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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 



• Model specifications 

• Forcing details 

• Results: 
• Global mean drifts 
• Surface and zonal mean biases 
• Meridional Overturning 
• Drake Passage transport 
• Seasonal MLD and ice extension 

• Question about Ocean Heat Content 
• SST in ocean sea-ice models 
• Thermosteric comparison model x observation

Summary



• ACCESS-OM 2.0

• MOM5, CICE5, MATM, OASIS3.25 Coupler (Bi et al. 2013)

• Coarse grid 1º with:
• tripolar Arctic North 65ºN
• equatorial refinement 1/3º
• Mercator 0.25º-1º in southern hemisphere

• Ocean model: 
• 50 level z* coordinate
• MDPPM advection scheme
• Horizontal friction: isotropic Laplacian + biharmonic operator in WBC
• Vertical mixing: KPP + tidal mixing param (Simmons et al. 2004) + background 

vertical diffusivity (ko = 1x10-5 m2s-1 (reduced in equator)
• Convection parametrised as enhancing vert. diff (Klinger, 1996)
• Isoneutral diffusion (Redi, 1982) scheme modified from GM (Ferrari et al. 2010)
• Submesoscale mixed layer restratification scheme (Fox-Kemper et al. 2011)
• Overflow: Sigma transport scheme of Beckmann and Drescher (1997) + 

mixdownslope scheme (Griffies, 2009)
• Surface salinity restoring with dt=15 days

Model specifications

Ocean bathymetry and horizontal 



• CORE-II Inter annual atmospheric state 
(Large and Yeager, 2009)

• 1948 - 2007: 60 years
• 112 x 94 grid cells
• Using CORE protocol: cycle repeated 5 

times = 300 yrs (Griffies et al, 2009b)

• JRA-55 based surface atmospheric data 
set (Tsujino et al 2015)

• v0.4 (updating to v0.8 currently)
• 1958 - 2015
• 640 x 320 grid cells
• Maintaining CORE-II inter annual runoff
• run for 5 cycles until 2007 = 250 years

Forcing details



Forcing details

Global mean forcing fields



Horizontally averaged annual mean global ocean anomalies of potential temperature

Results

CORE-II JRA-55

Volume-weighted global ocean potential temperature and salinity



Surface biases: last 10years - 1st year average
Sea Surface Temperature

CORE-II JRA-55



Surface biases: last 10years - 1st year average
Sea Surface Salinity

CORE-II JRA-55

CORE-II JRA-55



 Zonal mean temperature over last 10yr - 1sr yr avg
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 Zonal mean salinity over last 10yr - last cycle
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Drake Passage transport



Average 1993-2007

CORE-II JRA-55
Mixed Layer Depth - September 

CORE-II JRA-55
Mixed Layer Depth - March 



CORE-II JRA-55

Average March 1993-2007
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Ice thickness

Difference
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Average September 1993-2007
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Average September 1993-2007
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Questions arrises from the CORE-II paper on sea level (Griffies et al. 2014):
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a b s t r a c t

We provide an assessment of sea level simulated in a suite of global ocean-sea ice models using the inter-
annual CORE atmospheric state to determine surface ocean boundary buoyancy and momentum fluxes.
These CORE-II simulations are compared amongst themselves as well as to observation-based estimates.
We focus on the final 15 years of the simulations (1993–2007), as this is a period where the CORE-II
atmospheric state is well sampled, and it allows us to compare sea level related fields to both satellite
and in situ analyses. The ensemble mean of the CORE-II simulations broadly agree with various global
and regional observation-based analyses during this period, though with the global mean thermosteric
sea level rise biased low relative to observation-based analyses. The simulations reveal a positive trend
in dynamic sea level in the west Pacific and negative trend in the east, with this trend arising from wind
shifts and regional changes in upper 700 m ocean heat content. The models also exhibit a thermosteric
sea level rise in the subpolar North Atlantic associated with a transition around 1995/1996 of the North
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1) Why does SST not rise post-1980? Net heat flux near 0 W/m2 suppress 
the increasing in SST during the IPO+ phase - as in coupled models

2) Drift in global thermometric sea level in CORE simulations does not 
show good agreement with observations until 1993. Why?



