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Key Points:

* Dynamic sea level change spread is large in response to model-independent sur-
face heat flux change.

¢ Ocean circulation sensitivity modulates the dynamic sea level change in the North
Atlantic.

+ Ocean circulation weakening is amplified by an atmospheric feedback in coupled
climate models.
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Abstract

There is large uncertainty in the future sea level change at regional scales under
anthropogenic global warming. This study uses a novel design of ocean-only general cir-
culation model (OGCM) experiments to investigate the ocean’s response to surface buoy-
ancy and momentum flux perturbations, as part of the Flux-Anomaly-Forced Model In-
tercomparison Project (FAFMIP), and compares with results from coupled, atmosphere-
ocean GCM (AOGCM) experiments. Much of the inter-model spread is driven by the
response to surface heat flux perturbations. In a multi-model ensemble of OGCMs forced
with identical surface heat flux perturbations, regional sea level and ocean heat content
changes demonstrate considerable disagreement, especially in the North Atlantic. Spread
in both residual mean advection and diapycnal diffusion changes contribute to much of
the multi-model disagreement over regional heat content change. Residual mean advec-
tion changes are related to the large spread in simulated Atlantic meridional overturn-
ing circulation (AMOC) weakening (20-50%). We find approximately 10% more AMOC
weakening in response to surface heat flux perturbations in AOGCMs relative to OGCMs
with consistent ocean models. This enhanced AMOC weakening is driven by an atmosphere-
ocean feedback which amplifies the surface heat flux perturbation. In the North Pacific,
there is little agreement amongst the ensemble over which processes lead to ocean warm-
ing, with varying contributions from residual mean advection and diapycnal diffusion.
For the Pacific basin, the atmosphere-ocean feedback reduces sea surface temperature
(SST) warming by 0.5°C. In the Southern Ocean, the atmosphere-ocean feedback is not
generally important for buoyancy and momentum flux perturbations.

Plain Language Summary

A rise in sea level, as a result of climate change due to human activity, is a major
threat to coastal communities and environments. Sea level rise is partially caused by a
warming and expansion of the world’s oceans, due to a net heat input from the atmo-
sphere to the ocean. Changes in rainfall patterns and surface winds also affect the sea
level, but net heat input changes are the most important factor. State-of-the-art com-
puter models disagree on future projections of local sea level rise. It has been suggested
that this disagreement comes from differences in the amount of net heat input, and also
the different assumptions going into the computer models. We find a large local sea level
rise disagreement in the North Atlantic from giving several different computer models
the same net heat input change. These differences are linked to uncertainty in how much
Atlantic currents will slow in response to a given amount of warming. We also find that
computer models which include both atmosphere and ocean components slow the At-
lantic currents by more than computer models with just an ocean. This finding builds
our knowledge of the processes which determine the ocean’s role in climate change.

1 Introduction

A rise in global mean sea level is a robust feature of projected anthropogenic cli-
mate change from state-of-the-art atmosphere-ocean general circulation models (AOGCMs)
(Church et al., 2013; Slangen et al., 2014). Simulated global mean sea level rise is largely
due to a net ocean heat uptake, leading to thermal expansion, and total ocean mass in-
crease due to reduced terrestrial water and ice storage (Church et al., 2013). However,
there is considerable disagreement amongst AOGCMs contributing to the Coupled Model
Intercomparison Project, phase 5 (CMIP5, (Taylor et al., 2012)) on the more policy-relevant
regional patterns of sea level change (Yin, 2012; Bouttes et al., 2012; Church et al., 2013;
Bouttes & Gregory, 2014). Air-sea buoyancy and momentum flux changes are coupled
to ocean dynamic and thermodynamic changes, and play an important role in modulat-
ing regional sea level change (Lowe & Gregory, 2006; Bouttes & Gregory, 2014).
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Dynamic sea level (DSL) change is a useful metric for examining the processes which
modulate regional sea level. DSL is defined as { = 1 — 7, where 7 is the sea surface
height relative to a fixed geopotential surface, and ~ represents a global mean. Hence,

DSL change, A( = An—A7, has a global mean equal to zero by construction. Changes
in depth integrated ocean circulation directly contribute to A( via a barotropic compo-
nent. Circulation change is also strongly coupled to temperature and salinity changes,
which affects density, and contributes to A through a baroclinic component. Typically,
at mid and high latitudes, the baroclinic component of A has a much larger magnitude
than the barotropic component (Lowe & Gregory, 2006).

