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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
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. (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 



Ocean heat and salt budget analyses

• Quantify heat/salt transport by each processes


• Potential to reduce steric sea-level projections spreading among climate models 
(CMIPs) through model inter comparison


• differences in ocean heat uptake and vertical heat transport (Kuhlbrodt & Gregory, 
2012)

Ocean Heat and Salt Budget method244

To investigate in details the processes responsible for the temperature and salinity patterns, we245

make use of the online diagnostics of the ocean heat and salt budgets. For the heat budget, the246

temperature equation in an ocean model can be written as:247

r0cp
∂Q
∂ t

=�—.(FADV +FDIA+FKPP+FSW +FEIT +FSUBMESO+FCONV +FPME +FRUNOFF +FFRAZIL)

(1)

where Q is the potential temperature, r0 is a reference density (1023 kg.m�3) and cp is the248

heat capacity (3989.245 J kg�1 C�), being the convergence of heat flux (r0cp∂Q/∂ t) and the249

terms on the RHS of the Equation 1 presented in W.m�2 (depth-weighted). These terms represent250

different processes in the ocean, where the resolved advection (FADV ) and the sub-grid scale251

(SGS) processes (FEIT , FKPP, FSW , FSUBMESO, FDIA, FCONV , FPME , FRUNOFF and FFRAZIL)252

redistributes the heat flux from the surface boundary. The SGS processes includes the K-Profile253

parametrisation for the surface mixed layer, the penetrative shortwave radiation (SW), the254

re-stratification term (SUBMESO) from submesoscale eddy processes within the mixed layer,255

the eddy-induced transport which includes both mesoscale eddy advection parametrised through256

Gent and Mcwilliams (1990) scheme (GM90) and the isoneutral diffusion (G98), as discussed257

in previous studies (Kuhlbrodt et al. 2015), the diapycnal diffusion (DIA), which accounts the258

vertical portion of isoneutral diffusion (k33), surface boundary fluxes and background vertical259

diffusivity (k) - defined equal to a constant value outside the tropical band (k0 of 1 x 10�5 m2
260

s�1), and reduced to 0.1 x 10�5 m2 s�1 at the equator (20� S - 20� N). The convective mixing261

through enhancement of vertical diffusivity is presented separately from DIA in the CONV term,262

which also include the overflow parametrisation of dense water through the topographic slope263
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(mixdownslope scheme). The net surface heat flux enters in the ocean through the diapycnal264

diffusion term and then is included in the DIA processes. The surface heat fluxes are result from265

the radiative and turbulent fluxes (incoming shortwave and out-coming long wave radiation, latent266

and sensible heat fluxes). The mass flux at the surface due to real water flux boundary condition267

in MOM5 can carry heat content in and out of the ocean through the precipitation (liquid and268

solid) and evaporation (PME) and river runoff (RUNOFF) terms. By convention, the heat content269

of mass exchanged across the ocean boundary is computed with respect to 0�. Evaporation and270

precipitation is usually assumed to have the same temperature as the ocean surface. The last271

term FRAZIL is associated with the sea ice formation through the production of frazil when the272

temperature of seawater cools to the freezing point.273

274

For the salt budget, a similar equation for salinity can be written:275

276

∂S
∂ t

=�—.(FADV +FDIA +FKPP +FEIT +FSUBMESO +FCONV +FPME +FRUNOFF +FICE +FREST )

(2)

The majority of the terms are similar to the ocean heat budget. The PME, river runoff and ice277

are the real water surface fluxes terms. As a sea surface salinity restoring is applied, there is the278

REST term accounting the salt flux due to this restoring. A pre-requisite to the ocean heat and salt279

budget analyses is that the sum of all terms in the RHS (thereafter called transport convergence)280

of the equation 1 is exactly equal to the LHS (ocean heat/salt tendency). Additionally, the281

globally-integrated net surface heat/salt flux also needs to be equal with the vertically- and282

globally-integrated ocean heat/salt tendency, which means the OGCM conserves heat and salt283
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Mean state - previous studies

• Munk abyssal recipe (1966): diapycnal diffusion downward balanced by large-scale advection upward


