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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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Long standing problem: 
  Large spread in CMIP sea level projections

• Thermal expansion of the seawater corresponds to ~30-50% of the sea level changes


• Ocean heat uptake efficiency corresponds to ~50% of the uncertainties


• Lack understanding of the processes behind ocean heat uptake and transport

Gregory et al., 2016
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§  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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Understanding physical process  
in ACCESS-OM2 (steady state): 

ocean heat budget 

• Explains ocean heat 
content changes due to 
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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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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 

• ADV = mean advection


• DIA = dianeutral diffusion


• KPP = nonlocal KPP


• SWP = shortwave penetration


• EIT = eddy-induced transport


• SUB = submescale eddies


• CON = convection


• PME = precipitation minus evaporation


• RIV = river runoff


• FRZ = frazil formation

parameterised

resolved



Global vertical heat balance: EIT <=> ADV

• New framework: Super Residual Transport (SRT): ADV + EIT

Two depth regimes: mixed layer & ocean interior
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seawater through boundary mixing processes. It is therefore physically sensible to combine the pro-
cesses we term “mixing” with the non-advective boundary fluxes.
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Again, the terms neutral diffusion temp, temp vdiffuse k33, temp xlandmix, and temp xlandinsert
are absent in the CM2.5 and CM2.6 simulations.
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We start our discussion of the surface heat budget by considering the global mean of the surface ocean
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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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The global volume of the surface grid cell,
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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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projections among CMIP3-5  
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§  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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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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§  JRA-55 experiment: quantify differences of surface heating from 
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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 
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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 
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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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The global volume of the surface grid cell,
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k=1
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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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