SST and SAT evolution

1) SST does not rise post-1980: net heat flux near 0 W/m2 
suppress the increasing in SST during the IPO+ phase - as 

seems in coupled models



Post-1980 in CORE-II atmospheric state:
• SAT rise leading reduction in sensible cooling (+1 W/m2)
• Air humidity rise - increasing in latent heat flux (+2.5 W/m2)
• Balanced by Longwave heating decrease the same amount

Griffies hypothesis: lack of longwave feedback



indicative of differing drift. We thus focus attention on the upper
700 m, given its lower degree of model drift and significantly bet-
ter observational sampling (Section 3.5). Contributions to steric sea
level change in the upper 700 m are predominantly associated
with thermosteric effects, though most models (except Kiel-
ORCA05) also show a slightly negative halosteric effect in this
depth range. Due to the differing treatment of surface salinity
restoring (see Danabasoglu et al., 2014 for details), we are not con-
vinced of the physical reliability of the simulated halosteric pat-
terns seen in Fig. 7. Additionally, we found no systematic
connection between surface salinity restoring strength and the
behaviour seen in Fig. 7. For the thermosteric patterns shown in
Fig. 6, there is a general agreement between the models, though
with differing magnitudes. Some of the models show a slight cool-
ing trend centred around 200 m depth, with the ICTP, Kiel-ORCA05,
and MRI simulations the most prominent. These cooling trends act
to suppress thermosteric sea level rise in the upper 700 m for these
three models (see Fig. 8).

3.5. Heat content and thermosteric sea level rise

Comparisons to observations must be considered with the
appropriate caveats. Uncertainties in thermosteric sea level
changes are largest for early years of the historical record (before
1970); below 400 m before the frequent use of deep XBTs in the
mid-1990s; below 700 m before the Argo array achieved near-glo-
bal ocean coverage in 2005; and in the Southern Hemisphere
(especially south of 30!S) before Argo (see Fig. 2 in Wijffels et al.,
2008 for evolution of the archive of thermal observation

platforms). Current Argo float technology does not allow for full-
depth profiling. Hence, we continue to have poor sampling below
2000 m, which means we do not sample roughly 50% of the total
ocean volume. Observation-based differences also exist for ocean
heat content in the upper 700 m even in historically well-sampled
regions, such as the North Atlantic (Gleckler et al., 2012). Although
consistent with the rates estimated for the multi-decadal periods,
the thermosteric sea level rate for the Argo period (2005-present)
is unlikely to represent long-term changes. Over such a short per-
iod, long-term changes can be easily obscured by more energetic
ocean variability, such as fluctuations in the phase of the El Niño
Southern Oscillation (Roemmich and Gilson, 2011).

We consider estimates for observed thermosteric sea level
anomalies for the upper 700 m of ocean and within the latitude
range 65!S–65!N, as based on recent Argo data as well as historical
bottle, CTD and XBT data, the latter with fall-rate corrections from
Wijffels et al. (2008). Domingues et al. (2008) determine a trend
between the years 1971–2010 of 0:6" 0:2 mm yr#1, with this
estimate consistent with the more recent Argo data analyzed by
Leuliette and Willis (2011). Levitus et al. (2012) provide an esti-
mate of 0:1" 0:1 mm yr#1 for depths between 700–2000 m.
Purkey and Johnson (2010) then estimate a contribution of
0:1" 0:1 mm yr#1 for abyssal and deep waters in the Southern
Ocean. For our purposes, we take an estimated global thermosteric
sea level rise to be 0:8" 0:4 mm yr#1, which follows that used in
Church et al. (2011) and Hanna et al. (2013) for the full depth
integrated global steric sea level.

The CORE-II simulations generally show an upper 700 m ocean
warming for the 15 years 1993–2007 (Fig. 8). Corresponding to
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Fig. 4. Time series for global mean steric sea level in the fifth cycle of the CORE-II simulations. The first row shows the global mean sea level arising from global steric effects,
referenced to the start of the fifth cycle rather than the start of the first cycle (Fig. 3). There are notable downturns in global mean steric sea level associated with volcanic
eruptions in 1963/1964 (Agung); 1982 (El Chichón); and 1991 (Pinatubo). Note that many models show a gradual decrease in global mean sea level over the 60 year
simulation, until around year 1993 (denoted by a vertical line) at which point most models then show a gradual increase. The second row focuses just on the years 1993–2007
for the fifth CORE-II cycle in order to highlight the increase over the final 15 years, with the global mean now computed relative to 1993. Note the different vertical axis for the
two rows. The ensemble mean for the CORE-II simulations over 1993–2007 rises by about 0.8 cm over the 15 years, which is consistent with the observational range for
thermosteric sea level of 15 yr $ ð0:6" 0:2 mm yr#1Þ from Church et al. (2011).
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2) Drift in global thermometric sea level in CORE simulations 
does not show good agreement with observations until 1993. 

Why?

4.1. Boundary heat fluxes

Fig. 10 shows the time mean boundary heat flux computed over
years 1993–2007 for the CORE-II simulations. These patterns
include the shortwave, longwave, latent, and sensible heat flux
passing across the ocean surface, as well as geothermal heating
in those models where it is included (Table 1). Additionally, the
heat flux due to water transport across the ocean surface is
included for those models employing a real water flux (Table 1),

with this heat flux detailed in Section A.4. Finally, there is an
adjustment of the heat flux associated with frazil ice formation.