• Gregory (2000): global vertical transport dominated by Southern Ocean - downward advection (wind-
driven) and upward mixing along isopycnals


• later confirmed by other studies (e.g. Gnanadesikan et al. 2005, Hieronymus & Nycander 2013, Exarchou et al 
2015)


• parametrised eddy-advection (GM) also contributes to upward heat transport


• Eddy-resolved models also agree with Gregory; e.g. Wolfe (2008), Griffies et al. (2015)


• Residual advection = mean + eddy-induced advection


• comparison b/w coarse and eddy-resolved models


• Kuhlbrodt et al (2015) suggested a new term:


• Super-residual advection = Mean advection + Eddy-advection + Isoneutral diffusion 

• High-resol. models include or not parametrisation for isoneutral diffusion



Ocean-Sea Ice coupled model 

• ACCESS-OM2 1-degree, 50 z* levels


• 1000-years spin-up forced with JRA55-DO Repeat Year Forcing (1984-85) (Tsujino et 
al, submitted)

Global mean temperature and salinity by depth



Global vertical transport

• Upper-200 m dominated by:


• Heat: SW penetration and surface heat fluxes (DIA) - warming


• convection and vertical mixing (KPP) - cooling


• Salt: Diapycnal diffusion of salt freshens, all other terms salinify

Heat Salt



Global vertical transport

• Ocean interior dominated by similar processes (heat/salt)


• Upper-700 m: Mixed layer processes are balanced by diapycnal diffusion and super-residual advection


• 700 - 3500 m: super-residual balance as found by previous works


• Mean advection downward, eddy-induced transport upward


• Below 3500 m: diapycnal diffusion downward, super-residual advection upward

Heat Salt



SaltHeat

Regional contribution: upper-300 m

• Net surface heat flux (DIA) is mainly balanced by mean advection


• Tropics and WBCs


• Net surface salt flux dominated by restoring term:


• also counterbalanced by advection


• less intuitive spatial variability

*Vert-integ. 0-300 m



Mean advection and eddy-transport
Heat

• Dominated along frontal regions - ACC and Gulf 
Stream


• Northern flank of ACC: downward of heat by 
large-scale advection and upward by mesoscale 
eddies

*Vert-integ. 300-1200 m

TW σϴ < 24.5
STMW  24.5  < σϴ < 26.6
SPMW  26.6  < σϴ < 27.0

IW  27.0  < σϴ < 27.5
DP  27.5  < σϴ < 27.75
BW σϴ > 27.75

Water masses definition:



Super-residual advection:

• Net effect of SR advection balances Mixed Layer processes


• Deep mixed layer regions: SAMW, AAIW and NADW

*Vert-integ. 300-1200 m



SR advection and ML processes: seasonal variability

• Mixed layer processes: strong seasonality as expected from water formation 
processes - hemispheric winter


• Compensated along the year by SR advection - weak seasonality



Bottom water formation  - convection

• Balanced by super-residual advection 


• Poleward of 60°S: transport of cold water 
downward as bottom water (AABW) is formed


• Weddell and Ross Seas


• Both SR advection and convection 
experienced significant seasonal cycle

*Vert-integ. 1100-1800m



Global balance below 700 m - role of diapycnal diffusion

• Important role in downward transport by diapycnal diffusion


• counterbalanced by super-residual advection: cooling at NADW and 
AABW


• erosion of AABW by NADW layer


• original Munk’s balance



• Heat and salt budget in ACCESS-OM are dominated by downward transport from large-scale advection and 
upward transport from mesoscale eddies


• Southern Ocean has stronger and deeper transport than its northern counterpart


• These processes combined as super-residual advection balance different processes depending on depth:


• Mixed layer processes at SAMW/AAIW and NADW formation regions, dominating  upper-700 m budgets


• Diapycnal diffusion below 700 m: spreading and destruction of cold (NADW and AABW) water


• suggest that Munk’s balance, where mean advection can be interpreted as SR advection


• Strong dependence on parametrised processes: 


• vertical mixing (KPP, convection), submesoscale eddies, diapycnal diffusion


• suggesting that particular choices on ocean models can play a large influence in vertical heat/salt 
transport and therefore steric sea-level

Conclusions


