Alaska, 1983 
Photo by Jurg Alean



CONCLUSIONS: 
GETTING THIS BACK TO THE CLASSROOM
• Glaciers (past and present) are 

very dynamic components of the 
Earth system;

• Rapidly responding to climate 
forcing;

• Highly significant agent driving 
past, present and future 
environmental change on local 
to global scales.

What can be done to convey this 
dynamism in the classroom?

Un-named cirque glacier, Baffin Island, Arctic 
Canada (1993). Photo taken by William Shilts



• What are the barriers to teaching glaciers and 
glaciation?

• How could/should this subject be taught?

• How can students in London be motivated and 
engaged by this subject?

• What can we do within the LSGA to support 
teachers?

• What resources do you need?



“The important thing is not to stop questioning. 
Curiosity has its own reason for existing”

Albert Einstein 


