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Introduction. Large uncertainty in global/regional sea level 
projections among CMIP3-5  
§  50% of the spread in sea level is caused by Ocean Heat Content 

§  50% of Ocean Heat Uptake is caused by vertical heat 
transport processes 

§  Large disagreement coincides with regions of maximum sea-level 
rise in the Southern Ocean and North Atlantic 
§  Key regions to transport heat and other tracers to deep ocean 
§  Important role of OHC in Earth’s climate energy budget 

Figure 2: Global ocean zonal mean temperature (left, °C) and salinity (right, psu). (a) 
observations; (b) model errors, defined as [last 10-year average – observations (WOA2009)] 

Considerations 
§  The ACCESS-OM2 produces results comparable to other CORE-II 

models (Griffies et al., 2014) 
§  Weak warming tendency occurs along the inter annual cycles, 

although the annual mean, volume-weighted global ocean 
temperature remains reasonably constant 

§  The surface boundary heating comes mainly from air-sea flux: the net 
surface heating is the residual between radiative and turbulent fluxes 

§  Runoff is secondly important for the net surface boundary heating – 
cooling of the global ocean, while precipitation-evaporation warms it.  

§  Next steps: 
§  Do fully closed ocean heat budget: investigate vertical transport 

(surface heat budget) and transport convergence (vertically 
integrated heat budget) 

§  JRA-55 experiment: quantify differences of surface heating from 
the forcing 

§  Eddy-permitting resolution: effects of parameterized resolved 
transport 

§  FAFMIP experimets – using coupled model ACCESS-CM2, 
investigate separetely effects of momentum (wind stress), heat 
and freshwater 
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Figure 1: Simulated evolution of the annual mean, volume-weighted global ocean (a) potential 
temperature (°C) and (b) salinity (psu). 

Figure 4 Annual mean time series of ocean fields: (a) global mean surface ocean temperature. (b) 
Global ocean area-averaged heat flux crossing ocean surface boundary, with positives values for heat 
entering the ocean. (c) Global area-averaged, depth-integrated heating tendency. (d) Global ocean 
area-averaged surface heat flux coupler components (radiative and turbulent fluxes). 

Objective: 
§  Investigate differences in Ocean Heat Uptake and redistribution in 

the ACCESS-OM under both CORE-II and JRA-55 forcing 
§  Perform a fully closed ocean heat budget analysis of ACCESS 

modelling system Figure 3: Sea surface temperature and salinity biases (model – WOA2009 observation). (a) 
temperature in °C and (b) salinity in psu. 

Methods: 
§  ACCESS-OM2: ocean (MOM5), sea-ice (CICE5.0) coupled 

model 
§  CORE-II Inter Annual Forcing: 4 cycles of 60 years: Done 
§  JRA-55 Inter Annual Forcing: downloading last version (v0.4) 
 

Results: 
•  Relative to CORE-II Inter Annual run: 

•  Model ocean climate = last 10-year average 

Chapter 5. Ocean heat transport and heat budgets Section 5.8

seawater through boundary mixing processes. It is therefore physically sensible to combine the pro-
cesses we term “mixing” with the non-advective boundary fluxes.

non-advective boundary + mixing = temp vdiffuse sbc+ frazil 2d+ sw heat

+ temp vdiffuse diff cbt+ temp nonlocal KPP+ temp eta smooth

+ neutral diffusion temp+ temp vdiffuse k33

+ temp xlandmix+ temp xlandinsert.
(5.86)

Again, the terms neutral diffusion temp, temp vdiffuse k33, temp xlandmix, and temp xlandinsert
are absent in the CM2.5 and CM2.6 simulations.

5.8.2 Global mean surface ocean temperature
We start our discussion of the surface heat budget by considering the global mean of the surface ocean
temperature. Horizontally integrating equation (5.76) to leads to the surface heat budget
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where we dropped the source term. Global surface ocean heat is thus impacted by vertical transport
through advection and subgrid scale processes, and by boundary fluxes. This decomposition of ocean
heating follows that proposed in Section 5.8.1.1.

