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Koppen Climate Classification System
Based on: air temp, precipitation, evapotranspiration
Six major climate groups:
Tropical (a)
Arid (b)
Mesothermal (c)
Microthermal (d)
Polar (e)
Highland (h)

Global distribution of climates
A: tropical, equator
B: tropic of cancer and Capricorn. Sinking air and high pressure areas. 
C and D: high latitudes
E: polar , corresponds to tree line around the globe.

Type E: Polar Climates
ET: high-latitude maritime climate associated with tundra vegetation. Very little precipitation and cold weather. Banks Island
EF: Ice cap and ice sheet climate; low temp and no vegetation. Transantartic mountains.

Ottawa = D, microthermal moist
Yukon = D, microthermal moist

Why extreme climate at both ends of the Earth? (cold and dry)
High reflectance of the surface.
The electromagnetic spectrum
A continuum of energy, measured by wavelength, from the high-energy shortwave radiation …. (see slide)

Stefan-Boltzmann Law
Energy emitted related to temperature of the body.

Wien’s Displacement Law
Energy emitted. Earth emits longer wavelengths of energy than the sun.

Reduction in intensity of the energy with distance
Inverse square law
Intensity reduces according to the square of the distance from the energy source.
The solar constant: determined at the top of the atmosphere and at right angles of the Sun. 

Uneven distribution of insolation
1. Due to the Earth’s tilt (23.5 degrees), tropics receive more concentrated insolation. (More energy per unit area)
2. Seasonal variations in duration of daylight
3. Seasonal variations in amount of insolation received.  

Effect of Earth’s tilt
Equator: solar rays don’t occupy a large surface area. 
Solar radiation intensity: SIN(90-Lat)
High latitudes still receive a considerable amount of radiation; even if the poles are in darkness six months of the year.
With no tilt, the poles would not receive radiation (the sun would always be on the horizon).

Duration of daytime 
Determined by
Revolution of Earth around Sun (position of Earth in orbit around the Sun)
Rotation of Earth on its axis
Latitude of the site
Equinox: at the equator there is 12h of darkness and 12h of light
Summer solstice: longest day of the year. Polar regions, 24h of sunlight above the arctic circle. Effects plant growth and other ongoing processes. 
Winter solstice: 24h darkness above arctic circle. 

Seasonal variations in amount of insolation received 
Why do we have seasons? Because the Earth is on a tilt. 
Axial parallelism
Axis maintains alignment during orbit around the sun
North pole points towards North Star
Diagram
More insolation at the north pole than equator during summer solstice because of length of day, there’s 24h of sun at the pole. 
More insolation at the equator on both equinoxes
1. High latitudes have greatest annual range in insolation 
2. High latitudes receive more insolation around the summer solstice than lower latitudes 

Earth’s energy balance – the system is in equilibrium
Solar radiation reflected from clouds and back into space. Some absorbed by clouds and other particulates. 47% reaches the Earth’s surface, and portions are reflected and absorbed. 
Earth also emits energy, less than what is emitted from the sun. Energy is reflected from the bottom of clouds or absorbed. Some radiated into space. 

(1-albedo)
Albedo/reflectivity:
The proportion (or percentage) of incoming short-wave radiation that is reflected.
High albedos mean that mot radiation is reflected (e.g. over fresh snow)
Low Albedos mean that most radiation is absorbed (e.g. over wet snow)
High albedo values in Polar Regions reduces already diffused amount of incoming solar radiation. Winter months has snow and high albedo. Snow melts in the summer to expose rocks and water which have lower albedo. 
In Antarctica, albedo is constant year-round because there is no summer melt. Sub-zero year-round because of the elevation also. 
Exception: the Antarctic peninsula pointing towards South America where there is some melting of the snow and ice.

