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the neglect of these forcings, nor that of ocean–atmosphere

coupling, is a major cause of the model discrepancies in

Fig. 1.
Given the substantial oceanic influence on land warming

found here, it is relevant to consider to what extent our

diagnostic method is justified, i.e., to what extent the
oceanic influence on land warming can be diagnosed

through prescribed-SST simulations. The success of many
previous diagnostic studies of atmospheric variations

through such simulations is encouraging in this regard, and

is basically due to the fact that a substantial portion of the
coupling effect is already implicit in the prescribed

observed SSTs. To see what error can occur from not fully

accounting for the coupling, consider the following set of
linear anomaly equations for the coupled ocean–atmo-

sphere system :

dy

dt
¼ Lyyyþ Lyxxþ Bygy þ Fy

dx

dt
¼ Lxyyþ Lxxxþ Bxgx þ Fx

ð1Þ

where y represents the complete atmospheric state vector
and x represents the SST state vector. The matrices Lab

represent interactions between and among the atmospheric
and oceanic variables, and the vectors Baga and Fa represent

the stochastic and radiative forcings, respectively, of those

variables. On long time scales, the ensemble mean
atmospheric anomaly is given approximately by

yh i % &L&1
yy Lyx xh iþ By gy

! "
þ Fy

# $
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h i
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where 'h i indicates an ensemble average. Note that the

ensemble average of the stochastic forcing gy
! "

is zero.

What error is made by integrating the atmospheric

model y with prescribed observed variations of x from the

fully coupled system? The equation for the atmospheric
evolution is now

dŷ

dt
¼ Lyyŷþ Lyxxþ Byĝy þ Fy: ð3Þ

The only difference between this equation and the

atmospheric equation in the coupled system (1) is that
the stochastic noise is different (although its statistics are

the same). In general, the individual sample paths of ŷ will

differ from those of y because the sample paths of the
stochastic noise differ, i.e. ĝy 6¼ gy. The question is whether

the statistics of ŷ will also differ from those of y, even
though the amplitudes By of ĝy and gy are the same. One
can see that in general the variance and covariance

statistics of ŷ will differ from those of y because on long

timescales x and gy are correlated in the coupled system
(1), but not in the prescribed-SST system (3) by
prescription. However, the ensemble mean response ŷh i
will still be the same, because just as in the coupled system
(2), on long time scales,

ŷh i % &L&1
yy Lyx xh iþ By ĝy

! "
þ Fy
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ð4Þ

since the ensemble mean of the stochastic forcing ĝy
! "

is

again zero. Therefore, to the extent that the anomaly equa-

tions for the coupled system can be approximated as linear
equations with stochastic and external forcings, one can

expect the ensemble mean atmospheric responses to pre-
scribed SSTs with and without additional radiative forcings

to be consistent with those in the coupled system. There is

substantial evidence that the coupled atmosphere-ocean

Fig. 5 Simulated mean change
in surface temperature,
comparing runs with prescribed
SSTs to those with additional
prescribed natural and
anthropogenic forcings. a, c as
in Fig. 1c using (a) the 14
NASA/NSIPP low-resolution
simulations with prescribed
observed SSTs and (c) the 8
simulations forced additionally
with time-varying CO2. b, d
Mean change in the 1991–2000
average minus the 1961–1990
average using 10 NCAR/CAM3
simulations with prescribed (b)
observed SSTs and sea ice, and
(d) additional anthropogenic
and natural forcings. Coloring
and smoothing are as in Fig. 1
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We therefore used an unweighted blend to estimate the

observed temperature variations.

