Lecture 1

· Cryosphere includes all frozen aspects of earth’s surface i.e.: sea ice, permafrost, glaciers, ice sheets and seasonal snow cover
· The extent of the cryosphere is dynamic through time, as seen from the geological record of hot house/cold house phases, where cold house phases are infrequent and short-lived
· We are currently in a cold house phase (4th one)
· Current ice house dates back to approximately 35 million years ago
· Unusual to have ice at both poles
· Constant cycle of gathering and dispersion of continental land masses (supercontinents vs. many continents)
· When supercontinent is near polar regions, glaciers and ice forms easily
· Glacier: A glacier is a body of ice originating on land by the recrystallization of snow or other forms of solid precipitation and showing evidence of past and present flow
· Thermal classification: temperate (glaciers near melting point, on the verge of melting), cold (very cold, near polar regions), polythermal (mixture of temperate and cold, many glaciers are polythermal)
· Dynamic classification: active (strong incentive to move ice from top or middle to lower regions because of strong slope and/or strong input and output), passive, dead (no flow)
· Morphological classification: with topographic constraint (valley glaciers) or without topographic constraint (ice sheets)
· Thickness: Ice sheets-1000m, valley glaciers-100m, cirque glaciers-10m
· Polar regions don’t receive a lot of precipitation but contain ice sheets because of minimal melting or losses
· Glaciers cover about 10% of earth’s land surface and contain 70% of earth’s fresh water
· Ice cover rankings: Antarctica, Greenland, Canada…
· Greenland is melting rapidly
· 
· (Insert image regarding ablation and accumulation zone)
· Glaciers grow in higher altitudes and diminish at lower altitudes
· Equilibrium point: 
· Glaciers flow year round but flow faster during summer
· Accumulation zone () is above equilibrium point and ablation zone () is under the equilibrium zone
· With anthropogenic interactions, ice ages may never occur again
· -Precipitation-melting for a year where represents a zone or altitudinal region

Lecture 2
· Conditions of glacier formation and survival: cold annual mean temperature and enough snow to last through the summer, commonly found in high latitudes and high altitudes
· More precipitation occurs closer to coastal regions
· ELA-Equilibrium line altitude
· b-mass balance at a single point (ELA)
· B-mass balance for whole glacier (Transient snow line)
· Accumulation zone is above ELA and ablation zone is below
· AAR-Accumulation area ratio, 
· AI-Activity index, 
· W.e.-Water equivalents, meaning equivalent of snow in water form (i.e. 1.42m, 569mm w.e.)
· Rain can be absorbed into the snow but too much rain will erode the snow
· Compression and recrystallization transforms snow into ice
· Fresh snow density 100-300kg/m3
· Crystal breakdown and reduction of surface free energy (0- -40C) cause particle rounding, settling and packing to 580kg/m3
· Firnification-In dry snow-compaction, pressure sintering and inter-crystalline bonding; power-law creep (thousands of years: Antarctica). In wet snow seasonal melt supplements these processes by regelation bonding of grains, percolation and freezing of water (one season: alpine glaciers)
· Conversion of ice is completed by sealing off of air spaces into isolated bubbles; ice density rises to 830-840kg/m3
· Pure ice is supposed to be approximately 900kg/m3
· Ablation occurs because of short and long wave radiation, latent heat, and sensible heat
· Snow is twice as reflective as ice
· Sublimation-phase change from solid to gas
· Abl=SHF+LHF+SWR+LWR
· Precipitation evaporates when descending, therefore more precipitation in higher altitudes because of less evaporation from descending
· The mass balance is largely driven by climate controls but the relationship is complex
· The mass balance offers a convenient and conceptual link between the broad glacier environment and details of glacier behavior