Why are temps in the Artic warming faster than the rest of the world?
Albedo is changing because of the melting of ice. 
Increase in precipitation

Global heat balance
1. Sensible heat flux
Large scale transport of heat from the tropics to the poles through atmospheric circulation 
2. Surface heat flux
Large quantities of radiation energy are transferred into the Earth’s tropical oceans. The energy enters these water bodies at the surface when absorbed radiation is concerted into heat energy. Horizontal transfer of this heat energy from the equator to the poles is accomplished by oceanic circulation. 
3. Latent heat flux
Moves energy globally when solid and liquid water is converted into vapour. This vapour is often moved by atmospheric circulation vertically and horizontally to cooler locations where it is condensed as rain or is deposited as snow releasing the heat energy stored within it. 
Increase in precipitation increases latent heat flux in the Arctic. 

Arctic amplification
1. Reduction in sea ice cover
affect albedo and allows for more radiation to be absorbed by surface (see equation in slide)
2. Increased precipitation 
Releases latent heat

Sling psychrometer: Dry vs wet buld
The concept of evaporation/condensation redistributing heat.
The evaporation of water removes heat from the liquid phase.
The results in a decrease in temp in the liquid (600 cal for 1g water)
When moisture condenses, the heat is released (600 cal for 1g water)
Also, the temperature difference between the dry and wet bulb gives us an indication of relative humidity.  
(In class)
DB=22
WB=12

Koppen climate classification
Climate of polar regions are classified Type E
Ef: ice caps, ice sheets, Greenland, Antarctica 
ET: tundra climate, high Artic and unglaciated regions in Antarctica 

Measuring climate conditions
Automated weather stations
Temp sensors, protected in white boxes that let air pass through but reflect sun radiation, standard height
Wind
Precipitation gauge
Laser sensor to determine snow depth 
Log
Camera
Dry valleys
Weight is on the surface
Solar power

Temperature
A few important temp equations
(see slide) 
Climate normal 30 year average 

Climatic variations in the Arctic
Where is it colder and why?
Siberia, dark blue blob on the left side
Warmest: Siberia + Alaska and west of Hudson bay lowland 
Both extremes because of high continentally site
Which regions show greater seasonal variations? Which show less?

Regional differences in the Arctic
MMAT and precipitation for various stations
All above tree line 
Centrale is coldest in summer
Yakutsk is warmest in summer and Tiksi
Precipitation
Most in Isfjord and Murmansk as well as Centrale
Based on ocean currents that bring warmth and humidity 

Related to proximity to open water sources and distance 
Land surface heats faster than water surface 

1. Evaporation
when water evaporates, latent heat energy is absorbed in the water vapour (stored energy), thus resulting in lowering of air temp in the immediate environment (sensible heat transfer).
Has for effect 

2. Transparency
Radiations cannot penetrate land surface to meaningful depths (opaque: restricted to uppermost cms) compared to water (transparent, 10s meters)
Greater proportion of insolation is absorbed by ground surfaces, leading to higher temps. This energy is then lost at night by radioactive cooling.
In water bodies, light is

3. Specific heat
Water can hold more heat than soil or rock (specific heat)
Water gains heat slowly and loses heat slowly
Specific heat of water is about 4x that of soil

4. Movement
Mixing of cooler and warmer waters (movement)
Both surface and deeper waters can mix; redistributing energy
Wind mixing in water bodies is efficient to transfer energy deeper in the water column.

Continental climate
Strong seasonal variations in air temps (warm summer, cool winters)

Maritime climate
Seasonal variation in air temps is buffered by presence of large water bodies. Also commonly associated with increased precipitation

Distribution of climate station in Canada’s Arctic 
Situated along water sources (rivers and coast)