All models exhibit heating in the tropics, which is where global
mean sea level is affected the most from surface heating due to the
relatively large tropical thermal expansion coefficient (Fig. 1). All
models also show a heat loss in western boundary currents due
to the sensible and latent heat loss arising from generally warm
waters under a cooler atmosphere. The subpolar North Atlantic is
a region where the models generally experience surface heat loss,
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Fig. 8. Time series for ocean heat content and thermosteric sea level integrated in the upper 700 m of ocean. To reduce dependence on a single chosen reference date, each
result is computed with respect to the ten year mean for the respective model or observational time series, and we chose years 1988–1997. The CORE-II ensemble mean is
also shown, as computed from all of the simulations. We also show estimates from observations based on analysis of Levitus et al. (2012) and Domingues et al. (2008). Model
results are global, and correspond to the sum from roughly the upper 700 m in the vertical-time plots shown in Fig. 6. Note that if we remove a linear trend, variability in the
CORE-II simulations is closer in agreement to Domingues et al. (2008) than Levitus et al. (2012). In Section 2.6, we discuss the slower increase in heating within the CORE-II
simulations relative to observations.
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Fig. 9. Time series for the thermosteric sea level computed from the depth range 700–2000 m. The CORE-II ensemble mean is shown as computed from all of the simulations.
The solid black vertical line at year 2007 represents an estimate of the spread in the observational estimates at the end of the 15 years, computed using a trend of
0:1! 0:1 mm yr"1 for 700–2000 m (Section 3.5). Each time series is computed relative to the respective model’s steric sea level at 1993.
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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

���k=1 =

�
k=1�dAdz
�
k=1 dAdz

. (5.88)

The global volume of the surface grid cell,

Vk=1 =
�

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 

Summary

• Objective: To investigate ocean heat uptake and transport in the ACCESS-
OM (Bi et al 2013) forced with CORE-II and JRA-55 v0.4.
• Motivation: To help understand model spread in surface warming and sea
level projections.

Surface heat flux from forcing

• Individual di↵erences in radiative and turbulent fluxes but similar net heat
fluxes.

Figure 1: Evolution of radiative and turbulent heat fluxes from CORE-II (blue line) and JRA-55 (red line)
atmospheric state. a) downwelling shortwave heat flux, b) downwelling longwave heat flux, c) downward sensible
heat flux, d) downward latent heat flux from evaporation, e) net surface heat flux (radiative plus turbulent).

Global average potential temperature drift

• Near-surface cold bias stronger in JRA.
• Warm thermocline bias stronger in CORE-II.

• Cold deep ocean bias similar to previous ACCESS-OM studies.

Figure 2: Evolution of horizontally averaged annual mean global ocean anomalies of potential temperature (a)
5 cycles (1948-2007) under CORE-II inter-annual forcing, and (b) 5 cycles (1958-2007) under JRA-55 inter-annual
forcing.

Ocean Heat Content

• Decrease in total OHC prior to 1990 largely due to deep ocean.
• Increase in total OHC after 1993 similar to observations (Gri�es et al. 2014)
- smaller in JRA-55.
• Pacific dominates global OHU700 before 80’s in CORE-II. Post-80’s all basins
have similar contributions to the upper ocean heat content.

Figure 3: Ocean heat content for a) global ocean content for the last CORE-II Inter annual cycle, depth
integrated between 0-300 m (blue line), 0-700 m (green line), 700-2000 m (magenta line), 2000 m-bottom (red
line) and total (black dashed line), and for b) last JRA-55 Inter annual cycle. OHC depth integrated between
0-700m in di↵erent ocean basins: Pacific Ocean (blue), Indian Ocean (green), Atlantic Ocean (magenta), Southern
Ocean (red) and Global Ocean (black dashed line) for the c) CORE-II and d) JRA-55 simulations.
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Ocean Heat Convergences

• Horizontally integrated heat budget:X
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Figure 4: Ocean horizontal averaged heat budget (�C.Yr�1) for the global ocean and individual ocean basin -
CORE-II.

Figure 5: Ocean horizontal averaged heat budget for the global ocean and individual ocean basin - JRA-55.

