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  and	
  biogeochemistry	
  of	
  the	
  sea	
  ice	
  zone	
  

Bates et al., (2006) 

Stephens and Keeling (2002) 

Sigman et al., (2010) 

Takahashi et al., (2009) 

Arrigo et al., (2010) 
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VenElaEon	
  and	
  subducEon	
  in	
  the	
  sea	
  ice	
  zone	
  
(AntarcEc)	
  

Anderson et. al., 2009 

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



VenElaEon	
  and	
  subducEon	
  in	
  the	
  sea	
  ice	
  zone	
  
(ArcEc)	
  

Steele et al., (1995) 

AW	
  =	
  AtlanEc	
  water	
  
ASW	
  =	
  ArcEc	
  surface	
  water	
  
CDW	
  =	
  Cold	
  deep	
  water	
  
CHW	
  =	
  Cold	
  halocline	
  water	
  



Air	
  	
  -­‐-­‐-­‐	
  	
  Ice	
  
transport	
  
(Diffusion)	
  

	
  

Air	
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Outline	
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  ice-­‐ML	
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   DIC	
  pump	
  

Biogeochemical	
  hypotheses	
  

Physical	
  factors	
  that	
  determine	
  the	
  scaling	
  

Jacqueline Stefels 

Steve Ackley 
Clara Deal 

	
  
•  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.	
  	
  	
  

	
  



Brine	
  
ConvecEon	
  

	
  

Mushy	
  Layer	
  
Theory	
  

Sea	
  ice-­‐ML	
  Exchange	
  

Sea	
  ice-­‐ML	
  Exchange	
  



Total	
  CO2	
  flux	
  over	
  winter	
  ice	
  

CO2	
  	
  
Flux	
  

Miller	
  et	
  al.,	
  (2011)	
  



Total	
  CO2	
  flux	
  over	
  winter	
  ice	
  

Total	
  Flux	
  =	
  ½	
  x	
  0.75	
  (µmols	
  m-­‐2	
  s-­‐1)	
  	
  x	
  79	
  (days)	
  x	
  CF	
  
	
  	
  	
  	
  	
  =	
  2.6	
  mols	
  m-­‐2	
  

	
  

DIC	
  in	
  ice	
  =	
  	
  (DIC	
  in	
  S.W.)	
  x	
  (ice/water	
  parEEon)	
  x	
  zice	
  (m)	
  x	
  rho	
  
	
  

	
  	
  	
  	
  	
  =	
  2130	
  (µmol	
  kg-­‐1)	
  x	
  0.5	
  x	
  2	
  (m	
  ice)	
  x	
  917	
  kg	
  m-­‐3	
  	
  	
  
	
  

	
  	
  	
  	
  	
  =	
  1.95	
  mol	
  m-­‐2	
  
	
  

The	
  ice	
  lost	
  more	
  DIC	
  than	
  it	
  started	
  with	
  ?!	
  	
  

CO2	
  	
  
Flux	
  

Miller	
  et	
  al.,	
  (2011)	
  



Buildup	
  of	
  bioavailable	
  iron	
  in	
  sea	
  ice	
  

Lannuzel et al., (2010) 

Total Fe in sea ice was 8-15 times greater than in underlying seawater 
Lannuzel et al., (2007, 2008, 2010) 



Nutrient	
  re-­‐supply	
  to	
  the	
  ice	
  	
  

Steve	
  Ackley	
  is	
  going	
  to	
  revisit	
  this..	
  

	
  
•  There	
  is	
  an	
  accumulaEon	
  of	
  biogeochemical	
  evidence	
  that	
  sea	
  ice	
  is	
  

not	
  a	
  closed	
  system.	
  	
  	
  

•  Seawater	
  entrainment	
  is	
  *conEnuous*	
  or	
  *event-­‐driven*	
  and	
  occurs	
  
in	
  mulEple	
  seasons?	
  

	
  	
  
	
  

	
  



Mechanisms	
  for	
  seawater	
  cycyling	
  in	
  sea	
  ice	
  	
  
1.  Mushy	
  layer	
  siphon:	
  

	
  (winter)	
  

	
  
	
  
2.  HydrostaEc	
  inflow	
  from	
  bojom	
  melEng	
  	
  

	
  (spring/summer)	
  

	
  
	
  
3.	
  	
  Gap	
  layer	
  refreezing	
  and	
  new	
  convecEon	
  	
  

	
  (fall)	
  
	
  
	
  
4.	
  	
  What	
  else?	
  
	
  	
  

Wells	
  et	
  al.,	
  (2011)	
  

melt 

sink 



Brine	
  
ConvecEon	
  
(polynyas)	
  

DIC	
  Pump	
  Hypothesis	
  

DIC	
  pump	
  

DIC	
  
pump	
  

Alk.	
  	
  
flux	
  ?	
  



DIC	
  Pump	
  Hypothesis	
  

Mirabilite	
  crystals	
  	
  
Na2SO4·∙10H2O	
  
(ArcEc	
  sea	
  ice)	
  

	
  
	
  
	
  

Ikaite	
  crystals	
  
CaCO3·∙6H2O	
  

(Weddell	
  Sea	
  ice)	
  

(Light et. al, 2003) 

(Dieckmann et. al, 2008) 

DIC	
  
pump	
  

Alk.	
  	
  
flux	
  ?	
  



CondiEons	
  for	
  the	
  DIC	
  pump	
  to	
  occur	
  

DIC	
  
pump	
  

Alk.	
  	
  
flux	
  ?	
  

Zero sum gain scenario 



CondiEons	
  for	
  DIC	
  pump	
  to	
  occur	
  

DIC	
  
pump	
  

Alk.	
  	
  
flux	
  ?	
  