Regional differences in the Canadian Arctic
Annual air temp and precipitation
Low arctic has highest temps, Yukon and SW Ter and highest precipitation as well as eastern arctic because of Atlantic ocean (western Yukon because of pacific) as well as mountains (logan and mckenzie)
Less than -20 88 degrees N, western part of Queen Elizabeth island has least precipitation because of mountain barrier 
Seasonal air temps (winter and summer)
Seasonal patterns reflect changes in solar radiation and general atmospheric circulation
Winters are cold and dry due to continental Arctic air masses over Siberia, Arctic Ocean and Greenland
Lack of sunlight causes radiative cooling of the atmosphere
During summer, continental air masses retreat northward, allowing warm moist air from the south to move in
SEE SLIDE
Snowfall
Mainly derived from eastward moving cyclones
East coast in under the influence of Atlantic Ocean
Local highs in Yukon/NWT are derived from orograpgic effects 
MMAT
Western Arctic
Whitehorse to Tuk
Summer is warmest 
Winters are warmest in Canadian Arctic
Yellowknife and Dawson hottest, cooler is Tuk
Same latitudinal patterns in the winter
High Arctic and east
Iqaluit is warmest in summer but still cold because of the cool water
Alert and Resolute are the coldest
Temps were decreasing in Iqaluit in the 80s 90s, behaving different than the rest of the Arctic. Dramatic increase in 98. Increase because of El Nino years. No change in summer months but winter months are getting warmer. 
Summer air temps
Whitehorse summer temps are increasing and less so in Iqaluit and even less so in Resolute
Winter air temps
Winter temp increase in Whitehorse as well as the two others 
Western Arctic warming faster than Eastern

Antarctic climate
The climate of Antarctica is the coldest and one of the driest on Earth.
Characterized as type Ef (ice caps/ice sheet) with MAAT < 0C (MAAT of the interior is -57C)
The lowest Temp C ever recorded on Earth was -89.2 C at Vostok Station in 1983
Highest summer temp at South Pole was 14C
Temps greatly vary with latitude (60 and 90), elevation (0 to 4000m) and distance from coast
East Antarctica is cooler than West Antarctica. The Antarctic Peninsula has the most moderate climate, with summer temps slightly above freezing.
Total precipitation average 166 mm per year.
Actual rates vary from hiugh values at the Ant Peninsula, to very low values in the interior.
Almost all precipitation falls as snow.
The low air temperature results in low absolute humidity.
Regions receiving < 250 mm of precipitation are classified as deserts, so Ant (and high Arctic) is a cold polar desert. 

Climate of the McMurdo Dry Valleys of Antarctica 
MMAT between -40 and 2
Elevation controlled air temp gradient
Summertime lapse rate about 1 degree 100m-1 (follows the dry adiabatic rate; due to atm water vapour)
MAAT
Not much change over 20 year period

Polar Regions Mean Temperatures: Summer
North pole summer is warmer 
South pole below 0 to -40
Winter
Winters way colder in South Pole -66 and around coast is -25 
Low Arctic -20 and -35 in high arctic 

Some useful climate indices
1. Number of freezing and thawing days
2. Number of freezing and thawing degree-days
These indices are widely used to predict
Permafrost distribution
Maximum thickness of sea, lake and river ice
Duration of ice cover
Max depth of ground-frost penetration
Etc
Both freezing and thawing indices are important parameters for engineering design in cold regions

Climate indices in periglacial regions
Freezing degree-days FDD; Thawing degree-days TDD
The degree-day concept has found widespread use in describing the intensity of air-temp variations
The index is a measure of the combined duration and magnitude of below-freezing (or above-thawing) temps occurring during any given season.
For example, a mean daily temp of -3C for 4 days = -12C degree-days
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Readings
The physics of snow crystals : Libbrecht, KG 2005
Snow Cover : Woo, 2012 Chapter 4 in permafrost hydrology textbook

Introduction
Seasonal snow cover is a major environmental face over much of the Arctic and Antarctic.
Crucial factor in albedo feedback mechanism
Build-up glaciers
Control of heat flux from surface (ground insolation)
Hydrological processes rely on amount and distribution of later winter snow

Outline
Formation and types of snow
Distribution of snow and control factors
Snowpack evolution (metamorphism)
Snowpack characteristics 