Lecture 3
· Gross morphology depends on the distribution of accumulation and ablation, subglacial topography, and ice rheology and dynamic forces  (ice flows if  exceeds yield stress, )
·  is responsible for the slope
· The thicker the ice the shallower the slope
· The bed in glacial stratigraphy is what the glacier lies on, everything above is the glacier
· On top of the bed is the basal layer, not very thick, 1-10m
· On top of the basal layer is the englacial zone, most of the glacier
· On top of the englacial zone is the surface layer(s), not ice yet and usually terminates at the ELA
· Dry snow zone is an area so cold that no melting occurs, usually in high latitudes or centers of ice caps
· Dry snow zonepercolation zonewet snow zonesuperimposed ice zoneice zone
· Not all melt escapes but can be trapped farther down and refrozen
· Firn can be identified as any snow that has lasted through the summer
· Larger rocks can shelter ice from melting and create ice columns
· Cryoconite is windblown dust that melts the ice and creates small holes and cracks in the ice
· Crevasses usually form when the bed has a ridge
· Mini ice spires can form when sunlight, perpendicular to the ice, melts the ice through weaknesses
· Primary structures in the englacial zone: snow settlement structures, sedimentary stratification, annual layering; firn meltwater regelation
· Secondary structures: due to ice flow relating to ductile and brittle deformation, crevasse traces, compression and flow structures, foliation (layers of bubble-rich and bubble-poor ice)
· Cavities and voids: karst-like system of pipes and channels to transfer water and sediment through the glacier
· Basal layer key features: 1) Often formed by freezing of water, or metamorphism of surface-derived ice by thermal, strain and hydraulic conditions near bed, 2) Can contain large amounts of debris from the glacier bed
· Processes: 1) Basal ice formation, 2) Entrainment of sub-glacial sediment, 3) Flow through vein (stream channels) network of basal water
· Mechanisms: 1) Accretion of new existing ice, 2) Diagenesis by strain, as well as hydrological and chemical processes, 3) Debris entrainment, 4) Thickening of sequence
· Basal friction, sliding and erosion are affected by the nature of the interface and whether the substrate is rigid bedrock, deformable sediment, permeable or an aquitarde (layer that retains water)
· Flow related wave cavities form when the speed of flow exceeds the rate at which ice can deform to maintain contact with the glacier bed
· Flow related step cavities form over an abrupt drop in the glacial bed
· Cavitation is most likely with low normal pressure (thin ice), high ice velocity and a high relief ratio
· Hydrology of firn and near-surface ice: Accumulation zone- firn, a perched, unconfined aquifer draining into impermeable ice via crevasses; temporary storage delays water passage to glacier interior, smoothing out diurnal variations
· Firn water will empty out through crevasses
· Ablation zone: water flow from surface veins in ice is negligible compared with stream flow; greater melt rate means greater daily flux and variability of water supply
· Englacial hydrology: Water flows englacially via ice-walled conduits which exist where closure due to inward creep of ice is balanced by melt enlargement due to energy dissipated from flowing water, an absorbent network
· Melt energy due to water flow-emergence velocity=force at closure
· Great water flux means greater rate of channel incision

