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Carbon and biogeochemistry of the sea ice zone

Stephens and Keeling (2002)
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An empirical estimate of the Southern Ocean air-sea CO, flux
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MCNEIL ET AL.: SOUTHERN OCEAN AIR-SEA CO, FLUX
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Possible glacial maximum:

reduced Antarctic overturning,
shallower North Atlantic ventilation,

iron fertilization of the Subantarctic
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Ventilation and subduction in the sea ice zone
(Antarctic)

Anderson et. al., 2009
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Antarctica

Sea ice regions form deep water, therefore sea ice may help “set
properties” of deep ocean water masses.



Ventilation and subduction in the sea ice zone

(Arctic)
AW = Atlantic water
ASW = Arctic surface water
CDW = Cold deep water
CHW = Cold halocline water Steele et al., (1995)
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Clara Deal
Steve Ackley

Outline
Biogeochemical processes

Ice algae

MIZ Blooms / CaCO, Precip.

Jacqueline Stefels

—

Both biogeochemical flux and reservoir size are determined by the
physical processes that drive transport.

Will try to emphasize how modeling can advance insight and
integrate processes.

Alr ---Ice All --- sea Brine Upwelling IViushy Layer

transport exchange convection deep water Theory

(Diffusion) (in leads) (Polynyas)




Sea ice-ML Exchange

Sea ice-ML Exchange

Brine Mushy Layer

Convection

Theory




S Total CO, flux over winter ice

Miller et al., (2011)
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e Total CO, flux over winter ice

Miller et al., (2011)

1.0 Y . ' ]
b TTAEAET
co, . 1 L | T nn““
| - L
Flux 0.0 - ' ‘ llr ']
3 1.0 . A

Total Flux =% x 0.75 (umols m2 s1) x 79 (days) x CF

=2.6 mols@

DICinice = (DICin S.W.) x (ice/water partition) x zice (m) x rho

= 2130 (umol kg') x 0.5 x 2 (m ice) x 917 kg m-3
@5 mol m2

The ice lost more DIC than it started with ?!




Buildup of bioavailable iron in sea ice

a.autumn 2~ b.winter
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Total Fe in sea ice was 8-15 times greater than in underlying seawater



Nutrient re-supply to the ice

Steve Ackley is going to revisit this..

There is an accumulation of biogeochemical evidence that sea ice is
not a closed system.

Seawater entrainment is *continuous* or *event-driven* and occurs
in multiple seasons?




Mechanisms for seawater cycyling inv§e”a {
ells e

ce
al., (2011)
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3. Gap layer refreezing and new convection
(fall) I

4. What else? -




e DIC Pump Hypothesis

Alk.
flux ?

DIC
pump
Brine

Convection

(polynyas)
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Alk.
flux ?

DIC
pump

DIC Pump Hypothesis

Mirabilite crystals
Na,50,-10H,0
(Arctic sea ice)

lkaite crystals
CaCO;-6H,0
(Weddell Sea ice)

(Light et. al, 2003)

(Dieckmann et. al, 2008)



e Conditions for the DIC pump to occur

Offshore

Y

Onshore

Fall --—------— Winter --------» Spring ——-------» Summer

? ? ~ >/ \{/ N~
n,,m,///////////// \P y W \ W
DIC // MALK trapped in ice /A | K dissolves in ML
pump DIC in brine

- 7 ‘ ‘
Continental shelf ////// DIC sinks to abyssal water
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Conditions for DIC pump to occur
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How can we test for the DIC pump?

We lack a good geochemical proxy for sea ice brine.

Tracers: 4C spike, or inert tracer (SF.CF,).

Models could put an upper bound on this process

(best case scenario)

80

60

40

Suggestion of Nguyen et al., (2009),..

Convective parameterization +
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Sea ice model +

Al sp2 NB

Brine chemistry model
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s What's really going on in the MIZ?

* Region of ocean surface exposed in past 30 days
COZ fr? Tt S, i x% s ‘
E_ ?
Alk. B
flux ? © National Geographic
y  MIZ Accounts for ~ 9% of annual primary production.
EXpO rt 1 January_2000 1 February,2000
production?

MIZ-shelf Shelf MIZ Pelagic Seaice Land/lce shelf



CO, rectification hypothesis
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* Net CO, flux into mixed layer = Net community production — Gas

exchange + upwelling*

e @Gas exchange (k) is usually inferred, rarely measured.
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A parameter model for k in the ice pack

0
F=k AC Kk =(1/f§k e T(DK
k.= (Dk

f is the fraction of open water




Do we have estimates of k in sea ice cover
and do we believe them?

4.5 .

rres (1991)

1.5
Loose

@ Takahashi et al., (2009)

L1 Ice Station Weddell (ISW, 1992)
(O Fanning and Torres (1991) ]
K o f
1

| |

0.4 0.6 0.8 1
fraction of open water (f)




Air-sea gas exchange depends on aqueous
turbulence

3. Short period gravity waves
and interactions with ice floes

1. Shear in
the ice-ocean

boundary layer

2. Buoyant convection/stratification

‘/ « Shear in the ice-ocean boundary layer (IOBL) (McPhee, 1992; McPhee, 2008,
Andreas, 1986).

‘/ « Buoyant convection/stratification (Lombardo and Gregg, 1989; Morison et al.,
1992)

? » Surface roughening by short-period wind waves (Frew et al., 2004) and their
interactions with ice floes (Squire et al., 1995)



Turbulence in the ice-water boundary layer
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A parameter model for k in the ice pack

é’u —_— Buoyant
= u* —_— + b'w convection/

stratification

lce/water Wind-driven
current shear shear

e=f(V,UT,.T, N(2)

/ air? r\
lce velocity \ Buoyancy

10-m wind Frequency
speed



Ice drag on the Ice-ocean boundary layer

Tskin—aw = paCdUlUl

S
v g

Tskin-iw

1 D
Tform = E p@VO Vo

U, = U,(CZ) (lni = W)>

Zo

2
rskin—iw = M*Op

Steele et al., (1989)



Floe size distribution
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Ice-ocean boundary layer shear, ITP 3
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Wave-driven turbulence

<s?> of 40 — 100 rad m* waves correlate well with gas
exchange (and they account for surfactant effects.... for

Scott).
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Frew et al., (2007)



Eff. gas transfer velocity (k.¢) from 4 ITP drifts
k.= (Dk
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Discussion points

1. Isthere a consensus on sea ice-mixed layer exchange processes for models?

Mushy layer siphon Wintere 22
Hydrostatic flooding  Spring/summere
Gap layer freezing Falle

What else?

2. We have the models necessary to set upper bounds on the DIC pump
hypothesis: Solute chemistry model + sea ice model + Mixed-layer
parameterization. Can we try it?

3. (how) Does CICE/CESM estimate the ocean carbon cycle and air-sea gas
exchange? Is there



Old Model: Timing of ice breakup and spring
bloom

- 45 days: peak Fq, is
reduced by 27%
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Under ice blooms

Massive Phytoplankton Blooms
Under Arctic Sea Ice
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