Coupled AOGCMs generally simulate qualitatively consistent A( responses to green-
house gas forcing in three regions. Reduced heat loss and increased precipitation over
the high latitude North Atlantic inputs buoyancy, weakens the Atlantic meridional over-
turning circulation (AMOC) and leads to a meridional A¢ dipole. This A¢ dipole is char-
acterised by relative sea level increases and decreases over the subpolar and subtropi-
cal gyres, respectively (Bouttes et al., 2013). Over the North Pacific, an opposite A dipole
is simulated, due to relatively enhanced heat uptake over the subtropical gyre, and in-
creased zonal wind stress which accelerates the gyre circulation (Yin et al., 2010). In the
Southern Ocean, a similar A dipole is evident, with relative sea level increases and de-
creases north and south of the Antarctic Circumpolar Current (ACC), respectively. In-
creased buoyancy input at high Southern Ocean latitudes is advected northwards via Ek-
man transport. This Ekman transport of relatively low density water is further enhanced
due to increased westerly wind stress over the ACC, leading to the meridional DSL change
dipole (Lowe & Gregory, 2006; Bouttes et al., 2012; Marshall et al., 2015; Saenko et al.,
2015). The North Pacific and Southern Ocean features are common in a majority of mod-
els, with weaker consensus for the North Atlantic (Slangen et al., 2014). There is little
consensus on the rate at which regional anthropogenic A¢ will emerge from natural vari-
ability due to disagreement in the unperturbed and forced inter-annual variability, and
uncertainty in the sensitivity of ocean dynamics to surface forcing (Lyu et al., 2014).

In order to investigate the spread in DSL projections under greenhouse gas forc-
ing, Gregory et al. (2016) devised the Flux-Anomaly-Forced Model Intercomparison Project
(FAFMIP), a novel set of AOGCM experiments and diagnostics to contribute towards
CMIP phase 6 (CMIP6). Part of the spread in DSL projections from AOGCMs arises
from the global and local ocean dynamical and thermodynamical response to greenhouse
gas forcing, leading to different patterns of surface flux changes (Bouttes et al., 2012).
The FAFMIP experiments involve prescribing time-independent (except for a seasonal
cycle) surface buoyancy and momentum flux perturbations (presented in Figure 1 and
discussed further in Section 2) to an ensemble of several different AOGCMs. The per-
turbations are the same in all models, so this framework estimates the model response
driven spread in DSL change uncertainty. A further experiment involves applying the
buoyancy and momentum flux perturbations simultaneously. Comparing the response
to this simultaneous perturbation with the sum of the responses to the individual per-
turbations, the nonlinear response to heat, freshwater and momentum flux changes can
also be diagnosed.

This study presents an ocean-only FAFMIP investigation, building and complement-
ing the AOGCM analysis of Gregory et al. (2016). Here we use an ensemble of five ocean
general circulation models (OGCMs), and two AOGCMs with ocean components from
the OGCM ensemble. Two aims motivate this study of the ocean’s role in future DSL
change:

The first aim is the one which motivates FAFMIP, namely to examine how much
of the spread in regional patterns of A and heat content change in coupled AOGCMs
is due to the use of different ocean models. Individual OGCMs simulate a range of back-
ground states, use a variety of spatial grids and incorporate different sub-grid scale parametri-
sations, with varying biases relative to the observed ocean state (Flato et al., 2013). The
ocean-only FAFMIP extends the comparison by including models which are not used in
CMIP5.
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The second aim of this study is to quantify the effect of atmosphere feedbacks on
ocean climate change. In ocean-only FAFMIP experiments, no surface restoring or bulk
formulae for ocean-atmopshere coupling is applied in the forced scenarios. In coupled
FAFMIP experiments, the atmosphere responds to changes in sea-surface conditions sim-
ulated by the ocean, producing a coupled feedback. For example, the applied heat flux
perturbation induces a weakening of the Atlantic Meridional Overturning Circulation,
leading to a cooling in the North Atlantic, and hence an increase in the heat flux into
the ocean, as a positive feedback.By comparing AOGCM and OGCM simulations per-
formed with an identical ocean model, this and other such coupled feedbacks can be quan-
tified, because they do not occur in the ocean-only FAFMIP experiments.

The OGCM and AOGCM FAFMIP methods are described in Section 2. Section 3
presents an analysis of the ocean circulation, heat content and DSL change in the sur-
face heat flux perturbation experiment, FAF-heat. Section 4 extends this analysis to the
surface freshwater (FAF-water) and momentum (FAF-stress) flux perturbation exper-
iments, in addition to the simultaneous surface flux perturbation experiment (FAF-all).
Finally, Section 5 presents the conclusions.

