
Sea ice decline in the Arctic: Sea ice decline in the Arctic: 
n n m h ni mn n m h ni man ocean mechanism  an ocean mechanism  

Bruno TremblayBruno Tremblay
M Gill U i iM Gill U i iMcGill UniversityMcGill University

bruno.tremblay@mcgill.ca

Collaborators: Alexander Slavin, Louis Renaud-Desjardins, David Straub 
Funded by     : Ouranos







Minimum Arctic Sea Ice ExtentMinimum Arctic Sea Ice ExtentMinimum Arctic Sea Ice ExtentMinimum Arctic Sea Ice Extent
2 )

on
 k

m
2

nt
 (m

ill
i

e 
Ex

te
n

Ic
e

Y

NSIDC, 2012

Year



Minimum Arctic Sea Ice VolumeMinimum Arctic Sea Ice Volume
PIOMASPIOMAS
km

3 )
e 

(1
00

0 
e

Vo
lu

m
Ic

e

Year



Minimum Sea Ice ExtentMinimum Sea Ice ExtentMinimum Sea Ice ExtentMinimum Sea Ice Extent

20072005
NSIDC Data

2006



Minimum Sea Ice Extent 

2008 2009 2010



Minimum Sea Ice Extent 

2007 2011 2012



Mean Sea Ice CirculationMean Sea Ice Circulation



Ice Age AnimationIce Age AnimationIce Age AnimationIce Age Animation

Chuck Fowler, CSU



Simulated Sea Ice ExtentSimulated Sea Ice Extent
Community Climate System Model Community Climate System Model –– Version 3Version 3

Holland Bitz Tremblay, 2006



Minimum Ice Extent AnimationMinimum Ice Extent AnimationMinimum Ice Extent AnimationMinimum Ice Extent Animation

Holland Bitz Tremblay, 2006



Atmosphere FeedbackAtmosphere FeedbackAtmosphere FeedbackAtmosphere Feedback

Holland et al, 2006



All models underestimate the present All models underestimate the present 
sea ice extent declinesea ice extent decline

Stroeve et al 2007



Atlantic Layer 
TTemperature
NABOS

Polyakov et al, 2005



Cold Halocline LayerCold Halocline LayerCold Halocline LayerCold Halocline Layer



Cold Halocline FormationCold Halocline FormationCold Halocline FormationCold Halocline Formation
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Rudel et al



CCSM3CCSM3 vsvs ObsObsCCSM3 CCSM3 vsvs ObsObs

Tremblay et al, CISE, 2007



AdvectiveAdvective FluxFlux
Seasonal CycleSeasonal Cycle

1950-1959 2050-2059950 959 2050 2059

CCSM3
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September Diffusive FluxSeptember Diffusive Flux
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TT--S vertical profilesS vertical profiles
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Renaud-Desjardins and Tremblay, 2012
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Vertical Ocean Heat FluxesVertical Ocean Heat FluxesVertical Ocean Heat FluxesVertical Ocean Heat Fluxes

Fsurf = NET ( LW + SW ) + SH + LHFsurf = NET ( LW + SW ) + SH + LH

Fcond

d(Ei)/dt = Focn + Fsurf

F 2 3 W/ 2Focn Focn = 2 - 3 W/m2

Focn = 2 - 40 W/m2

Maykut Untersteiner, 1971; McPhee and Maykut, 1985



Vertical Ocean Heat FluxesVertical Ocean Heat FluxesVertical Ocean Heat FluxesVertical Ocean Heat Fluxes

Fsurf F tl 0 02 W/ 2Fsurf Fatl = 0.02 W/m2

Fcond

Focn
Mixed Layer

Cold Halocline

Timmermann et al, 2010

Atlantic Waters
FAtl



Vertical Ocean Heat FluxesVertical Ocean Heat FluxesVertical Ocean Heat FluxesVertical Ocean Heat Fluxes

FsurfFsurf

Fcond

Focn
Mixed Layer
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FAtl



Shear, Divergence and UpwellingShear, Divergence and UpwellingShear, Divergence and UpwellingShear, Divergence and Upwelling



Satellite Data AnimationSatellite Data Animation
Sea Ice Condition - 2007



VerticalVertical OceanOcean HeatHeat fluxfluxVertical Vertical OceanOcean HeatHeat fluxflux

McPhee et al, GRL, 2005



MITgcmMITgcmMITgcmMITgcm

 CubeCube--SphereSphere –– avoid convergence of theavoid convergence of the CubeCube Sphere Sphere avoid convergence of the avoid convergence of the 
meridian at the polemeridian at the pole

 Global and Regional version of the modelGlobal and Regional version of the model Global and Regional version of the modelGlobal and Regional version of the model
 4 km resolution4 km resolution
 50 vertical levels with 50 vertical levels with 

10m layers near surface10m layers near surfaceyy
 VP sea ice modelVP sea ice model

ofof HiblerHibler (1979)(1979)of of HiblerHibler (1979)(1979)



Model DomainModel Domain
BathymetryBathymetry



Vertical Heat FluxesVertical Heat FluxesVertical Heat FluxesVertical Heat Fluxes
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Vertical Cross SectionVertical Cross Section
Across LeadAcross Lead~10m/3day

W T W*(T-Tref)



Shear Strain RateShear Strain RateShear Strain RateShear Strain Rate



Shear Strain Vertical Velocity – 40mShear Strain Vertical Velocity – 40m



HovmullerHovmuller DiagramDiagramHovmullerHovmuller DiagramDiagram

100 m70 m40 m



Lead Activity DistributionLead Activity DistributionLead Activity DistributionLead Activity Distribution
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Slavin et al, in prep