Figure 5.17 shows the annual mean time series for the global mean temperature within the ocean
surface in the CM2-O suite of simulations, with this diagnostic computed according to4

h⇥ik=1 =
R
k=1⇥dAdz
R
k=1 dAdz

. (5.88)

The global volume of the surface grid cell,

Vk=1 =
Z

k=1
dAdz (5.89)

remains relatively steady in time, largely due to the use of z⇤ as a vertical coordinate whereby trends in
sea level (Figure 4.4) are distributed throughout the full depth. Hence, variability in the averaged surface
temperature (5.88) is dominated by variations in dthe numerator, which measures the heat within the
top grid cells. It is notable that the CM2.6 simulation exhibits the least drift in Figure 5.17 from initial
conditions, whereas the two coarser models generally cool during the first few decades.

Recall that the global mean temperature, averaged over the full ocean, steadily rises for each of the
three models (Figure 5.9). Hence, a net uptake of heat into the ocean, thus increasing the global mean
ocean temperature according to equation (5.31), does not necessarily mean the surface temperature in-
creases (Figure 5.17). The reason is that surface boundary heating can be readily transported into the
ocean interior through vertical advective and subgrid scale transfer, as per the budget shown in equation
(5.87).

We illustrate this process in Figure 5.18 by showing a time series for the horizontally integrated heat
accumulated in the surface ocean cells, the corresponding heat transported vertically, and the contribu-
tion from surface boundary fluxes. The net heat remaining in the surface ocean is indeed a small residual

4Since the top grid cell has a time-dependent thickness, this diagnostic is slightly distinct from the area averaged sea surface
temperature (SST) computed without the thickness weighting. Nonetheless, the area averaged SST and grid cell averaged surface
temperature exhibit very similar quantitative behaviour. The reason is that the top grid cell in a z⇤ model has a thickness that remains
very close to the constant resting value of 10 m in the A CM2-O suite.
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•  Surface Heat Budget 

 Sfc_hflux_coupler = radiative + turbulent 
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Figure 1. Multi-model (a) ensemble mean and (b) spread (twice the standard deviation) of the CMIP5 sea level change (m). All the figures
show the difference between the mean of the last and first decades. Sea level change is shown relative to the global mean sea level rise i.e.
negative values indicate that the local sea level rise is less than global mean sea level rise.

2012, Bouttes et al 2012), with the spread between the models
being greatest at high latitudes (figure 1(b); see also figure
S2 of Bouttes et al 2012, for individual models). The spatial
standard deviation of sea level change gives an indication of
the magnitude of the spatial variation of sea level change. After
100 years under the 1% CO2 scenario, the CMIP5 models have
a spatial standard deviation lying between 0.05 (CESM1-BGC,
MRI-CGCM3 and NorESM1-ME) and 0.09 m (CanESM2,
MIROC-ESM and MPI-ESM-P) (table 1).

The patterns of change in surface fluxes of momentum
(windstress), heat (radiative, latent and sensible) and water
(precipitation and evaporation; our diagnostics do not include
river runoff or freshwater fluxes from sea ice freezing and
melting) between the atmosphere and the ocean influence
the pattern of sea level change, principally through their
effects on ocean density; the pattern of sea level change
on decadal timescales can be well-approximated by steric
sea level change, with the contribution due to barotropic
circulation change being comparatively unimportant (Lowe
and Gregory 2006). Changes in ocean density are caused both
directly, by the surface buoyancy fluxes, and indirectly, through
the redistribution of interior properties caused by alterations in
ocean horizontal and vertical circulation forced by changes in
surface buoyancy and momentum fluxes (Bouttes et al 2013).
For the recent past, the windstress change appears to play a
role in setting the sea level change pattern in some regions,
such as in the Indian and Pacific oceans (Timmermann et al
2010, Merrifield and Maltrud 2011, Nidheesh et al 2013).

For the future, models simulate various geographical
patterns of the surface flux changes (figure 2). The largest
changes in zonal wind stress are found in the Southern
Ocean, where the spread is also the largest (figures 2(a) and
(b)). The heat flux change has its greatest magnitude in the
North Atlantic and is also substantial in the Southern Ocean
(figure 2(c)). These regions and the Western North Pacific
are where the spread is the largest (figure 2(d)). The change
in fresh water flux is characterized by higher values around
the equator and at high latitudes, and smaller ones around
the tropics (figure 2(e)), while the greatest spread is at low
latitudes (figure 2(f)). In this study we do not analyse the sea
level change in the Arctic Ocean because it is likely to be
linked with sea ice and runoff changes, whose effect on the

surface freshwater flux is not accounted for in the experiment
setup used.