©	
  Samuel	
  Morin	
  

Frezchem (Marion et al., 2001) and PHREEQC (USGS) 



How	
  can	
  we	
  test	
  for	
  the	
  DIC	
  pump?	
  

We	
  lack	
  a	
  good	
  geochemical	
  proxy	
  for	
  sea	
  ice	
  brine.	
  
	
  
Tracers:	
  	
  14C	
  spike,	
  or	
  inert	
  tracer	
  (SF5CF3).	
  

Models	
  could	
  put	
  an	
  upper	
  bound	
  on	
  this	
  process	
  
(best	
  case	
  scenario)	
  

	
  
	
  

SuggesEon	
  of	
  Nguyen	
  et	
  al.,	
  (2009),..	
  	
  
ConvecEve	
  parameterizaEon	
  +	
  	
  
Sea	
  ice	
  model	
  +	
  	
  
Brine	
  chemistry	
  model	
  



•  Region	
  of	
  ocean	
  surface	
  exposed	
  in	
  past	
  30	
  days	
  

•  MIZ	
  Accounts	
  for	
  ~	
  9%	
  of	
  annual	
  primary	
  producEon.	
  

Arrigo et. al., 2008 

What’s	
  really	
  going	
  on	
  in	
  the	
  MIZ?	
  

Export	
  
producEon?	
  

Alk.	
  	
  
flux	
  ?	
  

CO2	
  
flux	
  ?	
  

©	
  NaEonal	
  Geographic	
  



CO2	
  recEficaEon	
  hypothesis	
  

(Yager et al., 1995) 

Export	
  
producEon?	
  

Alk.	
  	
  
flux	
  ?	
  

CO2	
  
flux	
  ?	
  



SpringEme	
  fluxes	
  (S.O.)	
  

Export	
  
producEon?	
  

Alk.	
  	
  
flux	
  ?	
  

CO2	
  
flux	
  ?	
  

Loose	
  et	
  al.,	
  (2011)	
  

	
  
•  Net	
  CO2	
  flux	
  into	
  mixed	
  layer	
  =	
  Net	
  community	
  producEon	
  –	
  Gas	
  

exchange	
  +	
  upwelling*	
  

•  Gas	
  exchange	
  (k)	
  is	
  usually	
  inferred,	
  rarely	
  measured.	
  
	
  



A	
  parameter	
  model	
  for	
  k	
  in	
  the	
  ice	
  pack	
  

F=keff!C keff =(1-f)kice+(f)k

f is the fraction of open water 

keff = (f)k

0 



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

Fanning and Torres (1991) 

Loose and Schlosser (2011) 



Air-­‐sea	
  gas	
  exchange	
  depends	
  on	
  aqueous	
  
turbulence	
  

•  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	
  

 

Zappa	
  et	
  al.,	
  (2007)	
  

Turbulence	
  dissipaEon	
  

Viscosity	
   Molecular	
  diffusivity	
  

! 

k " #$( )1/4Sc%n



A	
  parameter	
  model	
  for	
  k	
  in	
  the	
  ice	
  pack	
  

! 

" = u*
2 #u
#z

+ b'w'

Ice/water 
current shear 

Wind-driven 
shear 

Buoyant 
convection/
stratification 

! = f V,U,Tair,Tw,N(z)( )
Ice velocity 

10-m wind 
speed 

Buoyancy 
Frequency 



Ice	
  drag	
  on	
  the	
  Ice-­‐ocean	
  boundary	
  layer	
  

!!"#$ ! !
!!!!

!
! !! !! 

!!! !
!!!!
! !" !!! ! ! !  

!!"#$!!" ! !!!!! !  τform 

τskin-iw 

τskin-aw 

! skin!iw = u*0
2 "

Steele et al., (1989) 



Floe	
  size	
  distribuEon	
  

Toyota et al., (2006) 
N = aL!b



Ice-­‐ocean	
  boundary	
  layer	
  shear,	
  ITP	
  3	
  	
  

SOURCE: http:// www.whoi.edu/itp 



Wave-­‐driven	
  turbulence	
  

<s2>	
  of	
  40	
  –	
  100	
  rad	
  m-­‐1	
  waves	
  correlate	
  well	
  with	
  gas	
  
exchange	
  (and	
  they	
  account	
  for	
  surfactant	
  effects….	
  for	
  
Scoj).	
  

Frew et al., (2007) 



Eff.	
  gas	
  transfer	
  velocity	
  (keff)	
  from	
  4	
  ITP	
  drivs	
  
keff = (f)k

SOURCE: http:// www.whoi.edu/itp 



OSD	
  



Discussion	
  points	
  

1.  Is	
  there	
  a	
  consensus	
  on	
  sea	
  ice-­‐mixed	
  layer	
  exchange	
  processes	
  for	
  models?	
  	
  	
  

	
  
	
  
	
  

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

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

Time range Depth range 

Mushy layer siphon Winter? ?? 

Hydrostatic flooding Spring/summer? 

Gap layer freezing Fall? 

What else? 



Old	
  Model:	
  Timing	
  of	
  ice	
  breakup	
  and	
  spring	
  
bloom	
  

	
  -­‐	
  45	
  days:	
  	
  peak	
  FCO2	
  is	
  
reduced	
  by	
  27%	
  

	
  

Net	
  annual	
  FCO2:	
  
	
  

-­‐45	
  day	
  shiv:	
  	
  	
  	
  89%	
  
0	
  day	
  shiv:	
  	
  100%	
  

+45	
  day	
  shiv:	
  	
  114%	
  



Under	
  ice	
  blooms	
  