Formation and types of snow
What is snow?
Ice particle formed by sublimation of vapour in the atmosphere
Collection of loosely bonded ice crystals deposited from the atmosphere
Mineral
What is snowpack?
Accumulation of packed snow crystals
Total snow and ice on the ground, including new and previous snow and ice that have not melted 
For snow to form, we need:
1. Air temp <0C
2. A source of moisture
3. The presence of condensation nuclei in the atmosphere (dust particles, salts, aerosols, pollens)
4. Lift or cool the air to increase relative humidity to 100% (saturation)
4 main ways to cool the air
1. Convergent lifting
Vertical lifting of air parcels through the convergence of air masses in the atmosphere
2. Convective lifting
Vertical lifting of air parcels through convective heating of the lower atmosphere
3. Orographic lifting
Air masses are forced to rise over topographic barriers
4. Frontal (cyclonic) lifting
Relates to regional movement of air masses and formation of warm/cold fronts (warm air is forced to rise over the colder air masses)

A snow crystal is a single crystal of ice
A snow flake is a more general term, it can mean:
An individual snow crystal
A few crystals stuck together
Large agglomerations of crystals, puff balls

The crystalline structure of ice
In liquid water, the water molecule are attracted to each other (H+ and O-) and form H-bonds
When water cools and starts to freeze, the loose structure of liquid water changes to an organized hexagonal structure.
The six-fold symmetry of snow crystals ultimately derives from the hexagonal structure of the ice crystal
It is also less dense than water 
The most basic form of a snow crystal is a hexagonal prism. This structure occurs because certain surfaces of the crystal, the fact surfaces, accumulate material very slowly.

A hexagonal prism includes two hexagonal “basal” faces and six rectangular “prism” faces. Note that a hexagonal prism can be plate-like or columnar, depending on which facet surfaces grow most quickly.

When snow crystals are very small, they are mostly in the form of simple hexagonal prisms. But as they grow, branches sprout from the corners to make more complex shapes (dendrite).

The origin of the complex shapes of snow crystals (evolving from hexagonal prism to dendrites).
The water molecules have to diffuse through the air to reach crystal.

So consider a flat hexagonal ice surface that is growing in the air. If a small bump happens to appear on the surface (preferentially at the O atom surface; which is at one of the corners in the hexagon), then the bump sticks out a bit farther than the rest of the crystal. This means water molecules from afar can reach the bump a bit quicker than they can reach the rest of the crystal, because they don’t have to diffuse quite as far.

This is called branching instability – small bumps develop into large branches, and bumps on the branches become side branches.

Diffusion velocities are lowest at the facet centres. And hexagonal prism may develop into a dendrite structure due to small changes in water vapour diffusion velocities. 

Changing temperature and humidity (amount of moisture in th atmosphere) results in the variety of snowflakes.
From simple hexagonal prisms to complex dendrite forms
(see slide)
Dendrites and plates: 0 to 3C, -10 to -22
Needles: -3 to -10
Columns: -6 to -10, <-22C

Types of snowflake is dependent on temperature and supersaturation


Snowflakes are clusters of ice crystals that fall from a cloud
Hoarfrost is the deposition of ice crystals on a surface when the temperature of the surface is lower than the frost point of the surrounding air. In this process, moisture goes directly from vapour to solid, skipping the liquid phase.
Graupel consists of snowflakes that become rounded, opaque pellets ranging from 2 to 5 mm in diameter. They form as ice crystals fall through supercooled cloud droplets, which are below freezing but remain a liquid. Graupel is sometimes also called snow pellets.
Polycrystals are snowflakes composed of many individual ice crystals.