2 Methods

Five ocean general circulation models (OGCMs: MITgem, MOMS5, ACCESS-OM2,
HadOM3 and NEMO3.4) and two coupled, atmosphere-ocean general circulation mod-
els (AOGCMs: HadCM3 and CanESMS5) are used in this study. Model acronyms, forc-
ing data and technical details are presented in Table 1. HadOM3 and NEMO3.4 are the
ocean components to HadCM3 and CanESM5, respectively. MOM5 and ACCESS-OM2
are two slightly different configurations of the NOAA-GFDL Modular Ocean Model, ver-
sion 5 (S. Griffies, 2012). Initial conditions for MOM5 and ACCESS-OM2 are from the
end of a 4000 year spin up with prescribed COREv2 forcing data (Large & Yeager, 2009),
and the end of a 1000 year spin up with prescribed JRA55-do normal year forcing data
(Tsujino et al., 2018), respectively. Hence, intercomparison between MOMb5 and ACCESS-
OM2 provides an estimate of the effect of using different background ocean states.

Amongst the OGCM ensemble, the horizontal grid resolution is nominally between
2.8° to 1° latitude x longitude, with vertical grids using between 15 to 50 irregularly spaced
levels, with level thickness increasing with depth. All OGCMs use the Gent and McWilliams
(1990) (GM) eddy parametrisation scheme to represent sub-grid, mesoscale eddies. MIT-
gem, MOMS5, ACCESS-OM2 and HadOM3 implement a skew-flux closure (S. M. Griffies,
1998) of the GM scheme, with MITgem, HadOM3 and NEMO3.4 using the Visbeck et
al. (1997) scheme to estimate the isopycnal diffusion coefficient from the diagnosed Eady
growth rate. There is no sea-ice model active in any of the OGCMs, whereas both AOGCMs
include a thermodynamic-dynamic sea-ice model. Further details of the parametrisations
used in each model are presented in Appendix A.

To produce statistically equilibrated initial conditions, the OGCMs except for HadOM3
are integrated for several thousand years with either a prescribed monthly climatology
(MITgem) or daily varying (ACCESS-OM2 and NEMO3.4) air-sea heat, Q in W m™2,
freshwater, W in kg m~2 s~!, and momentum fluxes, 7 in Pa, or a prescribed atmospheric
climatological state from which these fluxes are estimated via bulk formulae (MOMS5).

The MITgcm and NEMO3.4 surface conditions are derived from a AOGCM pre-industrial
simulations, with the ACCESS-OM2 and MOMS5 surface conditions representative of late
twentieth century observations. Following Huber and Zanna (2017), in MITgem the sur-
face layer is relaxed to climatologies of sea surface temperature (6*) and sea surface salin-
ity (S*) on time scales of 60 and 90 days, respectively. A similar restoration of SST and
SSS in NEMO3.4 and ACCESS-OM2 is also applied (Table 1). For the coupled AOGCMs
(HadCM3 and CanESMS5) initial conditions are obtained from a long running spin up
simulation with prescribed pre-industrial control greenhouse gas concentrations and aerosol
forcing. By definition, the HadOMS3 initial conditions are identical to HadCM3.
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The FAF-control simulation for HadCM3 and CanESMS5 is performed by contin-
uing the spin up simulation for a further 70 years. For HadOM3, daily atmosphere-ocean
and sea ice-ocean buoyancy and momentum fluxes from the HadCM3 FAF-control sim-
ulation are prescribed directly to the HadCM3 ocean component with no atmospheric
coupling. Hence, the HadOM3 and HadCM3 FAF-control simulations are identical. For
the other OGCMs, the spin up simulations are also continued for a further 70 years in
order to produced restored control simulations. In these restored control simulations, the
effective air-sea heat and freshwater fluxes from the prescribed surface restoration are
diagnosed and saved at 6-hourly (ACCESS-OM2, NEMO3.4) or daily (MITgecm, MOMS5)
intervals. Here, surface restoration refers to either the 8* and S* relaxation plus prescribed
buoyancy fluxes applied in ACCESS-OM2, MITgcm and NEMO3.4, or the use of bulk
formulae with a fixed atmospheric state in MOMS5. Consider temperature, ¢, and salin-
ity, S, in the surface layer for MITgecm. Advection and diffusion are governed by:

o0 B . Q
E—&-(mV)G—V-(nVG)——)\e(G—G)+m7 (1)
and
5‘5 o * SOW
S T (W V)=V (5V5) = —As(S - 5) PR (2)

where V is the three-dimensional (3-D) gradient operator, u is the 3-D resolved ve-
locity vector, x represents the 3-D diffusivity coefficient, Ay and Ag are the reciprocals
of the temperature and salinity restoration timescales, in s~!, respectively, po = 1035
kg m™3, Sy = 35 psu, ¢, = 4000 J K~! kg~! are the reference density, salinity and
specific heat capacity values, and Az, = 50m is the thickness of the surface layer. In
this example, —Ag(0—0*)— I)OCSAZS and f/\S(SfS*)fi“—ZI: are diagnosed as the effec-
tive air-sea heat and freshwater fluxes, respectively. In the surface layer, the momentum
balance is given by

1
a—u—&—(u-V)u+;Vp—f><u—V-(/cVu):

T

T (3)

pOAZs '

where p is the pressure and f is the Coriolis vector. In the restored control period
is re-run with the control momentum and effective surface buoyancy forcing, without any
surface restoration. These buoyancy and momentum flux-only runs form the FAF-control
simulations for ACCESS-OM2, MITgecm, MOMS5, and NEMO3.4. In all cases, using high
temporal frequency forcing fluxes is essential to the FAF-control design in order to min-
imise any drift away from the spin up control climate (as in Method C of Gregory et al.
(2016)). Note that FAF-control uses flux forcing alone, without any surface restoration,
since the aim is to eliminate any processes which would cause surface fluxes to react to
the surface state (as in Method B of Gregory et al. (2016)).

Four perturbation experiments are performed: FAF-heat, FAF-water, FAF-stress
and FAF-all, closely following the protocol presented by Gregory et al. (2016). In FAF-
heat, FAF-water and FAF-stress, a constant (except for a seasonal cycle) surface heat
(Q"), freshwater (W’) and momentum (7') flux perturbation is applied, respectively. In
FAF-all, all three perturbations are applied simultaneously. These flux perturbations are
calculated from the twelve month climatological CMIP5 ensemble mean difference be-
tween years 61-80 of the 1% COy year™! simulation and all years of the pre-industrial
control simulation, and bilinearly interpolated onto each model’s native grid. Figure 1
shows the annual mean of the FAFMIP surface perturbations. In order to restrict ex-
cessive ocean cooling, negative Q" over the Barents and Kara sea regions (ocean grid points
between 15°E-135°E and north of 60°N) are reset to zero. This has the effect of adding
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Figure 1. FAFMIP annual mean surface flux perturbations. Colours in (a) and (b) show the
surface heat (FAF-heat) and surface freshwater (FAF-water) flux perturbations, respectively.
Note that the surface heat flux perturbation over the Barents and Kara seas is reset to zero.

In (c), colours indicate the magnitude, and arrows the direction, of the surface momentum flux
perturbation (FAF-stress). All flux perturbations are defined as positive downwards, from the
atmosphere to the ocean. In (d), a schematic demonstrates the surface flux perturbations applied

in each experiment.

approximately 3% to the globally integrated atmosphere to ocean heat flux perturba-
tion relative to the original FAF-heat Q' presented by Gregory et al. (2016). Since this
difference is small relative to the global mean FAF-heat perturbation (1.8 W m~2), we
continue to refer to the present heat flux perturbation experiment as FAF-heat. Since
the OGCMs do not include a sea ice component, any of the perturbation experiments
could lead to changes in ocean circulation and heat convergence which might result in
SST below freezing. However, this effect is typically found to be small and localised, with
further detail provided in Appendix Appendix A.

A similar ocean-only experimental design has previously been implemented by Marshall