It has been shown that the windstress change has a
large effect on projected 21st century sea level change in
the Southern Ocean (Bouttes et al 2012) and Southern Indo-
Pacific (Timmermann et al 2010), while the heat flux change
dominates the sea level change in the North Atlantic (Bouttes
et al 2013). Here we systematically evaluate the role of all
three surface fluxes, both separately and in conjunction, on
projected sea level change worldwide in the CMIP5 models,
in terms of sea level pattern and spread between models. We
also investigate the contribution to the model spread which
arises from their having different control climate states of the
3D ocean temperature field.

2. Methods

To evaluate the role of the three surface fluxes on the sea
level change, we use the FAMOUS model (Jones 2003, Smith
et al 2008). FAMOUS is an AOGCM based on HadCM3
(Gordon et al 2000), with a lower resolution which allows
it to run approximately twenty times faster. The ocean grid has
a resolution of 3.75� longitude by 2.5� latitude with 20 levels,
while in the atmosphere it is 7.5� longitude by 5� latitude, with
11 vertical levels.

In the simulations, FAMOUS is run under control bound-
ary conditions (including a prescribed CO2 value fixed at the
pre-industrial level). In each simulation, the surface fluxes
computed by FAMOUS are modified by the addition of anoma-
lous surface fluxes taken from one of the CMIP5 models.
The CMIP5 anomalous surface fluxes are obtained as the
difference between the monthly mean flux in the CMIP5 1%
CO2 simulation and the corresponding monthly mean flux in
the control simulation. By considering the difference between
the 1% CO2 and parallel pre-industrial control runs we remove
any drift that would be present in the CMIP5 simulations.
As well as the effect of climate change due to CO2, the
monthly anomalous fluxes also reflect internally generated
variability on monthly and longer timescales in the CMIP5
model concerned. Applying the fluxes will therefore increase
the variability on such timescales in the FAMOUS simulation,
although this added variability and the internally generated

2

Bouttes & Gregory (2014)

• Large uncertainty in sea level rise projections from AOGCMS - Ocean heat uptake and vertical/lateral 
transport 

• Long standing scientific question of great societal importance  
(WCRP Grand Challenge Regional Sea Level and Coastal Impacts)

• Lack mechanistic view of the physical processes  
(diagnostics & international coordination) => CMIP6/FAFMIP (Flux-Anomaly-Forced MIP) and OMIP



OGCMs: inter model spreading under CORE-II forcings

We now consider the case of fluxes computed based on the CORE-
II atmospheric state and the observation-based SST of Hurrell et al.
(2008). In this ‘‘observed’’ case, the rising SST warms and moistens
the atmosphere as for the NCAR CORE-II simulation. However, the
resultant increase in the surface air temperature is less than the rise
in SST (see Fig. 10 from Bates et al. (2012)). Because the rising SST
outpaces the increase in surface air temperature between 1984
and 2007, both the latent and sensible heat fluxes become more neg-
ative (i.e. cooling the ocean) by!5.3 W m!2 and!1 W m!2, respec-
tively. The only mechanisms that could allow for SST to increase in
the presence of cooling air-sea fluxes is a through warming induced
by ocean circulation or mixing. Large and Yeager (2012) infer that a
reduction in mixing across the thermocline is likely responsible for
the SST rise over this period; i.e., reduction in upwelled cold waters.
Such an effect could not continue indefinitely, in which case SST
would be expected to stop rising at some point, which indeed it
has. This analysis suggests that the CORE-II simulations do not sim-
ulate the natural variability in the upper ocean boundary layer that
leads to this inferred change in vertical mixing, at least over the years
1984–2007 (Large and Yeager, 2012).

2.6.3. Connection to global mean sea level
If the global mean ocean temperature was directly a function of

the SST, then we might expect the CORE-II simulations to be biased
low in regards to volume mean global ocean heating, as indeed
they are (Section 3). However, there are many other factors that
impact on volume mean ocean heat, including model drift, sea
ice effects, and long-term adjustment to surface heating. It is there-
fore not generally possible to infer that volume mean global ocean
heat changes will be lower than observations just because SST

increases less than observations in the CORE-II simulations. So
although we find the CORE-II simulations to be generally biased
low in their volume mean ocean heat trends, a deductive story
explaining this low-bias is available only after far more analysis
than presented in this paper. We note that any such analysis is
associated with far more observational uncertainty than associated
with an analysis of SST evolution.

