
Air-Sea Exchange in Polar 
Systems 

The Complications of 
Sea Ice



By the end, you should know:

• How sea ice is formed and how 
it’s structured 

• How sea ice can impact air-sea 
exchange



a. Frazil/grease ice forms 
first

Sea-ice formation

Ushio & Wakatsuchi, 1993
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a. Frazil/grease ice forms 
first

b. Frazil thickens and 
coalesces

c. Consolidation into 
floes

d. Slow growth 
continues at the 
bottom

Sea-ice formation

C. König



Sea-ice structure

Petrich & Eicken, 2017



Sea-ice structure

Petrich & Eicken, 2017

Thomas & Dieckmann, 2002



• Brines

Sea ice: a 
complex, porous 
medium



Golden et al., 2007
Light et al., 2003

-15  ̊C

-5  ̊C

-2  ̊C

Brine network structure 
& porosity is a function 
of temperature
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• Solid salts

Assur, 1958
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Sea ice: a 
complex, porous 
medium
• Brines

• Solid salts

• Gas bubbles

• Biology

• Organic matter

Junge et al., 2001

Krembs et al., 2002





Air-ice fluxes
Halogens
(bromine, ozone, 
& mercury in the 
troposphere)

Steffen et al., 2008

Alert

Hg0



Air-ice fluxes
Primary aerosols
(sea salt, organics)

Frey et al., 
2020

Aerosols

Snow

Aerosols

Snow

Snow

Mirabilite 
precipitation

(sulfate depletion)

Na2SO4·10H2O



Air-sea fluxes (in the presence of ice)



Air-sea fluxes (in the presence of ice)

The Data on Gases are Conflicting
Lab experiments 222Rn deficitsCO2 eddy covariance

Loose et al., 2009

Loose et al., 2017

• SF6 and O2 in a tank
• fluxes 2x expected from 

open water area • Sailing around the 
Southern Ocean

• matched open water 
parameterization 
scaled to ice 
concentration

• Profiles in the Beaufort 
Sea

• Sometimes (really) 
high, sometimes low

Butterworth & Miller, 2016



Underwater Eddy Covariance

Miller et al., 2015

So far, only for O2

Ice-water fluxes
Implications for CO2 export & sequestration...



T. Businski



extra slides



N. Sutherland



Brine drainage
Sea-ice structure

Middleton et al., 2016

Armbrust & Sverdrup, 2009



a. Frazil/grease ice forms 
first

b. Frazil thickens and 
coalesces

Sea-ice formation

M. Fortier



Sea-ice structure

Bowman et al., 2013

Frost Flowers

Style & Worster, 
2009



Arctic
• Ocean surrounded by 

continents

Sea-ice structure

Antarctic
• Ocean surrounding a 

continent

NSIDC



Arctic
• Ocean surrounded by 

continents

• ‘Low’ energy

• Mainly congelation/
columnar ice

• Large shelves: landfast ice & 
sediment incorporation

• Melt ponds common

Sea-ice structure
Antarctic

• Ocean surrounding a 
continent

• ‘High’ energy

• Mainly frazil/granular 
ice

• Multi-layered

Lewis et al., 2011Mundy, 2000



Chambers

Air-ice fluxes

Eddy covariance

Sea ice is porous & often permeable



Chambers

Air-ice fluxes

Eddy covariance

CO2

Papakyriakou & Miller, 2011Nomura et al., 2010

Fluxes generally small, but sometimes significant



Carbon dioxide release:

• Ikaite precipitation

Ca2+ + 2HCO3
- → CaCO3(s) + CO2 + H2O

• Microbial respiration

“CH2O”+ O2(g) → CO2(g) + H2O

• Photochemistry?

Carbon dioxide uptake:

• Ikaite dissolution

CaCO3(s) + CO2 + H2O → Ca2+ + 2HCO3
-

• Primary production

CO2(g) + H2O → “CH2O”+ O2(g)

Air-ice fluxes
CO2



Air-ice fluxes
CO2

Autumn Winter Spring

•Decreasing T

• Increasing S

•CaCO3 Precipitation

•EPS Formation

•Respiration

pCO2

•Decreasing T

• Increasing S

•CaCO3 Precipitation

•EPS Formation

•Respiration

• Increasing T

•Decreasing S

•CaCO3 Dissolution

•Primary production

•Photochemistry

Implications for net potential carbon drawdown and 
sequestration...



Gases – Oxygen?

Zhou et al., 2014

Measured

Solubility

Solubility goes:

• ↑ as T↓

• ↓ as S↑ 

The salting-out 
effect dominates



Oxygen

Rysgaard et 
al., 2008

3 cm

M
e

lt
in

g

• N2O?

• Methane?



Sulfur cycling – DMS?

Weddell Sea

• Dimethylsulfide 
(DMS) is high in sea 
ice

• DMSP precursor a 
cyroprotectant?

Tison et al., 2010



Sulfur cycling
Southern Ocean

Zemmelink et al., 2008

Arctic Ocean

Nomura et al., 2012

Weddell Sea

• Dimethylsulfide 
(DMS) is high in sea 
ice

• DMS is released to 
the atmosphere



Halogens

Granfors et 
al., 2013

Halogen concentrations are 
high in sea ice.

Neither field observations nor 
laboratory experiments have 
been able to confirm halogen 
transfer to the atmosphere 
from sea ice or frost flowers.

But...



Halogens?

Halogen concentrations 
are high in new sea ice.

Co-incidence of ice 
formation and ozone 
depletion

Luo et al., 2018



Anderson et 
al., 2004

Air-sea exchange in the presence of sea ice

Evidence for 
enhanced 
exchange

Excess CO2 in dense 
shelf waters under 
sea-ice formation 
areas

DIC

T

Nutrients



Air-sea exchange in the presence of sea ice

Potential mechanisms

B. Loose