et al. (2015) and Zika et al. (2018). Marshall et al. (2015) included a feedback to damp
SST change. This is not done in ocean-only FAFMIP experiments because we specifi-
cally wish to avoid surface flux feedbacks on ocean climate change, as it would interfere
strongly with the imposed heat flux perturbation. Zika et al. (2018) used a repeating 10
year climatology of effective surface fluxes, in contrast to the entire 70 year period of ef-
fective surface fluxes considered in this study. Moreover, Zika et al. (2018) considered
more idealised surface flux perturbations relative to FAFMIP, including a global ampli-
fication of the freshwater flux and globally uniform surface heat flux change.
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The AOGCM FAF-heat simulations for HadCM3 and CanESM5 are performed fol-
lowing method B of the FAFMIP protocol (Bouttes & Gregory, 2014; Gregory et al., 2016).
In the respective ocean components, a redistributed passive temperature tracer is intro-
duced, 6p, initialised everywhere at the control temperature at the end of the spin up
simulation. @z only experiences the unperturbed atmosphere to ocean heat flux, Q. An
added passive temperature tracer, 6 4, initialised at 0 everywhere and experiencing only
@', is also introduced. The surface layer of 6y is the sea surface temperature used by the
atmosphere to compute (). Meanwhile, the active temperature field, 0, experiences Q-+
@', and hence stratification, circulation and heat content can change. The FAF-water
and FAF-stress simulations are performed by directly perturbing the atmosphere-ocean
freshwater and momentum fluxes, respectively, since the atmosphere feedback to these
perturbations is fairly small.

The OGCM FAF-heat simulations for ACCESS-OM2, MITgcm, MOMS5 and NEMO3.4
are performed by directly applying Q' to the respective FAF-control atmosphere-ocean
heat fluxes. For the HadOM3 FAF-heat simulation, @' is applied to the FAF-control atmosphere-
ocean and sea ice-ocean heat fluxes in open ocean and sea ice covered regions, respec-
tively. This HadOMS3 approach is slightly different from the method C protocol described
by Gregory et al. (2016). Under method C, the sea ice model interacts with the redis-
tributed SST, which may lead to a change in the sea ice-ocean buoyancy fluxes relative
to FAF-control. In addition, the method C protocol suggested using a monthly clima-
tology which produced a substantial drift in the ocean state. By using higher frequency
surface forcing in this study, the drift is negligible. Similar to the AOGCM experiments,
an added passive temperature tracer, 64, is also introduced in OGCMs. The redistributed
temperature change can then be computed off-line as the difference § — 4. The cor-
responding FAF-water and FAF-stress simulations are performed by directly applying
W' and 7’ to the FAF-control freshwater and momentum fluxes, respectively.

Annual mean temperature, salinity, velocity and dynamic sea level diagnostics for
each simulation are saved on each model’s native grid. In addition, temperature and salin-
ity tendency diagnostics, as presented in Table 4 of Gregory et al. (2016), are saved as
annual means. Kuhlbrodt et al. (2015) review the use of temperature tendency diagnos-
tics in previous studies, demonstrating that global mean ocean heat content change is
largely a balance of downward advection changes in the extratropics, compensated by
upward isopycnal diffusion changes, mainly in the Southern Ocean. In the following anal-
ysis, regional, basin and global means are computed on each model’s native grid. For spa-
tial intercomparisons, all model data is bilinearly interpolated onto the MITgcm regu-
lar 2.8° latitude x longitude grid.

3 FAF-heat Intercomparison

This section examines the OGCM and AOGCM responses in the FAF-heat sim-
ulation. Discussion of ocean heat content and dynamic sea level change focuses on the
mean difference between FAF-heat and FAF-control during the last decade, year 61-70,
of each experiment.

3.1 Ocean Circulation

Amongst the OGCM and AOGCM ensemble, the 70 year mean FAF-control At-
lantic meridional overturning circulation (AMOC) strength, ¥ 4pr00, varies between 11-
21 Sv (1 Sv = 10% m? s71). Here, U apr0c is defined as the maximum of the overturn-
ing streamfunction between 20°N and 60°N, and beneath 500 m depth (Huber & Zanna,
2017). This spread in mean AMOC strength is consistent with the CMIP5 multi-model
ensemble pre-industrial control simulations (Wang et al., 2014). Huber and Zanna (2017)
found that spread in AMOC strength amongst CMIP5 models is dominated by differ-
ences in high latitude surface heat fluxes. The relative FAF-heat AMOC strength change,
AV 4p100, over time is presented in Figure 2(a). The rate of AMOC weakening in FAF-
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Figure 2. Atlantic meridional overturning circulation (AMOC) strength change, AV ano0c
(Huber & Zanna, 2017), versus time for FAF-heat (a), FAF-all (b), FAF-water (c) and FAF-stress
(d) relative to FAF-control. Blue (NEMO3.4/CanESM5) and red (HadOM3/HadCM3) lines in-
dicate ocean-only (solid) and coupled, atmosphere-ocean (dashed) simulations, respectively. Solid
and dashed magenta lines denote two MOM simulations, MOMS5 and ACCESS-OM2, respec-
tively. The dotted black line indicates AV anoc = 0, with individual models colours as in the

legend.

heat typically slows over time, consistent with more realistic, coupled AOGCM simula-

tions under greenhouse gas forcing (Collins et al., 2013). After 60 years in FAF-heat, AV 4p00

ranges between -20% to -50%. This AMOC response spread suggests differences in model
sensitivity to identical surface perturbations is relatively high, in contrast to (Huber &
Zanna, 2017).

