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§ MITgcm ocean coupled to either SPEEDY or a Gray Radiation atmosphere
§ Role of continents in heat transport (Enderton & Marshall 2009)
§ Localization of deep sinking and overturning in narrow basin (Ferreira et 

al. 2010; Nilsson et al. 2013)
§ Role of continents in freshwater transport (Ferreira and Marshall 2015)
§ AMOC’s role in ITCZ location (Marshall et al. 2014)
§ Role of subtropical cells in ITCZ sensitivity to interhemispheric forcing 

(Green and Marshall 2017)

Idealized geometry coupled model studies
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§ MITgcm ocean-only
§ Interbasin transport and overturning with one wide and one narrow 

basin (Jones and Cessi 2016)
§ Cold route versus warm route inter-basin exchange dependence on 

continental length (Cessi and Jones, 2017)
§ Effect of Southern Ocean buoyancy loss on abyssal circulation and 

stratification (Jansen and Nadeau 2016; Jansen 2017)
§ Transient and equilibrium response of overturning circulation (Jansen et 

al. 2018)

by a diffusively driven positive cell. There is a weak
ROC in the wide basin that decreases as us moves
equatorward: it is 3,25,26Sv for us 52458,2358,2218,
respectively. This decrease leads to an increase in the
transequatorial ROC in the narrow basin, with the sum
over both basins remaining almost constant (cf. Fig. 14).
This finding is consistent with the results of Sijp and
England (2009), who identified the position of the zero
Ekman pumping in the Southern Ocean as an important
determinant of the AMOC. Here, the wind stress is
fixed, but the relative distance of the maximum of 2t/f
to the latitude of the short continent varies, so the two
approaches are comparable. In both Sijp and England
(2009) and our sets of numerical experiments there is a
portion of sinking that shifts between the narrow and
wide basins, associated with a change in the interbasin
residual transport (see Fig. 10), as the distance us 2 uo is
varied. The existence of partial sinking in the wide basin
is the major point of discrepancy with the conceptual
model of section 2, which assumes that all the sinking
occurs in one basin. We discuss this point further in the
next section.
In addition to the thickness-weighted average trans-

port as a function of latitude and depth, we consider
properties integrated above a buoyancy surface bm se-
lected to approximately divide the upper and lower
branches of the overturning. In practice bm is chosen to
go through the maximum of the zonally averaged ROC:

this criterion captures most of the transport of the in-
termediate water cell. The zonally averaged position of
this surface is shown by the thick black lines in Fig. 7.We
identify the depth of bm, shown in Fig. 8, as the variable h
in the conceptual model of section 2. In all cases the
depth of bm at the eastern boundary of the sinking basin
(ha in section 2) is shallower than that at the eastern
boundary of the nonsinking basin (hp in section 2), as in
Jones and Cessi (2016). The minimum difference in the
two depths is for us 5 2218, as predicted by the con-
ceptual model (cf. with the top panel of Fig. 4). Given
that the zero Ekman pumping latitude is uo 5 2438, the
most important difference among the three values of us
is that for us 52358 and2218 the subpolar circumpolar
contours are uninterrupted, and there is a single sub-
tropical supergyre in the Southern Hemisphere. For
us 5 2458, some subpolar circumpolar contours are in-
terrupted by the short continent, and there are two
separate subtropical gyres in the Southern Hemisphere.
This qualitative change is visualized by the barotropic
streamfunction associated with the horizontal velocity
integrated from top to bottom shown in Fig. 9, and it
leads to a fundamental difference in the interbasin
exchange flow.
As a measure of the residual transport exchanged

between the two basins we contour in Fig. 10 the pseu-
dostreamfunction associated with the zonal transport
above the isopycnal bm (whose height is given in Fig. 8).

FIG. 7. Residual overturning streamfunction in Sverdrups (color contours; interval 2 Sv) and bY 3 103 m s22, the
buoyancy of the surface whose average depth is z (black contours) in the (left) narrow basin and the (right) wide
basin for us 5 (top) 2438, (middle) 2358, and (bottom) 2218. The thick black contour denotes the isopycnal that
bounds the upper branch of the ROC: bm 5 0.0071m s22 for us 52458, bm 5 0.0066m s22 for us 5 358S and2218.
The vertical black line denotes the latitude of the short continent, and the vertical gray line is the latitude of the long
continent. South of the short continent the zonal integral of the ROC is over the whole width of the domain.
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Idealized geometry ocean-only model studies



§ The community would benefit from 
the ability to perform similarly idealized 
oceans and climate studies (with 
configurable continents and 
bathymetry), but with:

§ A state-of-the-art ocean (MOM6)
§ Realistic clouds and cloud 

feedbacks (AM2.1, CAM4, etc)
§ Continuity within a climate model 

hierarchy

Time for an update!
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§ How do clouds and cloud feedbacks 
change our understanding of

§ Role of continents in meridional heat 
transport and ocean overturning

§ Relative roles of ocean and 
atmosphere in meridional heat 
transport under different rotation rates

§ Role of ocean circulation in setting 
ITCZ location

Open science questions
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§ What sets the spatial pattern and magnitude of ocean heat uptake under 
CO2 forcing?

Open science questions
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models under CO2 quadrupling
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§ What sets the spatial patterns of radiative feedbacks and sea-surface 
warming? And why do radiative feedbacks become more positive over time?

Open science questions
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scattering–absorption term [;0.3Wm22 in the CMIP5
multimodel mean, with a range (not shown) from ;0.0
to 1.0Wm22 across models], which we interpret as the
instantaneous SW absorption component of the 4xCO2

effective radiative forcing.