2.7. Restricting our analysis to the 15 years 1993–2007

The study from Doney et al. (2007) considered four cycles of 40-
year simulations using an earlier version of the Large and Yeager
(2009) atmospheric state. They compared SST patterns to the
observation-based estimates from Reynolds et al. (2002), and
found good agreement between model and observations for the
first two empirical orthogonal functions. The agreement between
modelled and observed patterns of variability is consistent with
the close correlation between interannual fluctuations in the global
mean SST shown in Fig. 2. However, it does not imply that the
lower frequency trends match, as indeed they do not.

The study of Large and Yeager (2012) considered many features
of ocean surface fluxes that impact on the SST within the context of
the CORE-II atmospheric state of Large and Yeager (2009), using
the SST from Hurrell et al. (2008) to generate these fluxes. Differ-
ences in ocean surface fluxes in the Large and Yeager (2012) study
relative to the CORE-II simulations arise from differences in the
simulated SSTs. As with Doney et al. (2007), the papers from
Large and Yeager (2009) and Large and Yeager (2012) emphasize
that the CORE-II atmospheric state is suited mostly for studies of
interannual variability, rather than longer term multi-decadal
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Fig. 3. Time series for global volume mean annual ocean temperature and global mean annual steric sea level as computed in the interannual CORE-II simulations. Each panel
illustrates drift in the various models over the five CORE-II cycles. Note the nominal start year of 1708 allows for a continuous increase in time over the 300 years of the five-
times repeated cycles of the interannual CORE-II atmospheric state (years 1948–2007). The vertical lines denote the start of a new CORE-II cycle. The global mean sea level
arising from global steric effects is computed according to Eq. (29). The diagnostic global mean steric sea level for each model is separately initialized at zero in order to
emphasize trends in the respective simulations. Note the close correspondence between the global mean steric sea level and the global volume mean temperature (see
Section A.5). The Bergen model is an exception, in which global steric sea level rises much more than global volume mean temperature. The steric sea level rises in this model
largely due to a decrease in global volume mean salinity, where the salinity decrease is associated with the lack of zero normalization of the surface restoring salt-flux.
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Aim to investigate the role of physical processes in the ocean heat uptake and redistribution in 
ACCESS ocean-sea ice model  

• identify the global heat balance over interannual to decadal timescales and its regional 
mechanisms of heat transport 

• process-based view of ocean response to different prescribed surface forcing (CORE-II/
JRA-55) 

Objectives



ACCESS Ocean Model 

• Ocean/sea-ice component of the Australian 
Community Climate and Earth System Simulator 

(ACCESS) 
• NOAA/GFDL MOM5 ocean 
• LANL CICE5 sea ice model 
• CERFACS OASIS-MCT coupling sytem 
• Nominal 1 degree resolution with refinements at 

equator and high latitudes 
• 50 vertical levels 
• Sea Surface Salinity restoring 300 days/50 m

Mercator grid in south

Tripolar grid in north

Model configuration



Experiment Forcing Period Length of simulation

CORE-I NYF CORE-II Normal 
Year Forcing

Climatology 500 years

CORE-II IAF CORE-II Inter 
annual Year 

Forcing

1948 - 2007 300 years (5 cycles)

JRA-55 JRA-55 v0.8 1958 - 2015 290 years (5 cycles)

Experiments

Following CORE-protocol 

• Griffies et al 2009: CORE-I NYF 

• Danabasoglu et al 2014: CORE-II/JRA-55 

• CORE-II (Large & Yeager 2009): 9 papers Special Issue in Ocean Modelling 

• JRA-55: Japanese reanalyse (+ resolution, + updated) 



Globally-integrated temperature

CORE-I NYF ~ 500yrs CORE-II 4 cycles JRA55 v0.8 4 cycles

Results



• Ocean Heat Budget - temperature evolution diagnosed online by 
several processes: 

• Advection 

• Diffusion 

• Vertical mixing 

• Surface fluxes

The deep ocean below 1200 m, as opposed to intermediate depths, exhibit a consistent cooling307

among all ACCESS-OM simulations in all ocean basins (Figure ??). Above 2000 m, the balance308

found at intermediate depths remains, imprint a slightly warm tendency. But below that, a signif-309

icant decrease in the positive convergence from diapycnal diffusion - while the cooling role from310

mesoscale eddy parametrisation also declines, result in a small cooling trend. As we go down311

in the water column, the cooling convergence from skew flux strengthen, peaking around 3000312

m and increasing the negative tendency. The mean vertical advection turns to cooling the ocean313

below 4000 m, in response to the southward transport of the North Atlantic Deep Water - mostly314