Distribution of snow and control factors
Snow cover highly variable in both time and space: due to both land surface and atmospheric variables (air temp, topography, vegetation)

Variability on three spatial scales:
1. Macroscale (regional distance 10 to 1000km)
Global (tilt, latitude, land-water distribution) to regional effects (mountains, air circulation pattern).
2. Mesoscale (within region: 100m to 10km)
wind redistribution along relief features
distribution and accumulation may be related to terrain and vegetation cover
3. Microscale (local (10-100m)
differences in accumulation result from variations in local airflow patterns and transport

Macroscale: temperature and amount of moisture
Although the smallest amount of solar energy reaches the Earth’s surface in the northern hemisphere in late December, snowpack depths peak during late winter/early spring.
This is due to two main factors
Snowpack is cumulative, typically deepening throughout the cold season
Snowpack depth does not decrease significantly until melting offsets replenishment by new snowfall
(SEE SLIDE)

Distribution of snow cover
Effect of topography
Depth of seasonal snow cover usually increases with elevation due to:
Increase in the number of snowfall events
Decrease in melt
But: the rate of increase with elevation may vary widely from year-to-year
Must also consider many factors:
Slope, aspect, vegetation, wind


Snow cover distribution
Forested Environments (coniferous)
Most studies show greater snow accumulation in clearings than in the forest
Most of the difference develops during storms, not between storms 
Interception and subsequent sublimation are the major factors contributing to the difference
Sublimation much greater from snow in trees due to high surface area exposed to atmosphere

Open environments (tundra landscape)
Over highly exposed terrain, the effects of meso- and micro-scale differences in vegetation and terrain features may produce wide variations in accumulation patterns
Avalanching from steep slopes
Accumulation on lee slopes
Erosion on windward slopes andhill tops
More melting on south-facing than north facing slopes

Blowing snow
Two major hydrological influences of wind transport of snow:
1. redistribution of snow
2. increase loss of water by sublimation
Blowing snow of particular importance in open exposed areas such as the Arctic and Antarctic

Three modes of movement: creep, saltation, turbulent diffusion (SEE SLIDE)
Threshold wind speed increases with increasing temp and humidity
If original deposition occurs wit wind, subsequent movement will be much harder due to packing of snow grains 
Threshold wind speeds increase with age of a snowpack

Differential erosion and deposition
Erosion where wind accelerates
Deposition where wind decelerates

Sublimation losses during blowing snow
Snow particles are more exposed to atmosphere during wind transport
Sublimation losses can be very high as a result and are controlled by:
Snow density and dust content, air and snowpack temp, humidity, wind speed, vapour pressure and solar radiation 

Global snow cover patterns
Virtually all land about 40 degrees N latitude has a seasonal snow cover
This is about 42% of northern hemisphere
More snow with in mid-latitudes (50-60), higher altitudes, proximity to water (lakes and oceans)
Snow cover duration longest near poles and high elevations

Typical snow depths 40-80 cm in continental interiors north of 50 degrees N and in polar areas
Not universal, depends on topography and geography
Mountain regions of Norway and Alaska, average depth 120-180 cm
High arctic has a low snow accumulation (polar desert)

In hydrology, dates of occurrence and disappearance are very important
at most locations, snow cover may form and disappear several times a season
at high latitudes, long period of snow cover assured (182+ days in continental areas north of 60 degrees)
Inuvik:
Oct 1-12 formation
Jun 1-15 disappearance

Snow pack characteristics
Grain size
The average size of the characteristic grains within a mass of snow (SEE SLIDE)

Snow density
Mass per unit volume of snow: it’s a measure of amount of air contained in snow crystal lattice
Density of new snow determined by factors influencing snow crystal formation and deposition
Low densities: calm, very cold conditions
Higher densities: higher winds and higher temps
Once snow accumulates, starts to metamorphose and increase in density
Density >400 kg/m3 is called firn

Temperature
In temperature regions, base of snow pack usually near 0 degrees
But in permafrost regions, the bottom of the snowpack is <0C and can be much colder
Usually colder at surface: leads to thermal gradient
Largely determined by thickness of snow pack and mean snow surface temp
Major influence on metamorphism process
Isothermal= no temp gradient

Liquid water content
Wetness, percentage by volume (SEE SLIDE)
Snow water equivalent (SWE) (used by hydrologist)
Key unit of measure in hydrology
Provides standardization between different densities
The height of water if a snow cover is completely melted (on a corresponding horizontal surface area):
(SEE SLIDE)



Snow metamorphism
The characteristics of a snowpack, such as its depth, density, layering, degree of bonding, and temp, change over time
WHY SNOW GRAINS CHANGE
(SEE SLIDE)

gravity (gravitational settling)
acts to pull snowpack straight downward toward the ground on flat slopes. It increases the density of the snow after the snowpack becomes established.