3. An evolving pattern of surface warming in
CMIP5 models

This section considers how an evolving pattern of
surface warming may drive the change in feedback
strengths identified in section 2. Figure 5 shows the

CMIP5 AOGCM-mean surface warming pattern [de-
termined fromOLS regression of localDT against global
DT (i.e., it is dimensionless: in KK21) and is unity in the
global mean] for the first 20 yr (Fig. 5a) and the re-
maining years (Fig. 5b). Figure 5c shows the change in
pattern (i.e., Fig. 5b2 Fig. 5a, which must be zero in the
global mean by construction). The zonal-mean surface
warming patterns for the individual models are shown in
Figs. 5d–f. Note that, as with Fig. 4, the BCC and BNU
models are excluded.
A large Northern Hemisphere (NH) polar amplifica-

tion is well established early on in the simulation in all

FIG. 5. Geographical distribution of the pattern of surface air temperature change for (a) years 1–20, (b) years 21–
150, and (c) their difference for the CMIP5 AOGCMmean. Plots show the slope of the linear regression of local DT
against global DT for the relevant time periods and are dimensionless. By construction, the global mean of (a),(b) is
unity, while (c) is zero. (d)–(f) The zonal-mean patterns (red lines), where thin lines are individual CMIP5 models.

Fig(s). 5 live 4/C
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(Andrews et al. 2015)
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Global feedback 
response to localized 
patches of warming 
in NCAR’s CAM4 
(Dong et al., in review)
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followed by Gregory et al. (2004) and Andrews et al.
(2012a); Eq. (1) requires that a, 0 for the system to be
stable under perturbations.
The paradigm was first applied to equilibrium states,

such as CO2 doubling (2xCO2) scenarios that use an
atmospheric general circulation model (AGCM) cou-
pled to a simple thermodynamic mixed layer (‘‘slab’’)
oceanmodel (i.e., with prescribed ocean heat transport).
More recently, a constant a has been found to be an
excellent approximation under this idealized experi-
mental design during transient climate change, as dem-
onstrated by a linear dependence of N on DT in 2xCO2

experiments (e.g., Gregory and Webb 2008).
In contrast to idealized model studies of climate sen-

sitivity, real-world climate forcing and change are time
dependent and involve nonlinear coupled atmosphere–
ocean processes and heat exchanges between the ocean

mixed layer and deep ocean that require an AOGCM
(i.e., with a 3D dynamic ocean model) to simulate. The
linearity of Eq. (1) is found to be less robust in AOGCM
climate change simulations (see Fig. 1; Gregory et al.
2004; Andrews et al. 2012a; Armour et al. 2013; Geoffroy
et al. 2013; Block and Mauritsen 2013), which we in-
terpret as a nonconstant a, though other interpretations
can be drawn (see below). Nonetheless, we note that
linearity is a surprisingly good approximation for some
AOGCMs (e.g., Danabasoglu and Gent 2009; Andrews
et al. 2012a).
Recent work describing the time-dependent response

of AOGCMs has focused on developing new conceptual
frameworks fitted to AOGCM results. Winton et al.
(2010), Held et al. (2010), and Geoffroy et al. (2013)
used a two-layer ocean model (approximating a mixed
layer and deep-ocean response) and an ‘‘ocean heat

FIG. 1. Abrupt 4xCO2 Gregory plot (N as a function of DT ) for (a) HadCM3, (b) HadGEM2-ES, and (c) the
CMIP5 AOGCM mean. Lines show regression fits to the global annual-mean data points for years 1–20 (blue) and
subsequent years (red). The plots show global annual-mean data for the first 20 yr, followed by decadal means. The
slope and N intercept (DT 5 0) give the feedback parameter (a; Wm22K21) and effective radiative forcing
(F; Wm22), respectively. The DT intercept (N 5 0) estimates the equilibrium response assuming the feedback
strengths remain unchanged. The blue dotted line represents the path the AOGCMwould have taken to equilibrium
if it had maintained the feedback strengths as simulated during the early years of the experiment. (d) Comparison of
the net feedback parameter (a) diagnosed from the early (years 1–20) and subsequent (years 21–150) years. The
length (blue) and width (red) of the symbols in (d) represent their 95% confidence intervals (estimated by 1.96
standard deviations from the regression).
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§ What sets the spatial patterns of radiative feedbacks and sea-surface 
warming? And why do radiative feedbacks become more positive over time?

Open science questions
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(Andrews et al. 2015)
Radiative feedbacks 
become more positive 
(higher ECS) as the pattern 
of warming evolves



Grid customization
§ Creating continents: Python script generates ocean, atmosphere, land grids

§ Specify ocean depth and coordinate ranges for land (or ridges)
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§ Bash script calls GFDL’s FMS NC-Tools to create grid mosaics and coupler 

mosaics



Grid customization
§ Creating continents: Python script generates ocean, atmosphere, land grids

§ Specify ocean depth and coordinate ranges for land (or ridges)

§ Bash script calls GFDL’s FMS NC-Tools to create grid mosaics and coupler 

mosaics

§ Ocean grid extends from 70°S to 70°N. Currently using bipolar grid (instead of 

MOM6’s tripolar grid)



Example configurations with MOM6



Example configurations with MOM6



Coupled model (MOM6-AM2.1)
§ Not yet spun up to equilibrium – only 50 years of output shown here



Aqua Ridge Drake

DDrake - AgulhasDouble Drake Equatorial Passage

Antarctica Arctic Continents

Future work
§ Coupled model run to 

equilibrium

§ Additional configurations

§ Greenhouse gas forcing

§ Variable rotation rate 
experiments