observed in the Atlantic Ocean north of 30� (not shown). Recalling the zonally integrated heat315

budget (Figure ??, integrated at the whole water column at panel c and d), the cooling generated316

at the Southern Ocean (poleward of 45� S) is mainly due to isoneutral mixing, giving that the to-317

tal advective fluxes (sum of resolved advection and meso and submesoscale parametrised fluxes)318

show a residual downward heat flux. Conversely, most of the warming at the deep ocean happen-319

ing on the North Atlantic and Arctic ocean basins is result of both vertical and horizontal advective320

fluxes.321

r0Cp
∂Q
∂ t

= —.(FADV +FDIFF +FV M +FSF) (4)
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Globally integrated heat budget

• Top 300 m:          ML physics          X       VERTICAL DIFFUSION 

• Ocean interior: EDDY ADVECTION X MEAN ADVECTION + VERT. DIFFUSION

(+) Warming(-) Cooling

CORE-II IAF 4th cycle



CORE-I NYF 500yrs run

CORE-II IAF started from NYF 500yrs run
CORE-II 4 cycles

Control run started from NYF 500yrs run

De-trending experiment



Control run started 
from NYF 500yrs run

CORE-II IAF started 
from NYF 500yrs run



Control run 
started from 

NYF 500yrs run

CORE-II IAF 
started from 

NYF 500yrs run

- =

CORE-II de-drifted



But there is something going wrong with the heat budget:

The deep ocean below 1200 m, as opposed to intermediate depths, exhibit a consistent cooling307

among all ACCESS-OM simulations in all ocean basins (Figure ??). Above 2000 m, the balance308

found at intermediate depths remains, imprint a slightly warm tendency. But below that, a signif-309

icant decrease in the positive convergence from diapycnal diffusion - while the cooling role from310

mesoscale eddy parametrisation also declines, result in a small cooling trend. As we go down311

in the water column, the cooling convergence from skew flux strengthen, peaking around 3000312

m and increasing the negative tendency. The mean vertical advection turns to cooling the ocean313

below 4000 m, in response to the southward transport of the North Atlantic Deep Water - mostly314

observed in the Atlantic Ocean north of 30� (not shown). Recalling the zonally integrated heat315

budget (Figure ??, integrated at the whole water column at panel c and d), the cooling generated316

at the Southern Ocean (poleward of 45� S) is mainly due to isoneutral mixing, giving that the to-317

tal advective fluxes (sum of resolved advection and meso and submesoscale parametrised fluxes)318

show a residual downward heat flux. Conversely, most of the warming at the deep ocean happen-319

ing on the North Atlantic and Arctic ocean basins is result of both vertical and horizontal advective320
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∫ 
3000 m

The deep ocean below 1200 m, as opposed to intermediate depths, exhibit a consistent cooling307
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What error should be:
 Error in heat content change                         = -1.27185524720000000E+11 J.
 Error in rate of heat content change                 = -1.35515319100958589E-10 W/m^2.

What error actually is:
 Change in ocean heat content over time interval   =  5.21455393906360320E+18 J. 
 Error in         heat content change               = 2.220E+15 J.
 Error in rate of heat content change               = 7.420E-05 W/m^2.

Net sfc heat flux x area = dOHC/dt 



Next steps…

- Switch to GFDL-MOM for a conserving heat model 

- Spin up + control + historical runs with JRA-55: using Repeat Year Forcing 

- Use de-trending runs to investigate interannual to decadal variability with the OHB 

- Implement the Water Mass Transformation framework  

- links between ocean circulation processes and water masses changes 

- Idealised experiments to study climate change - using FAFMIP perturbations



Thanks!
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Introduction. Large uncertainty in global/regional sea level 
projections among CMIP3-5  
§  50% of the spread in sea level is caused by Ocean Heat Content 

§  50% of Ocean Heat Uptake is caused by vertical heat 
transport processes 

§  Large disagreement coincides with regions of maximum sea-level 
rise in the Southern Ocean and North Atlantic 
§  Key regions to transport heat and other tracers to deep ocean 
§  Important role of OHC in Earth’s climate energy budget 

Figure 2: Global ocean zonal mean temperature (left, °C) and salinity (right, psu). (a) 
observations; (b) model errors, defined as [last 10-year average – observations (WOA2009)] 

Considerations 
§  The ACCESS-OM2 produces results comparable to other CORE-II 

models (Griffies et al., 2014) 
§  Weak warming tendency occurs along the inter annual cycles, 

although the annual mean, volume-weighted global ocean 
temperature remains reasonably constant 

§  The surface boundary heating comes mainly from air-sea flux: the net 
surface heating is the residual between radiative and turbulent fluxes 

§  Runoff is secondly important for the net surface boundary heating – 
cooling of the global ocean, while precipitation-evaporation warms it.  