Our study also makes use of several AGCM simulations
generated at modeling centers in the United States

(Table 1). AGCM integrations with prescribed observed

SSTs are a standard method of investigating atmospheric
variability on interannual (e.g., Lau 1997; Sardeshmukh

et al. 2000; Shukla et al. 2000), decadal (e.g., Hoerling and

Kumar 2003; Seager et al. 2005), and multi-decadal time
scales (e.g., Rodwell et al. 1999; Schneider et al. 2003;

Sexton et al. 2003; Hurrell et al. 2004; Deser and Phillips

2008). This experimental design forms the basis for the

several hundred multi-decadal AGCM integrations with
prescribed SSTs that have been performed as part of the

CLIVAR International ‘‘Climate of the Twentieth Cen-

tury’’ Project (Folland et al. 2002). Our study uses two sets
of ensemble integrations with specified observed SSTs and

different atmospheric initial conditions available for the

period 1961–2006, one generated at the International
Research Institute (IRI) using the European/ECHAM4.5

Fig. 1 a Observed and (b, c)
simulated recent surface air
temperature change shown as
the 1991–2006 average minus
the 1961–1990 average. b Mean
change in 24 ECHAM4.5
simulations with prescribed
observed SSTs. c As in b but
using 23 NASA/NSIPP
simulations. Annual averages
were calculated from July to
June. Years indicate the June of
the average. In all panels,
yellows and reds indicate
positive values while blues
indicate negative values. All
panels have been lightly
smoothed to total spherical
wavenumber 17 to emphasize
regional features
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Figure 10.15. Evolution of the Atlantic meridional overturning circulation (MOC) at 30°N in simulations with the suite of comprehensive coupled climate models (see Table 8.1 
for model details) from 1850 to 2100 using 20th Century Climate in Coupled Models (20C3M) simulations for 1850 to 1999 and the SRES A1B emissions scenario for 1999 to 
2100. Some of the models continue the integration to year 2200 with the forcing held constant at the values of year 2100. Observationally based estimates of late-20th century 
MOC are shown as vertical bars on the left. Three simulations show a steady or rapid slow down of the MOC that is unrelated to the forcing; a few others have late-20th century 
simulated values that are inconsistent with observational estimates. Of the model simulations consistent with the late-20th century observational estimates, no simulation 
shows an increase in the MOC during the 21st century; reductions range from indistinguishable within the simulated natural variability to over 50% relative to the 1960 to 1990 
mean; and none of the models projects an abrupt transition to an off state of the MOC. Adapted from Schmittner et al. (2005) with additions.
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  limit	
  predictability;	
  large	
  impact	
  on	
  
the	
  ocean	
  and	
  climate	
  

 	
  Addi.onal	
  observa.ons	
  and	
  beler	
  parameteriza.ons	
  are	
  necessary	
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High-­‐la.tudes	
  ocean	
  processes	
  are	
  
important	
  for	
  climate	
  

 	
  Small-­‐scale	
  &	
  local	
  processes	
  impact	
  the	
  large-­‐scale	
  ocean	
  circula.on	
  
and	
  uptake	
  of	
  tracers	
  (temperature	
  +	
  carbon)	
  

 Mesoscale	
  &	
  microscale	
  variability	
  (turbulent	
  mixing	
  due	
  to	
  breaking	
  
internal	
  waves	
  &	
  convec.on)	
  are	
  sub-­‐grid	
  scale	
  &	
  are	
  parameterized;	
  
most	
  models	
  have	
  similar	
  parameteriza.ons	
  

 	
  Examples	
  of	
  new	
  parameteriza.ons	
  for	
  deep	
  convec.on	
  and	
  eddy-­‐
mixed	
  layer	
  

 	
  Upper	
  ocean	
  dynamics	
  =	
  communica.on	
  between	
  the	
  atmosphere	
  &	
  
the	
  oceanic	
  reservoir	
  of	
  heat,	
  freshwater	
  &	
  CO2	
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Figure 8: Evolution of the spatial mean vertical mean profile of Temperature (left) and surface passive tracer (right), with time

(in days) as horizontal axis and depth (in 100.m) as vertical axis. Top: NH simulation; middle: Difference SP minus NH;

bottom: Difference HYD minus NH.

inert tracer and could be important in rectifying biological processes involving chemical tracers and ocean

microbial species, as well as in modulating buoyancy and momentum vertical transports.

The computational cost of the SP approach is significantly less than that of a full 3-d NH model.

Moreover the independent 2-d plume models provide a rich source of parallelism. The scheme outlined here

could prove beneficial to emerging petascale ocean applications which are targeting basin and global scale

simulation at a few kilometer resolution. Embedding a 2-d non-hydrostatic special purpose model in such

integrations would provide a computationally tractable way to incorporate non-hydrostatic effects in the

relatively near future.

