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Learning Outcomes for today

- How ice crystals form and grow in the atmosphere

- How snow behaves and evolves once it is deposited in
the ground

- The seasonal cycle of sea ice

- Differences between the Arctic and the Antarctic

- Dynamics of sea ice
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Fig 4.5 Atmosphere, clouds, and climate

Ice crystals are form by
1. Homogeneous nucleation
2. Heterogeneous nucleation
a. Deposition nucleation
b. Immersion freezing
c. Contact freezing



Snow in the atmosphere: How crystals form?

Ice Nucleation Mechanisms in the Atmosphere

Homogenous Deposition Immersion/ Contact
Freezing Nucleation Condensation Freezing Freezing

m oplet/ Q Wetervapor I Soluble/insoluble - Iceembryo(\

cloud droplet aerosol particle Ice crystal

https://en.wikipedia.org/wiki/lce_nucleus



Growth of crystals: Bergeron Process
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https://biology-forums.com/index.php?action=gallery;sa=view;id=31161



Structural form of snowflakes

Supersaturation (g/m?)
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Libbrecht, K. G. (2005). Reports on progress in physics

The form changes back
and forth between columns
and plates as T changes.

Increasing S increases the
surface area to volume
ratio of the crystal.



Temperature (°C)
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What kind of behavior can you see
in this Figure?

Source: Mitchell (2011). Planet Earth 2011 - Global
Warming Challenges and Opportunities



What are the two mechanisms of precipitation associated
with snowfall?

Orographic uplifts Air mass mixing/frontal precipitation

condensing water vapour ‘

precipitation .\

moist, rising air

Himalayas, New Zealand, Andes Winter storms at midlatitudes

https://kids.britannica.com/students/article/microclimate/604042 https://www.acurite.com/blog/cold-fronts.html



Types of Snow
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Once in the ground ...

Once in the ground snow acts as an insulator
with a typical density of 100 g/m3
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Sturm, M., Holmgren, J., Kénig, M, Morris, K. (1997.) Journal of Glaciology,

Wind, humidity, temperature play a strong
role in the evolution and densification of the

snowpack ...
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The role of winds

Persistent winds in dry and cold conditions: Wind

slab (density 400 kg/m3) Convergence zones: Snow
accumulation

FAYAY
Snowdrift
Wind can rapidly deposit
snow in slabs which can
avalanche easily
https://www.youtube.com/watch?v=pHipKLgcO54 Liston, G. E., et al (2018). Journal of Geophysical Research: Oceans,
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https://www.youtube.com/watch?v=pHipKLqcO54

Snow age

Depth
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Depth hoar or sugar snow

What is depth hoar?

What is the main mechanism that drives
the formation of depth hoar?

https://www.youtube.com/watch?v=JjW2GnTogdo&t=1s
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https://www.youtube.com/watch?v=JjW2GnTogdo&t=1s

Observations of seasonal snow
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https://www.ospo.noaa.gov/Products/atmosphere/mirs/swe.html
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Once snow melts ...

Can refreeze in a

snowpack
Store inside the
snowpack

Snowpacks retain liquid Can be stored for days
water in the pore space to weeks as liquid

Runoff to river
systems

Gravity triumphs over
surface and capillary
tension

A surface (overland)
flow
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At the snow—ground or
snow-ice interface
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SEA ICE

Sea ice is frozen seawater which floats
on the surface of the ocean.

The chaotic looking of sea ice is from the
way in which seawater freezes

What is the primary difference?

Pancake ice

Marshall, S. J. (2011). The cryosphere (Vol. 4). Princeton University Press.
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Freezing temperature vs salinity

Temperature (deg C)
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| What is the average salinity of
seawater?

When seawater cooled from above, it
continues to cause convection right
down to the freezing point.

1 A
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salinity (g/kg)

https://www.metoffice.gov.uk/research/climate/cryosphere-oceans/sea-ice/overview
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What is sea ice made of?

A mixture of brine, ice crystals, air, solid
salts

When sea ice forms, small spaces remain
between the ice crystals and are filled with
a salty liquid, known as brines.

Brines give first-year sea ice a salinity
value between 5-15 ppt

http://greenedge-expeditions.com/brine-channels-micro-
habitat-for-ice-algae/
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Sea ice during the Seasons

Multi-year ice, thickness
of few meters

Fall

First sea ice forms
Sea ice get thicker and grow

Winter

Sea ice get thicker and grow
(from below)

Seaice
evolution

ocean heat flux

Summer
Melting season, sea ice
becomes permeable

Spring

Melting of sea ice begins

first-year ice melts away or is
advected to lower latitudes



During summer, atmospheric heat flux drives sea-ice melt.
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Extent (10° km?)
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Arctic sea ice thickness
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Ice thickness (m)

Why do we have multi-year sea ice over

northern Greenland and the Canadian Arctic?

Why sea ice has a radial symmetry?

Marshall, S. J. (2011). The cryosphere (Vol. 4). Princeton University Press.
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In the Arctic

Winter — The ice grows out Summer — The ice contracts as it melts
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In the Antarctica

Offshore winds from the continent push
ice northward

|

Divergent ice pack

|

Little multiyear ice

The differences between Arctic and
Antarctic sea ice are explained by:

The Arctic is an ocean
surrounded by continent

The Antarctic is land surrounded
by ocean

Convergence in the Arctic
Divergence in the Antarctic
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Interannual variability and climate change

Air temperature
A change in any of
these variables could

. . lead to gain or loss of
Ocean circulation 9 .
sea ice

Ocean Heat Fluxes

Winds
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Sea-ice dynamics
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Overall

- Ice crystals are formed in the atmosphere by 4 different nucleation mechanisms.

Once formed, ice crystals grow at the expense of supercooled water.

- Once in the ground, fresh snow has a lower density than old snow. This lower
density makes fresh now a good insulator.

- Sea ice grows during winter through basal accretion and melts during summer
because of atmospheric heat fluxes.

- The differences between the Arctic and Antarctic sea ice are explained by their
geographical location, winds and ocean currents, and the effects of climate
change.
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