§  Next steps: 
§  Do fully closed ocean heat budget: investigate vertical transport 

(surface heat budget) and transport convergence (vertically 
integrated heat budget) 

§  JRA-55 experiment: quantify differences of surface heating from 
the forcing 

§  Eddy-permitting resolution: effects of parameterized resolved 
transport 

§  FAFMIP experimets – using coupled model ACCESS-CM2, 
investigate separetely effects of momentum (wind stress), heat 
and freshwater 
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Figure 1: Simulated evolution of the annual mean, volume-weighted global ocean (a) potential 
temperature (°C) and (b) salinity (psu). 

Figure 4 Annual mean time series of ocean fields: (a) global mean surface ocean temperature. (b) 
Global ocean area-averaged heat flux crossing ocean surface boundary, with positives values for heat 
entering the ocean. (c) Global area-averaged, depth-integrated heating tendency. (d) Global ocean 
area-averaged surface heat flux coupler components (radiative and turbulent fluxes). 

Objective: 
§  Investigate differences in Ocean Heat Uptake and redistribution in 

the ACCESS-OM under both CORE-II and JRA-55 forcing 
§  Perform a fully closed ocean heat budget analysis of ACCESS 

modelling system Figure 3: Sea surface temperature and salinity biases (model – WOA2009 observation). (a) 
temperature in °C and (b) salinity in psu. 

Methods: 
§  ACCESS-OM2: ocean (MOM5), sea-ice (CICE5.0) coupled 

model 
§  CORE-II Inter Annual Forcing: 4 cycles of 60 years: Done 
§  JRA-55 Inter Annual Forcing: downloading last version (v0.4) 
 

Results: 
•  Relative to CORE-II Inter Annual run: 

•  Model ocean climate = last 10-year average 

Chapter 5. Ocean heat transport and heat budgets Section 5.8

seawater through boundary mixing processes. It is therefore physically sensible to combine the pro-
cesses we term “mixing” with the non-advective boundary fluxes.

non-advective boundary + mixing = temp vdiffuse sbc+ frazil 2d+ sw heat

+ temp vdiffuse diff cbt+ temp nonlocal KPP+ temp eta smooth

+ neutral diffusion temp+ temp vdiffuse k33

+ temp xlandmix+ temp xlandinsert.
(5.86)

Again, the terms neutral diffusion temp, temp vdiffuse k33, temp xlandmix, and temp xlandinsert
are absent in the CM2.5 and CM2.6 simulations.

5.8.2 Global mean surface ocean temperature
We start our discussion of the surface heat budget by considering the global mean of the surface ocean
temperature. Horizontally integrating equation (5.76) to leads to the surface heat budget

X

i,j

dA @t (⇥⇢dz)

|                {z                }
heat tendency

=
X

i,j

dA
h
⇢ (w(s)⇥ +F(s))

i
s=sk=1

|                                {z                                }
vertical transport

+
X

i,j

dA
✓
Q(⇥)

advect +Q(⇥)
non-advect

◆

|                          {z                          }
boundary fluxes

, (5.87)

where we dropped the source term. Global surface ocean heat is thus impacted by vertical transport
through advection and subgrid scale processes, and by boundary fluxes. This decomposition of ocean
heating follows that proposed in Section 5.8.1.1.

Figure 5.17 shows the annual mean time series for the global mean temperature within the ocean
surface in the CM2-O suite of simulations, with this diagnostic computed according to4

h⇥ik=1 =
R
k=1⇥dAdz
R
k=1 dAdz

. (5.88)

The global volume of the surface grid cell,

Vk=1 =
Z

k=1
dAdz (5.89)

remains relatively steady in time, largely due to the use of z⇤ as a vertical coordinate whereby trends in
sea level (Figure 4.4) are distributed throughout the full depth. Hence, variability in the averaged surface
temperature (5.88) is dominated by variations in dthe numerator, which measures the heat within the
top grid cells. It is notable that the CM2.6 simulation exhibits the least drift in Figure 5.17 from initial
conditions, whereas the two coarser models generally cool during the first few decades.