For the two pairs of coupled atmosphere-ocean and ocean only simulations, AMOC
weakening is 10% larger in the coupled relative to the ocean-only configuration. The MIT-
gem, MOMS and ACCESS-OM2 cases demonstrate substantially less AW 4,00 inter-
annual variability in comparison to other ensemble members. This is likely due to the
relatively low frequency, monthly FAF-control background surface fluxes (Q, W and 7)
which are linearly interpolated to daily frequency and applied in MITgcm, MOMS5 and
ACCESS-OM2. Weak SST and SSS restoring is also applied in MITgcm and ACCESS-
OM2, which acts mitigate high frequency variability. In contrast, daily and sub-daily FAF-
control surface fluxes from an interactive atmosphere are applied in HadOM3/HadCM3
and NEMO3.4/CanESM5, respectively.
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Figure 3. Vertical profiles of mean temperature change in FAF-heat year 61-70 minus FAF-
control for the global (a), Pacific (b) and Atlantic (c) ocean. For each figure, the upper panel
shows the upper 1 km, with the lower panel showing 1-5 km depth. Line colours and styles are
defined in the legend, with dashed blue and red lines denoting the coupled, AOGCM simulation.

In each model, the barotropic streamfunction decreases along the western bound-
ary of the North Atlantic in FAF-heat and increases near the subpolar gyre (not shown).
This suggests a general weakening of the North Atlantic subtropical and subpolar gyre
circulation, which is consistent with the simulated AMOC weakening (Figure 2(a)). There
is no consensus amongst the ensemble of a change in the Antarctic circumpolar current
(ACC) strength, measured by the Drake Passage transport, ¥ 4o0c (Huber & Zanna, 2017).
Some models indicate a very strong ¥ 4cc weakening, such as ACCESS-OM2 (-7.7%)
and MOMS5 (-12.4%), whilst the other models show only small changes (weakening or
strengthening): NEMO3.4 (-0.7%), MITgem (0.2%), HadOM3 (1.3%) CanESM5(1.6%)
and HadCM3 (1.7%). Changes in the Antarctic bottom water (AABW) overturning, ¥ 4apw
(defined as the minimum of the global meridional overturning streamfunction beneath
500 m and north of 40°S) range between -3.8% to 3.1%, indicating no multi-model con-
sensus and relatively small changes in this suite of models.

3.2 Ocean Heat Content

In the FAF-heat simulation, global mean and basin scale warming after 60 years
is largely confined to the upper 1000 m (Figure 3). The vertical profile of global mean
temperature change beneath 400 m is generally consistent across the ensemble. Global
mean SST warming is approximately 2°C in MOMb5, HadOM3, NEMO3.4, HadCM3 and
CanESM5. MITgem and ACCESS-OM2 are outliers, with global mean SST warming of
1.1°C and 2.8°C, respectively. Pacific mean vertical profiles of temperature change are
similar to the global profiles beneath 200 m. However, in the upper layers of Pacific, the
two coupled simulations (CanESM5 and HadCM3) indicate less warming relative to the
corresponding ocean-only (NEMO3.4 and HadOM3) simulations, with a mean difference
in SST change of -0.5°C. An opposite response occurs in the Atlantic, with relatively more
warming in the upper layers of the coupled versus ocean-only simulations. As in the global
mean, MITgcm is an outlier compared to the rest of the ensemble, with less surface warm-
ing in the Atlantic but a deeper penetration of >0.5°C warming, potentially due to the
vertical resolution of the models or vertical mixing parameterisations.
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Figure 4. As in Figure 3, except for added temperature change in FAF-heat year 61-70 minus
FAF-control.

Global and basin scale vertical profiles of FAF-heat temperature changes are typ-
ically consistent with corresponding vertical profiles of added temperature changes (Fig-
ure 4). In particular, warming from surface added temperature changes in the Atlantic
is intensified in coupled models. This is linked to the enhanced AMOC weakening in AOGCMs,
which leads to less downward advection of added temperature changes relative to OGCMs.
Similarities between temperature and added temperature change suggests that heat con-
tent change at basin scales is largely due to the passive advection and diffusion of a net
heat input at the surface, consistent with previous coupled FAFMIP simulations (Gregory
et al., 2016). In contrast to basin scale total and added temperature changes, correspond-
ing redistributed temperature changes are relatively small (not shown), with global mean
absolute redistributed SST changes less than 0.5°C.