Lecture 4
· Water lubricated glacier motion helps
· Almost like the glacial bed is ‘greased’
· Sliding across the bed
· 0.55 m/day, massive glacier
· 0.1m/day for Peyto glacier, smaller glacier
· Strain decreases closer to surface
· Velocity can be determined by the strain applied per thickness
· Internal movements occur throughout the body of the glacier
· Basal slippage occurs along bed
· Subglacial occurs in the bed, when the glacial bed is deformable (does not happen often)
· Variegated glacier surges, up to 65m/day
· Glacial movement is constant whereas surges occur rarely
· Surges are dependent on basal slippage
· Creep is the movement on the glacial surface due to internal movement
· Internal movements
· Slope of the ice, not the base, is 
· Relative bending is greater with depth, and so is strain rate and is dependent on the overlying mass
· kgm-3-2
· Stress creates deformation and is the driving motion
· Strain 3s-1kPa-33=s-1
· Glens flow law states that no stress means no flow
· Hard ice flows less easily (hard and cold) than soft ice, temperature is very important here
· Strain rate increases with depth in a glacier
· Surface velocity is the accumulative strain rate, across finite thicknesses of ice
· Basal motion
· Slope of the bed is important here
· 
· Enhanced basal stress: the slope at which something will start to slide due to gravity
· Regelation creep: spacing and magnitude of bed disturbances are important and will affect movement
· Pressure melting can occur where these disturbances areas, and ice motion will occur because of thaw freeze cycles
· Ice pressure changes very slowly and depends on thickness, pockets of water under the glacial relieves frictional stress and can increase movement
· This water acts like a lubricant
· More cavity formations cause more water pockets and increase movement
· A 1% increase in water can double flow rate
· Decrease in temperature decreases flow rate
· % water, temperature, slope, roughness and sliding all affect internal/surface flow motion
· Deforming bed
· A recent paradigm in glaciology: deforming bed theory to explain subglacial till deformation
· Processes: 1) Ploughing through till of clasts attached to glacier sole, 2) shearing along discreet planes within till, 3) Pervasive deformation of till, 4) Sliding of till over rigid substrate
· Significant till deformation occurs only when till is saturates and pore-water pressure is high
· Liquid/solid state of interstitial water is critical in switching from deforming to non-deforming conditions
· Implications for glacier dynamics: basal shear stress for non-rigid bed will be lower than for a rigid bed, leading to a lower surface gradient, implying thin ice sheets extending hundreds of kilometers in from ice sheet margins
· Thin ice sheets are related to deformations in the bed
· Patterns of movement
· Outward from centre of ice sheet and downward through mountain or valley glacier; increase toward equilibrium line and decrease further down; convergent in accumulation area, divergent in ablation area
· Ice will gather in accumulation areas and creates directional flow, ice will diverge in ablation zones and spread outwards
· Ice thickness determines flow rate,  Glen’s Law
· Ice from highest part follows the lowest level route; submergent in accumulation area, emergent in ablation area
· Ice moves more quickly close to glacier centre line, more slowly closer to margins, flows faster in the middle
· Long term flow variations due to changes in mass balance and glacier fluctuations; short-term variations on seasonal, daily and hourly bases due to dynamics of sliding and hydrologic change
· Glaciers more slowly in winter, in summer they is more water/lubrication
· Lubrication works best when there are water cavities, a draining conduit does not mean better lubrication
· Seasonal variations for hard bedded glaciers show slow flow in winter, speed increasing in spring due to increased water flux through a linked cavity system; evolution to a conduit system in summer slows sliding down (water isn’t pressured); discharge decrease with approaching winter slows ice flow down as channel system collapses
· For soft bedded glaciers intra-annual sliding variations occur in response to subglacial pore water pressure
· Ice streams, fast outward flow from ice sheets
· 2 major ice sheets remaining in the world are Greenland and Antarctica
· Can produce icebergs
· Surges
· Periodic (10-20 or 500y) interruption of normal flow (quiescent phase) by accelerated flow
· Steep longitudinal profile prior to a surge transforms to a long, shallow profile immediately after surge
· The most extensive observations are at Variegated glacier, Alaska, a temperature valley glacier 20 km long that as surged five times in the 20th century at an average interval of 18-20 years (most recent, 1982-1983)
· Conduit systems form lower down a glacier
· A linked cavity system will collect water and forma conduit system lower down the glacier
· The water can collect and eventually cause a surge
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Glacial Sediment Transfer and Geomorphology
· Glaciers have an ice mass balance; they also have a sediment balance with inputs, storage, transport, outputs
· The key processes are erosion, entrainment, transportation and deposition

Erosion
· Abrasion: Drag rate, particles concentration, rock fragment supply, contact force: 0.9-3.6 mm/a
· Fracture and traction: Adhesive versus tractive forces between ice and rock
· Deforming layer: Deformation flux which can thin a bed
· Meltwater: Mechanical and chemical (carbon dioxide dissolves better in colder conditions)
· Erosion by surging glaciers: Variegated glacier: of 0.3 m bedrock erosion in a 20 year cycle, 2/3 during 2 years of the surge

Entrainment
· Erosion and entrainment: Subglacial or supraglacial sources
· Regelation: Localized pressure melting and refreezing
· Water flow through the vein system: Silt sized debris in dispersed facies
· Bulk freezing-on: Congelation can add debris-rich basal ice
· Shearing and folding: Thrusting of bed sediment along shear zones
· Entrainment from cavities: Squeezed into cavities and enfolded into ice flow
· Apron overriding: Debris beneath or in front of a glacier becomes attached

Transport
Main transport agents: Ice movement, gravity-driven flow of supraglacial debris, water transport of sediment through the glacier drainage system, glaciotectonic deformation of subglacial and proglacial sediments.

Low-level (active) transport near glacier base and high-level (passive) transport in supraglacial and englacial zones.

