What sets patterns of Southern
Ocean heat uptake and storage?
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Observed Southern Ocean trends

1982-2012 sea-surface temperature trend
0.4 Antarctic sea-ice extent

0.2
10 g -
-0.2
— """ Maksym et al (2012)
Ice-covered days per year
NOAAOp’rlmum _04 =30 -15 00 15 30
Interpolation SST Version 2 (°C/
(Reynolds et al 2002) decade)
8 _
o 6 A ' ‘
E \M\/\F/\/—\/\/
~
& 41 |
2 |
March
0

1980 1990 2000 2010

From National Snow and Ice Data Center
http://nsidc.org/cryosphere/sotc/sea_ice.html



Observed Southern Ocean trends

1982-2012 sea-surface temperature trend
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A response to trends in surface windse
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A response to trends in surface windse
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A response to trends in surface windse

1982-2012 sea-surface temperature trend Observed SST/wind correlations with SAM
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Depth (m)

A response to trends in surface windse

Pattern of temperature change associated with a (theoretical)
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Observed Southern Ocean trends

1982-2012 sea-surface temperature trend 1984-2009 surface heat flux trend
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Observed Southern Ocean trends
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Depth (m)

Observed Southern Ocean trends
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CMIP5 historical Southern Ocean trends
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CMIP5 historical Southern Ocean trends
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CMIP5 historical Southern Ocean trends
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CMIP5 historical Southern Ocean trends
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CMIP5 historical Southern Ocean trends
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CMIPS response to abrupt CO, forcing

Sea-surface temperature anomaly at year 100 Surface heat flux anomaly at year 100
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CMIPS response to abrupt CO, forcing
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Ocean-only MITgcm simulation

= Ocean-only simulation with the MITgcm
= global ocean with redlistic land geometry, 1° resolution
= No atmosphere

= Model run to equilibrium with air-sea fluxes prescribed through bulk
formulae -- CORE protocol of Griffies et al (2009), with an annually

repeating cycle



Ocean-only MITgcm simulation

= Ocean-only simulation with the MITgcm
= global ocean with redlistic land geometry, 1° resolution
= No atmosphere

= Model run to equilibrium with air-sea fluxes prescribed through bulk
formulae -- CORE protocol of Griffies et al (2009), with an annually

repeating cycle

= Greenhouse gas forcing experiment:
= Abrupt, uniform surface forcing of R = 4 Wm=
= Uniform radiative feedback of equal to -1 Wm=2K-1
= No other surface flux changes (wind, fresh water, etc)

Any spatial structure in warming must arise from ocean circulation



MITgcm response to abrupt CO, forcing
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Ocean-only MITgcm simulation

= Ocean-only simulation with the MITgcm
= global ocean with readlistic land geometry, 1° resolution
= NO atmosphere

= Model run to equilibrium with air-sea fluxes prescribed through bulk
formulae -- CORE protocol of Griffies et al (2009), with an annually
repeating cycle

= Greenhouse gas forcing experiment:
= Abrupft, uniform surface forcing of R = 4 Wm=
= Uniform radiative feedback of equal to -1 Wm2K-!
= No other surface flux changes (wind, fresh water, etc)

—> Any spatial structure in warming must arise from ocean circulation

= Compare to passive tracer uptake (units of temperature, initialized to
background temperature distribution, forced and damped at the surface
as in the greenhouse gas forcing experiment)



MITgcm passive tracer response to abrupt CO, forcing
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MITgcm passive tracer response to abrupt CO, forcing
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MITgcm difference in response between active and passive heat uptake
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Ocean-only MITgcm simulation

= Ocean-only simulation with the MITgcm
= global ocean with redlistic land geometry, 1° resolution
= No atmosphere

= Model run to equilibrium with air-sea fluxes prescribed through bulk
formulae -- CORE protocol of Griffies et al (2009), with an annually

repeating cycle

= Wind forcing experiment

= Abrupt perturbation to Southern Ocean surface winds (response to a step
change in the Southern Annular Mode)

= Wind stress on ocean only, no direct heat flux forcing, but uniform
radiative feedback of equal to -1 Wm-2K-1



MITgcm response to abrupt wind forcing
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MITgcm response to abrupt wind forcing
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MITgcm response to abrupt wind forcing

SAM-like perturbation to surface wind stress Sea-surface temperature anomaly at year 1
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MITgcm response to abrupt wind forcing

Anomalous northward ocean heat transport at year 1
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MITgcm response to abrupt wind forcing

SAM-like perturbation to surface wind stress Sea-surface temperature anomaly at year 30
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Internal variability in CMIPS pre-industrial control simulations

Natural variations in surface winds 30-yr sea-surface temperature trend
0.05 0.2
I 0.025 I 0.1
0 10
-0.205 -O.l
-0.05 -0.2
] (°C/
(Nm?2) decade)

= Composite of 30 year sea-surface temperature trends congruent with
large 30 year trends in surface winds (internal SAM variability), normalized
to observed wind trend over last 30 years

Kostov et al, in prep



Summary

Observed warming

0.4

-0.4
(°C/
decade)



Summary
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Observed warming 0.4 Passive advection of warming signal Circulation and stratification response to
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Summary
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Summary

Observed warming 0.4 Passive advection of warming signal Circulation and stratification response to
: , \ heat uptake -
0.2
10 N +

-0.4
(°C/
decade) Response to stronger surface winds Response to upper ocean freshening

/41

Bintanja et al 2013
(but see Swart and Fyfe 2013)
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MITgcm response to abrupt wind forcing

Sea-surface temperature anomaly at year 1 Surface heat flux anomaly at year 1
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MITgcm response to abrupt wind forcing

Sea-surface temperature anomaly at year 30

Surface heat flux anomaly at year 30
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