Ocean heat content change at each grid point is defined as AOHC = ¢ppoAGAdz,
assuming ¢, = 4000 J K~! kg™! is a fixed specific heat capacity, po = 1035 kg m~3 is
a constant reference density, A is the temperature change, A is the surface area and 0z
is layer thickness. Regional patterns of the depth integrated total, added and redistributed
ocean heat content change in FAF-heat are shown in Figures 5-7, respectively. All mod-
els indicate increased total heat content in the mid-latitude relative to the high-latitude
Southern Ocean where there is a net surface heat input. The pattern and magnitude of
Southern Ocean total heat content change is similar to the added heat content change
(Figure 6), whilst the redistributed heat content change has a much smaller magnitude
in this region. This suggests that Southern Ocean heat content change is largely due to
northward Ekman transport and subduction of heat input at high latitudes (Armour et
al., 2016; Gregory et al., 2016; Zanna et al., 2019). The similarity between OGCM and
AOGCM AOHC implies that the atmospheric feedback in coupled simulations has a min-
imal role in affecting heat content in the Southern Ocean.

The North Atlantic demonstrates the largest spread across the ensemble in the pat-
tern of ocean heat content change. This is linked with the large spread in simulated AMOC
changes (Figure 2(a)), which modulates the northward heat flux into the North Atlantic.
A region of substantial heat loss in MITgem, MOMS5, ACCESS-OM2, and to a lesser ex-
tent in HadOM3, is present in the mid-latitude North Atlantic. In contrast, NEMO3.4
and the two coupled simulations indicate increased heat content in this region. Exam-
ining the added and redistributed heat content patterns in the North Atlantic, we see
that the total heat content change is a small residual of the sum of these two terms. The
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Figure 5. Colours show the depth integrated FAF-heat minus FAF-control year 61-70 mean
ocean heat content change in GJ m™2 (1 GJ = 10° J), with the global mean (3.6 GJ m™?)
subtracted, for each model. Coupled models are indicated with a *. Black contours denote the
corresponding FAF-heat minus FAF-control year 61-70 mean dynamic sea level change, A(, at

0.1 m intervals. Dashed and solid lines denote negative A and positive A(, respectively.
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Figure 6. Depth integrated added heat content change [GJ m™2] year 61-70 FAF-heat minus
FAF-control.
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Figure 7. Depth integrated redistributed heat content change [GJ m~2] year 61-70 FAF-heat

minus FAF-control.
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spread in added heat content, which warms the North Atlantic, is much smaller than the
spread in redistributed heat content, which generally cools the mid-latitude North At-
lantic, due to the reduced northward heat transport by the weakened AMOC. In the two
MOM simulations, MOMS5 and ACCESS-OM2, the main difference is the background

state. The redistributed heat content change is of a larger magnitude across the Atlantic

in ACCESS-OM2 relative to MOMS5. These results suggest that differences in circula-

tion change, and the background circulation, are primary in setting the heat content change
in the North Atlantic.

Comparing the ocean-only and coupled cases, we find that there is a greater depth
integrated total heat content increase in the mid-latitude North Atlantic, and less de-
creased heat content in the tropical Atlantic, in the latter. In the mid-latitude North At-
lantic, added heat content increases (Figure 6) are slightly weaker in the coupled sim-
ulations, whilst redistributed heat loss (Figure 7) is much weaker. However, it is impor-
tant to note that in AOGCMs the redistributed heat change also includes the effect of
additional air-sea heat flux changes from the atmospheric feedback. Examining the ver-
tical profile of redistributed temperature change, Afr, reveals that North Atlantic cool-
ing is more concentrated and stronger near the surface in AOGCMs in comparison to
OGCMs. Consequently, in AOGCMs, the surface fr minus air temperature gradient is
steeper relative to the implicit SST minus air temperature gradient contributing to the
atmosphere-ocean heat flux in OGCMs. This leads to an additional surface heat input
at high latitudes from the atmosphere in coupled simulations, relative to ocean-only sim-
ulations. In the tropical Atlantic, #z warming is more concentrated near the surface in
AOGCMs relative to OGCMs. Hence, in AOGCMs, there is additional heat loss to the
atmosphere over the tropical Atlantic, which is balanced by the extra heat input at higher
latitudes.