• Global balance above 100m dominated by SW penetration, nonlocal KPP,
submesoscale cooling and warming from vertical di↵usion.
• From 200 to 1000 m depth, the warming tendency results from an imbalance
between cooling (KPP, submesoscale, isoneutral di↵usion and eddy param.)
and warming (from vertical di↵usion and mean advection) processes mostly in
Atlantic and SO basins.
• From 1000m to 3000 m a di↵usive heat flux balance (cooling from isoneutral
and warming from vertical di↵usion); and an advective balance between mean
advection (warms) and eddy GM parametrisation (cools).
• The SO plays a large role in the global heat budget between 200-2000 m and
dominates the budget between 2000-4000 m.
• Opposing roles for mean adv below 200 m: warming in the Atlantic/Southern
Oc. and cooling in the Indian/Pacific Ocean.
• Mean advection cools the ocean below 4000 m in most ocean basins - major
contributor to cold drift in deep ocean.

Conclusions

• The contribution of individual terms to the global heat budget is similar
between forcing products. They impact directly the upper 100 m due to vertical
di↵usion and SW penetration, but di↵erence in the warm tendencies is small.
• Large di↵erences are found between 100-1000m, where CORE-II warms more
than JRA-55. The Pacific Ocean plays an important role on this warming trend.
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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

���k=1 =

�
k=1�dAdz
�
k=1 dAdz

. (5.88)

The global volume of the surface grid cell,

Vk=1 =
�

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 

Summary

• Objective: To investigate ocean heat uptake and transport in the ACCESS-
OM (Bi et al 2013) forced with CORE-II and JRA-55 v0.4.
• Motivation: To help understand model spread in surface warming and sea
level projections.

Surface heat flux from forcing

• Individual di↵erences in radiative and turbulent fluxes but similar net heat
fluxes.

Figure 1: Evolution of radiative and turbulent heat fluxes from CORE-II (blue line) and JRA-55 (red line)
atmospheric state. a) downwelling shortwave heat flux, b) downwelling longwave heat flux, c) downward sensible
heat flux, d) downward latent heat flux from evaporation, e) net surface heat flux (radiative plus turbulent).

Global average potential temperature drift

• Near-surface cold bias stronger in JRA.
• Warm thermocline bias stronger in CORE-II.

• Cold deep ocean bias similar to previous ACCESS-OM studies.

Figure 2: Evolution of horizontally averaged annual mean global ocean anomalies of potential temperature (a)
5 cycles (1948-2007) under CORE-II inter-annual forcing, and (b) 5 cycles (1958-2007) under JRA-55 inter-annual
forcing.

Ocean Heat Content

• Decrease in total OHC prior to 1990 largely due to deep ocean.
• Increase in total OHC after 1993 similar to observations (Gri�es et al. 2014)
- smaller in JRA-55.
• Pacific dominates global OHU700 before 80’s in CORE-II. Post-80’s all basins
have similar contributions to the upper ocean heat content.

Figure 3: Ocean heat content for a) global ocean content for the last CORE-II Inter annual cycle, depth
integrated between 0-300 m (blue line), 0-700 m (green line), 700-2000 m (magenta line), 2000 m-bottom (red
line) and total (black dashed line), and for b) last JRA-55 Inter annual cycle. OHC depth integrated between
0-700m in di↵erent ocean basins: Pacific Ocean (blue), Indian Ocean (green), Atlantic Ocean (magenta), Southern
Ocean (red) and Global Ocean (black dashed line) for the c) CORE-II and d) JRA-55 simulations.
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Ocean Heat Convergences

• Horizontally integrated heat budget:X
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Figure 4: Ocean horizontal averaged heat budget (�C.Yr�1) for the global ocean and individual ocean basin -
CORE-II.

Figure 5: Ocean horizontal averaged heat budget for the global ocean and individual ocean basin - JRA-55.

• Global balance above 100m dominated by SW penetration, nonlocal KPP,
submesoscale cooling and warming from vertical di↵usion.
• From 200 to 1000 m depth, the warming tendency results from an imbalance
between cooling (KPP, submesoscale, isoneutral di↵usion and eddy param.)
and warming (from vertical di↵usion and mean advection) processes mostly in
Atlantic and SO basins.
• From 1000m to 3000 m a di↵usive heat flux balance (cooling from isoneutral
and warming from vertical di↵usion); and an advective balance between mean
advection (warms) and eddy GM parametrisation (cools).
• The SO plays a large role in the global heat budget between 200-2000 m and
dominates the budget between 2000-4000 m.
• Opposing roles for mean adv below 200 m: warming in the Atlantic/Southern
Oc. and cooling in the Indian/Pacific Ocean.
• Mean advection cools the ocean below 4000 m in most ocean basins - major
contributor to cold drift in deep ocean.

Conclusions

• The contribution of individual terms to the global heat budget is similar
between forcing products. They impact directly the upper 100 m due to vertical
di↵usion and SW penetration, but di↵erence in the warm tendencies is small.
• Large di↵erences are found between 100-1000m, where CORE-II warms more
than JRA-55. The Pacific Ocean plays an important role on this warming trend.
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