Vertical Cross SectionVertical Cross Section
Across LeadAcross Lead

W T W*(T-Tref)



January 25January 25

Shear Curl
--

Div Focn
+

Slavin et al, in prep



Vertical Cross SectionVertical Cross Section
Across LeadAcross Lead
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Shear strain rateShear strain rate -- FocnFocnShear strain rate Shear strain rate FocnFocn

Focn = 100 * shear strain rate

1

0

Vertical Ocean Heat Flux (W/m2)

0
0 100



Sea ice deformationSea ice deformationSea ice deformationSea ice deformation

Focn ~ 3-4 W/m2Focn  3 4 W/m2
OR

~ 20 cm

shear

RGPS data, Kwok

s e



JacobianJacobian Free Newton Free Newton KrylovKrylov--JFNK  JFNK  
llsolversolver

SOR
LSOR

GMRES

GMRES

Lemieux et al, 2008, 2009; Lemieux Tremblay, 2010
JFNK



RGPSRGPS –– Model ComparisonModel ComparisonRGPS RGPS Model ComparisonModel Comparison

Spreen et al, JPL Worksho



CoulombicCoulombic Yield CurveYield CurveCoulombicCoulombic Yield CurveYield Curve
Divergence Shear

Obs

M d lModel

Wang and Wang, 2009Ellipse Coulombic



ConclusionsConclusions
CCSM3 and CCMS4CCSM3 and CCMS4

 Rapid sea ice decline in the CCSM3 modelRapid sea ice decline in the CCSM3 model Rapid sea ice decline in the CCSM3 model Rapid sea ice decline in the CCSM3 model 
are triggered by pulses of Atlantic waters are triggered by pulses of Atlantic waters --
and make their way up to the surfaceand make their way up to the surfaceand make their way up to the surface and make their way up to the surface 
through increased diffusive heat flux through increased diffusive heat flux 
(~25W/m2)(~25W/m2)( 25W/m2)( 25W/m2)

 CCSM4 model does not simulate “rapid” sea CCSM4 model does not simulate “rapid” sea 
ice decline in the futureice decline in the future and verticaland verticalice decline in the future ice decline in the future –– and vertical and vertical 
diffusive heat fluxes are more modest. diffusive heat fluxes are more modest. 



ConclusionsConclusions
MITgcmMITgcm

 Discontinuities in iceDiscontinuities in ice--ocean stress acrossocean stress across Discontinuities in iceDiscontinuities in ice ocean stress across ocean stress across 
seasea--ice lead can lead to significant vertical ice lead can lead to significant vertical 
ocean heat fluxes up to 2 orders ofocean heat fluxes up to 2 orders ofocean heat fluxes up to 2 orders of ocean heat fluxes up to 2 orders of 
magnitude larger than over stable sea icemagnitude larger than over stable sea ice

 Anomalous upwelling velocities of up to 4Anomalous upwelling velocities of up to 4 Anomalous upwelling velocities of up to 4 Anomalous upwelling velocities of up to 4 
mm/day extending through the CHL and into /day extending through the CHL and into 
the Atlantic layerthe Atlantic layerthe Atlantic layer.the Atlantic layer.

 Mechanism for upwelling is Mechanism for upwelling is EkmanEkman
iipumpingpumping



AdvectiveAdvective FluxFlux
SeasonaleSeasonale CycleCycle

1850-1859 2060-20692060 2069

CCSM4



Surface FluxesSurface Fluxes
Seasonal CycleSeasonal Cycle

1850-1859 2060-20692060 2069

CCSM4



VerticalVertical OceanOcean HeatHeat fluxfluxVertical Vertical OceanOcean HeatHeat fluxflux

McPhee et al, GRL, 2005



Surface FluxesSurface Fluxes
Seasonal CycleSeasonal Cycle

1950-1959 2050 20591950-1959 2050-2059

CCSM3



Dynamic feedbackDynamic feedback
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Sea ice deformationSea ice deformationSea ice deformationSea ice deformation

vorticity

sheardivergence

RGPS data, Kwok



Sea Ice RidgeSea Ice Ridge



Polar AmplificationPolar AmplificationPolar AmplificationPolar Amplification



Vertical Ocean Heat FluxesVertical Ocean Heat FluxesVertical Ocean Heat FluxesVertical Ocean Heat Fluxes

 Constant throughout the year at ~2 W/m2 (Constant throughout the year at ~2 W/m2 (MaykutMaykutg y (g y ( yy
UntersteinerUntersteiner, 1971; , 1971; UntersteinerUntersteiner, 1964), 1964)

 Seasonally varying between 0 and 40Seasonally varying between 0 and 40--60W/m2, (60W/m2, (MaykutMaykut
McPheeMcPhee 1995)1995)McPheeMcPhee, 1995), 1995)

 High in localized region ~400 W/m2 (High in localized region ~400 W/m2 (McPheeMcPhee et al, et al, 
2005)2005)
0 5 W/ 2 i i h fl E i b i0 5 W/ 2 i i h fl E i b i 0.5 W/m2 increase in ocean heat flux Eurasian basin 0.5 W/m2 increase in ocean heat flux Eurasian basin 
(from (from obsobs + 1D model); + 1D model); PolyakovPolyakov et al, 2010.et al, 2010.

 0.05 to 0.3 W/m2 in Canada Basin by double0.05 to 0.3 W/m2 in Canada Basin by double--diffusive diffusive / y/ y
(staircase) fluxes.(staircase) fluxes.

 Important upwelling vertical heat fluxes locally and at Important upwelling vertical heat fluxes locally and at 
specific time (Yang 2006)specific time (Yang 2006)specific time (Yang 2006). specific time (Yang 2006). 
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Ocean Positive FeedbackOcean Positive Feedback