Recall that the global mean temperature, averaged over the full ocean, steadily rises for each of the
three models (Figure 5.9). Hence, a net uptake of heat into the ocean, thus increasing the global mean
ocean temperature according to equation (5.31), does not necessarily mean the surface temperature in-
creases (Figure 5.17). The reason is that surface boundary heating can be readily transported into the
ocean interior through vertical advective and subgrid scale transfer, as per the budget shown in equation
(5.87).

We illustrate this process in Figure 5.18 by showing a time series for the horizontally integrated heat
accumulated in the surface ocean cells, the corresponding heat transported vertically, and the contribu-
tion from surface boundary fluxes. The net heat remaining in the surface ocean is indeed a small residual

4Since the top grid cell has a time-dependent thickness, this diagnostic is slightly distinct from the area averaged sea surface
temperature (SST) computed without the thickness weighting. Nonetheless, the area averaged SST and grid cell averaged surface
temperature exhibit very similar quantitative behaviour. The reason is that the top grid cell in a z⇤ model has a thickness that remains
very close to the constant resting value of 10 m in the A CM2-O suite.
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•  Surface Heat Budget 

 Sfc_hflux_coupler = radiative + turbulent 
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• Investigate the the link between 
ocean circulation processes, its 
driving mechanisms and water 
masses changes using a Water Mass 
Transformation (WMT) framework 
(e.g. Zika et al., 2012, 2013; 
Groeskamp et al., 2014) - historical 
runs
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Figure 2. (a and b) Accumulated vertical volume transport in temperature coordinates at each depth level of CCSM4
including both the Eulerian and eddy-induced velocities in Sverdrup (Sv). Negative (blue) components circulate in an
anticlockwise direction. Positive (red) components circulate in a clockwise direction. The cold cell, discussed in the text,
is the blue anticlockwise cell that occupies water colder than 1∘C. The warm cell is the red clockwise cell (we define the
vertical heat transport due to the warm cell as including the anticlockwise cell at temperatures warmer than 4∘C and
shallower than 800 m). (c and d) Vertical heat flux due to the warm cell (red), the cold cell (blue), background vertical
mixing (green), isopycnal mixing (magenta), the sum of all other contributions including parameterized convection
(cyan), and the total (black). Shown are averages for years 845 to 875 of the preindustrial simulation (Figures 2a and 2c),
the average for years 2080 to 2100 of the RCP4.5 scenario simulation (Figure 2b) and the difference between years 2080
and 2100 of the RCP4.5 scenario simulation and the preindustrial period (Figure 2d).

submesoscale processes of Fox-Kemper et al. [2008]). Here we use potential temperature as our heat variable
as it is perfectly conserved in the numerical models considered. In an observational context, conservative
temperature would be a more appropriate variable since it is more accurately conserved [McDougall, 2003].

The quantity ΨT has a number of useful properties:

1. As ΨT describes the upwelling and downwelling of waters at different temperatures, the vertical heat trans-
port due to the resolved circulation can be diagnosed from it. In addition, the advective vertical heat
transport can be attributed to distinct components of the circulation defined by closed contours of ΨT

[Ferrari and Ferreira, 2011; Zika et al., 2013b].
2. Where haline effects are small, ΨT can be interpreted in terms of the energetics of the resolved circulation.

The quantity ΨT can be used to diagnose how much each component of the circulation lowers or raises the
center of mass of the ocean and hence how much energy is transferred from potential to kinetic reservoirs
[Nycander et al., 2007].

It must be stressed that for the ocean circulation in a transient state (such as a global warming scenario) vertical
exchanges of water masses can occur without corresponding deep-ocean water mass transformations. In such

ZIKA ET AL. CHANGES IN OCEAN VERTICAL HEAT TRANSPORT 4942

Zika et al (2015)



• FAFMIP experiments: perturbation 
fluxes of momentum, heat and 
freshwater extracted from 1xCO2 
projections (CMIP5) - applied to both 
AOGCMs and OGCM

• Joint OHB + WMT = complete view 
of heat uptake/transport processes, 
surface forcing link with ocean 
circulation and water masses 
proprieties changes
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FAFMIP/CMIP6 experiments
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(a) FAFMIP momentum flux perturbation (10-3 Pa)

Colour indicates magnitude of the vector, arrow indicates direction

2 5 10 15 20

135E 180 135W 90W 45W 0 45E 90E
90S
75S
60S
45S
30S
15S

0
15N
30N
45N
60N
75N
90N

(b) FAFMIP heat flux perturbation F (W m-2)