Conduction
Conduction is the direct transfer of thermal energy from warmer to cooler substances that are in contact with each other. Conduction is present in snowpack when there are changes in temp within the pack or at the top or bottom

Radiation
Is primarily responsible for inducing the melt/freeze process, which results in crusting and other types of crystal evolution

Incoming shortwave (solar) radiation
Snowpack is particularly reflective, especially when the top of the pack contains newly fallen snow.
The albedo of snow is relatively large, typically in the range of 0.3 to 0.9.
The albedo depends largely upon the age of the snow at the surface, with old snow having lower albedos than new snow: 0.3 to 0.5 as compared to 0.6 to 0.9.
That’s largely due to the presence of foreign matter such as dirt, dust, which are less reflective and have lower albedos.

Outgoing infrared radiation
All surfaces on Earth, be they bare ground or snowpack, constantly emit infrared radiation.
For snowpack, the warmer and more vegetation-free the surface, the greater the rate of radiative loss.
This cools the snowpack at the very top few mm of the surface.
Contrast this with the warming effect of incoming solar radiation, which heats up the top 15 to 30 cm of snowpack.

Vapour diffusion
ice molecules movement within a snowpack when ground is warmer than the snowpack. The process involves millions of ice and water vapour molecules.
Snow crystals are interspersed with microscopic air pockets. These air pockets have a given temp and vapour pressure (the part of air pressure that’s due to water vapour)
The air at the bottom of the pockets is warmer than that above since it’s closer to the (warmer) ground. This results in temp and vapour pressure gradient.

These processes lead to 3 main types of snow metamorphism:
Gravitational settling (by gravity)
DRY (no liquid water, temp <0C) (by vapour-diffusion and temp gradient in snowpack)
Destructive metamorphism
Constructive metamorphism
WET (liquid water present, temp about 0C)
Melt metamorphism

Destructive metamorphism (DRY)
Depends mostly on radius of curvature of crystal
Points (convex): higher radius, which can hold a higher vapour density
Hollows (concave): lower radius, so can hold lower vapour density
Vapour flows along gradient – from points to hollows

Constructive metamorphism (DRY)
Temp gradient metamorphism:
Must have temp gradient of 10C/m or greater
Relative humidity of snowpack is 100%, so temperature gradient causes vapour gradient
Must have snow density less than 350 kg/m3 to maintain sufficient vapour flow
Deposition occurs as the warm vapour rises into the cold snow
Vapour gradient stronger at warmer temps, so constructive metamorphism most common at base of snowpack

Summary
Driven by water vapour movement in pore spaces
Destructive: controlled by vapour pressure gradient of crystal surfaces
Constructive: controlled by temp gradient of crystal surfaces

Wet snow metamorphism
Water temps = liquid water in the snow pack
Acts like supercharged destructive metamorphism
Rates are accelerated
Small grains destroyed preferentially 
Large grains becomes rounded (equilibrium forms)
Melting and refreezing results in large, bonded grain clusters
Increases density
Increases snowpack strength

Snow energy exchanges (SEE SLIDE)
Factors contributing to energy transfer
Wind
Increase wind, increase mixing
Sensible heat exchange
Water vapour
Vapour pressure gradient between snow and air
Latent heat exchange (ie freezing at the bottom of the snowpack)
Radiation (Net)
Shortwave and longwave
Advected heat (rain
Soil contact
Convection 
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