The recipe we have outlined should also apply to other processes where there is a relatively clean sep-

aration of scales and where approximate parameterizations are currently employed. For example, various
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inert tracer and could be important in rectifying biological processes involving chemical tracers and ocean

microbial species, as well as in modulating buoyancy and momentum vertical transports.

The computational cost of the SP approach is significantly less than that of a full 3-d NH model.

Moreover the independent 2-d plume models provide a rich source of parallelism. The scheme outlined here

could prove beneficial to emerging petascale ocean applications which are targeting basin and global scale

simulation at a few kilometer resolution. Embedding a 2-d non-hydrostatic special purpose model in such

integrations would provide a computationally tractable way to incorporate non-hydrostatic effects in the

relatively near future.

The recipe we have outlined should also apply to other processes where there is a relatively clean sep-

aration of scales and where approximate parameterizations are currently employed. For example, various
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inert tracer and could be important in rectifying biological processes involving chemical tracers and ocean

microbial species, as well as in modulating buoyancy and momentum vertical transports.

The computational cost of the SP approach is significantly less than that of a full 3-d NH model.

Moreover the independent 2-d plume models provide a rich source of parallelism. The scheme outlined here

could prove beneficial to emerging petascale ocean applications which are targeting basin and global scale

simulation at a few kilometer resolution. Embedding a 2-d non-hydrostatic special purpose model in such

integrations would provide a computationally tractable way to incorporate non-hydrostatic effects in the

relatively near future.

The recipe we have outlined should also apply to other processes where there is a relatively clean sep-

aration of scales and where approximate parameterizations are currently employed. For example, various
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Hydrostatic - Non-hydrostatic 

(Atmospheric	
  super-­‐parameterizaZons;	
  Grabowski,	
  2001,	
  Khairoutdinov	
  et	
  al.,	
  
2005,	
  2008;	
  Wyant	
  et	
  al.,	
  2006;	
  Grabowski,	
  2006;	
  Majda,	
  2007;	
  Tao	
  et	
  al.,	
  2009)	
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 	
  Mesoscale	
  eddies:	
  	
  Ocean	
  interior	
  =	
  	
  Gent-­‐McWilliams	
  parameteriza.on	
  
(adiaba.c	
  eddy-­‐induced	
  velocity);	
  Turbulent	
  BL	
  =	
  eddy	
  induced	
  velocity	
  with	
  
zero	
  shear	
  (well-­‐mixed	
  BL	
  models)	
  	
  +	
  an	
  along-­‐boundary	
  down-­‐gradient	
  flux	
  of	
  
density	
  (diaba.c	
  mesoscale	
  eddies	
  in	
  the	
  BL)	
   Fox-­‐Kemper	
  et	
  al	
  2010	
  

Eddy-­‐Mixed	
  Layer	
  Interac.ons	
  	
  

Fig. 1. Time-mean eddy-induced meridional overturning streamfunction produced with CCSM3

(NCAR). Output from a control simulation with the GM eddy parameterizations (left panel) and

from a run using the new parameterization developed by the CPT (right panel). Contour interval is

2 Sv. The positive and negative values indicate clockwise and counter-clockwise circulations. The

center panel shows the zonally averaged heat flux across 47
◦
S in the upper 1000 m from the control

run using the GM parameterization (purple line), the run using the new parameterization (cyan line)

and a 1/8
◦

global eddy resolving simulation run with the MITgcm (red line).

extensions) and deep convection (e.g., the Nordic Seas). The CPT is now pursuing a com-

parison of these results versus available climatologies of ML depth. The next step will be

to test the climate sensitivity to the reduction in ML depth.
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Fig. 2. a) Parameterized versus resolved submesoscale eddy overturning streamfunction gener-
ated by simulations of a slumping horizontal front in a turbulent boundary layer subject to diur-
nal surface fluxes. The simulations are run with the MIT general circulation model and differ for
front strength and width, vertical stratification and turbulent boundary layer scheme (see movies at
http://cpt-emilie.org/). b) 5-year mean surface mixed layer depth changes after 10 years between
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Future	
  Direc.ons	
  