-30 -20 -10 -5 -2 2 5 10 20 30

135E 180 135W 90W 45W 0 45E 90E
90S
75S
60S
45S
30S
15S

0
15N
30N
45N
60N
75N
90N

(c) FAFMIP water flux perturbation (10-6 kg m-2 s-1)
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(d) Model-mean ∆Q in faf-heat (W m-2)
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Figure 2. Annual-mean FAFMIP surface flux perturbations of (a) momentum, (b) heat, (c) water; (d) shows the model-mean change in the

surface heat flux Q into the sea-water in the time-mean of the final decade of the faf-heat experiment relative to the control, not including the

imposed heat flux perturbation F . The ocean area-average of (b) is 1.86 W m�2, of (c) 0.072⇥ 10�6 kg m�2 s�1 and of (d) �0.09 W m�2.

The grey box in (b) is the North Atlantic region to which we refer in Sect. 3.1.

2.2 Deriving the surface flux perturbations

Climate-change projection is concerned mostly with scenarios of radiative forcing increasing on decadal timescales. The ide-

alised scenario called “1pctCO2” in CMIP6 (and CMIP5), beginning from a piControl state and with atmospheric CO2 con-135

centration increasing at 1% yr�1, is commonly taken to be indicative of anthropogenic climate change expected during this

century. It is a useful benchmark because it has been studied since the first AOGCM experiments in the early 1990s, while

the more policy-specific scenarios, involving emissions of many species and complicated time-profiles of forcing, have been

revised several times. The transient climate response (TCR) is likewise used for convenient comparison of the magnitude of

6
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Global (horizontally averaged) Ocean Heat Content/Net Surface Heat Flux

• OHC increases in the upper 700 m and largely decreases 
below 2000 m

• Total depth-integrated OHC: increasing in the first 2 cycles 
and decreases after

• Net surface heat flux - follow same pattern inter-cycle as OHC

CORE-II IAF JRA-55



• Low trend in OHC700m in the 4th 

cycle

• 1st cycle - OHC700m increasing 
w/ similar rate as the 
observations

4th cycle

1st cycle

Global Ocean Heat Content (0-700m) compared with observations



Fig. 13. Linear trend in annual mean ocean heat content vertically integrated over the upper 700 m of ocean (units W m!2) for the years 1993–2007, computed from the fifth
CORE-II cycle. Also shown is the corresponding trend over years 1993–2007 from Levitus et al. (2012) analysis; an updated analysis from Domingues et al. (2008) and Church
et al. (2010) (see their Fig. 6.3b); and the trend over years 1990–2010 using an updated version of the Durack and Wijffels (2010) analysis. Note that much of the high latitude
trend seen in Figs. 12 and 14 is missing here, since those trends occur in regions deeper than 700 m. The models also generally show some cooling in the west/central Pacific,
with this cooling absent from the observation-based analyses. The spatial correlation between the CORE ensemble mean and the observation-based analyses is given by

CORE-Levitus = 0.44, CORE-Domingues = 0.34, CORE-Durack = 0.29, where the correlation is computed as corrðA;BÞ ¼
R

ABdx dy
R

A2dxdy
! "!1=2 R

B2dx dy
! "!1=2

, and we ignore

regions where the observation-based analyses are missing.
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Fig. 13. Linear trend in annual mean ocean heat content vertically integrated over the upper 700 m of ocean (units W m!2) for the years 1993–2007, computed from the fifth
CORE-II cycle. Also shown is the corresponding trend over years 1993–2007 from Levitus et al. (2012) analysis; an updated analysis from Domingues et al. (2008) and Church
et al. (2010) (see their Fig. 6.3b); and the trend over years 1990–2010 using an updated version of the Durack and Wijffels (2010) analysis. Note that much of the high latitude
trend seen in Figs. 12 and 14 is missing here, since those trends occur in regions deeper than 700 m. The models also generally show some cooling in the west/central Pacific,
with this cooling absent from the observation-based analyses. The spatial correlation between the CORE ensemble mean and the observation-based analyses is given by

CORE-Levitus = 0.44, CORE-Domingues = 0.34, CORE-Durack = 0.29, where the correlation is computed as corrðA;BÞ ¼
R

ABdx dy
R

A2dxdy
! "!1=2 R

B2dx dy
! "!1=2

, and we ignore

regions where the observation-based analyses are missing.
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