Deposition
Main deposition mechanism: Release of debris by melting or sublimation of ice, lodgement of debris by friction, deposition from meltwater, chemical precipitation, flow and resedimentation of deposits, glaciotectonic extrusion.

Ice-margin locations receivematerial dumped off glacier and extruded subglacial sediment.

Subglacial release into cavities due to meltout or lodgement against rigid bed elements.

Fine sediments are suspended in glacial lakes and gives the lakes its light green/turquoise colour. Heavier sediments are brown and sink rapidly.

Ice density increases with depth.

Lab 3
310-312 watts/m2

M=Qm/(pi*Lf)

Happens when air temperature is greater than 0

Net radiation(Q*)=0.25*D4+E4-310

Sensible heat flux=2.6*O4*N4

Qe=0.05*O4*(M4(vapour pressure)-611)

Qm=Q4-R4+S4

Depth=3600*T4/(445*334000)

Snow and ice albedos differ and affect graphs (triples value from 0.25-0.75)

Use Qm instead of K(down arrow)(1-d)

-10 for the height readings to understand the change over time better
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Lecture 6

· Glaciers directly affect only a small proportion of the world population
· More people, however, live close to rivers that are fed by glaciers
· Economic penetration into remote areas has increased human exposure to glacier hazards despite glacier recession

Glacier waters feed rivers that go through Edmonton and Calgary.

Water is required to separate oil from bitumen in the oil/tar sands/fields.

Water use has poly-provincial impacts; laws and regulations are in effect to allow for equal use of water. For example, Alberta and Saskatchewan share some waters.

Glacier-Related Hazards
Ice avalanches: Two types of start area
1. Break of slope where calving is effective and ice flow rate can aid preparation
2. Steep area of regular slope where base temperature is a more important control (warm base=weak adhesion, cold base=strong adhesion)

Fluctuations and surges: LIA advances from 13th to 19th centuries overran villages and farmland.

Floods and Lahars: Outburst floods and associated mass movements are among the most devastating of glacier hazards; lahars are ice-volcanic mudflows associated with volcanic activity on glaciated mountains.

Icebergs: 54 ocean liners were sunk or damaged in the Grand Banks area between 1882 and 1890; Titanic sank in 1912 with the loss of 1503 lives; Ocean Ranger in 1982 (not iceberg related); Hibernia rig is designed to withstand 6 Mt icebergs.

Glacier-Related Resources
Refrigeration: Saw and sawdust (19th Century)

Water: Western Canada; China glaciers produce about 2% of China’s surface water resources; Arapaho Glacier produces 260 million gallons/a for Boulder, Colorado

Icebergs, ice islands and ice ships: Capturing and processing icebergs; ARLIS II

Power: Greenland, Norway and BC

Waste Disposal: Radioactive waste disposal in Greenland and Antarctic ice sheets (a really bad idea!)

Introduction
Objectives: Estimate net glacier volume loss in Bow Valley, 1952-93 and convert volume change into annual wastage and storage components using local glacier mass balance data.

The effects of glacier wastage/storage are assessed by comparing wastage with measured basin yields and comparing interannual streamflow variations with and without glaciers.

Two reasons to focus on wastage:
1. Glacier recession over this time shows that wastage is more important
2.  The importance of glaciers to water resources increases during wastage years

The Study Area and Data Availability
· Bow Rover basin above Banff (2230 km2)
· Stream gauge data since 1910
· Digitized from 1:50,000 NTS maps as 3.3% glacierized 1977 (73 km2)
· Focus on Hector Lake sub-basin (281 km2) because it has 45% glacier cover
· Peyto Glacier , just outside Bow basin, is used as a surrogate for annual and interannual mass balance

Calculating Glacier Wastage and Storage
· Use surface area/volume relationship applied to mappings of 1951 and 1993 glacier covers: V=30.834S1.405

The Effect of Wastage and Storage on Basin Yield
· Daily average discharge for Bow River at Banff was aggregated to annual flow and compared with wastage and storage
· Proportions of net wastage, total wastage and growth over 42 years were 1.8, 2.3, and -0.5%
· Neglecting net wastage, overall basin yield drops by 22 million cubic meters to 1227x106 m3
· Below average yield years coincide with wastage; above average yield coincide with growth (Table 4, Fig. 6)