 	
  	
  Using	
  observa.ons	
  to	
  constrain	
  &	
  test	
  the	
  models	
  especially	
  on	
  
regional	
  scales	
  

 	
  Stochas.c	
  physics	
  in	
  ocean	
  models	
  

 	
  	
  Linking	
  theory/obs	
  /idealized	
  studies	
  with	
  global	
  climate	
  models	
  is	
  
crucial	
  



Using	
  observa.ons	
  to	
  reducing	
  uncertain.es	
  

 	
  Ocean	
  heat	
  content,	
  ARGO	
  &	
  al.metry:	
  
large	
  uncertain.es	
  with	
  obs,	
  analysis	
  &	
  
models;	
  can	
  be	
  used	
  to	
  reduced	
  model	
  
uncertain.es	
  to	
  increasing	
  CO2	
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 	
  Regional	
  sta.s.cal	
  models	
  based	
  on	
  observa.ons	
  can	
  be	
  used	
  as	
  
benchmark	
  for	
  IPCC	
  models	
  



 	
  Stochas.c	
  Physics	
  in	
  
simple	
  model	
  of	
  the	
  ocean	
  
circula.on	
  

Zanna Tziperman 2008 
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 	
  Stochas.c	
  parameteriza.on:	
  
turbulent	
  mixing	
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  convec.on 
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Figure 6
Schematic of the energy pathways in geostrophic turbulence. The horizontal axis represents the horizontal
wave number, and the vertical variation is decomposed into the barotropic mode (lower line) and the sum of
all baroclinic modes (upper line). Large-scale forcing maintains the available potential energy (APE),
therefore providing energy to the baroclinic mode at very large scales. At these large scales, baroclinic energy
is transferred to smaller horizontal scales. At horizontal scales comparable to the Rossby deformation radius,
energy is transferred to the barotropic mode and then to larger barotropic scales. Some fraction of the
baroclinic energy leaks to smaller scales through surface-intensified baroclinic modes. EKE, eddy kinetic
energy.

eventually to the barotropic one (Charney 1971). For a fluid with strong surface-intensified strat-
ification (such as the ocean), the baroclinic modes interact inefficiently with the barotropic mode,
and thus energy from higher baroclinic modes collects in the first mode and converges toward
the first deformation radius before it finally barotropizes (Flierl 1978, Fu & Flierl 1980, Smith &
Vallis 2001). The inverse cascade is the final stage whereby energy in the barotropic mode near
the deformation scale moves toward even larger scales. Scott & Arbic (2007) recently showed
that the inverse cascade is not confined to the barotropic mode—in numerical simulations, KE
associated with the first baroclinic mode also fluxes upscale. In summary, the KE in the mesoscale
field moves upscale in deep barotropic and first baroclinic eddies. Numerical simulations suggest
that the ratio of energy in the two modes is quite sensitive to the strength of bottom dissipation
(Arbic et al. 2007). This paradigm does not apply at the ocean surface, at which energy appears to
cascade downscale in surface-trapped modes (Klein et al. 2008).

The presence of a vertical shear due to the large-scale geostrophic currents supports surface-
trapped modes in addition to free interior modes. These surface modes tend to extract energy from
the interior ones and transfer energy to small horizontal scales at which they become unstable to
3D instabilities and dissipate their energy (Capet et al. 2008a,b; Klein et al. 2008). It is unknown
whether the surface modes transfer a substantial amount of KE out of the interior geostrophic
eddy field.

Observations broadly support the geostrophic turbulence scenario. Analysis of velocity mea-
surements from mooring data confirms that most of the subinertial EKE resides in equal parts in
the barotropic and first baroclinic modes with very little residual in higher ones (Wunsch 1997).
Sea-surface height measurements reveal a source of EKE at scales near or larger than the first
deformation radius (Scott & Wang 2005). Most of this energy source is likely associated with
the development of baroclinic eddies at the expense of the large-scale currents, but some fraction
could arise from the nonlinear conversion of energy from high baroclinic modes into the first
mode. Scott & Wang (2005) estimated the direction of the energy fluxes from a spectral analysis
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