In the Pacific, the ocean heat content change is typically more homogeneous than
in the Atlantic and Southern oceans across the multi-model ensemble, at approximately
1-2 GJ m~2. Similar to the Atlantic, Pacific warming from added heat is typically larger
at high latitudes (3-4 GJ m~?) and weaker at low latitudes (0-1 GJ m~2). This added
heat content change pattern is offset by a slight cooling due to redistribution at high lat-
itudes, and a warming from redistribution in the tropics.

The surface heat flux change in AOGCMs is tightly coupled to the AMOC change.
Total heat gain and loss at high and low latitudes in the Atlantic, respectively, weak-
ens the meridional density gradient, causing the AMOC to weaken. This AMOC weak-
ening reduces northward heat transport, which leads to further surface 6z cooling at high
latitudes and warming at low latitudes, contributing to the AMOC weakening in cou-
pled models. This mechanism is consistent with the simulated 10% additional AMOC
weakening in AOGCMs relative to the OGCMs (Figure 2(a)). Consequently, the atmo-
spheric feedback due to heat redistribution acts to enhance AMOC weakening in AOGCMs
by slightly amplifying the prescribed surface heat flux perturbation.

The time and depth weighted 70 year mean FAF-heat minus FAF-control temper-
ature tendency terms are now examined to assess which processes contribute to the AOHC
patterns. Figure 8 demonstrates the ensemble mean and standard deviation of the to-
tal temperature tendency change, Ad;0, whose time-integral is identical to AOHC' in
heat flux units by definition. The FAFMIP temperature tendency diagnostics enable the
decomposition:

Aata = Aateresolved + Aateeddy + Aatgisopycnal + Aatediapycnal + Aatgsm’face- (4)

Herea Aateresolvedv Aateeddya Aa1591'sopycnal and Aatediapycnal are the temperature
tendency changes due to resolved advection, parametrised eddy advection, isopycnal dif-
fusion and diapycnal diffusion changes, respectively. Temperature tendency changes in
the surface layer due to the atmosphere-ocean heat flux perturbation are represented by

—14—



432

433

434

435

436

437

438

439

440

442

443

444

445

447

448

449

(a) AD;0 std dev [W m~2] (b) AD;0 mean [W m~2]

S H

P s

o e —

T T T T
0.05 0.10 0.15 0.20 —-0.15 —-0.10 —0.05 0.00 0.05 0.10 0.15

Figure 8. Depth-weighted and year 1-70 mean FAF-heat minus FAF-control total tempera-
ture tendency change for the multi-model ensemble standard deviation (a) and mean (b). Black

boxes indicate the North Atlantic, North Pacific and Southern Ocean regions.

A0O¢Osyur face- Three case study regions are selected for further analysis: the mid-latitude
North Atlantic, which shows the largest spread in Adyf and a multi-modl mean heat loss,
the western North Pacific over the subtropical gyre, with moderate heat increase and en-
semble spread, and the low-latitude Southern Ocean between 35°S to 55°S, as shown in
Figure 8. For each of these case study regions, @’ > 0 and hence Adfsur face > 0. Be-
neath the surface layer, Ad;0surface = 0 by definition, and as the surface layer thick-
ness varies across the ensemble (6-50 m), the depth weighted mean of Ad;0syrface also
varies (Figure 9).

For the mid-latitude North Atlantic region (Figure 9), MITgcm and MOMS5 sim-
ulate A0 < 0, whereas HadOM3, HadCM3, NEMO3.4 and CanESM5 all simulate A9;0 >
0. In every model, the A0;0;csoiveq contribution to Ad; is negative. This cooling due to
resolved advection is consistent with the simulated AMOC weakening under FAF-heat
(Figure 2), which reduces northward heat transport in the North Atlantic. The cooling
is approximately one quarter opposed by a positive contribution to Ad; due to parametrised
eddy advection from the GM scheme. Exarchou et al. (2015) found a similar large neg-
ative contribution to the North Atlantic heat budget due to weakened residual mean ad-
vection. Generally, the sign of Ad84iapycnar is consistent with Ad;. However, there is
broad spread in all temperature tendency terms across the ensemble, suggesting that no
single process dominates heat content change in the mid-latitude North Atlantic, con-
sistent with the findings of Exarchou et al. (2015) who analysed three different AOGCMs.

In the western North Pacific subtropical gyre region (Figure 8), all models simu-
late A0 > 0, however, there is large spread in the magnitude of the heat content change
across the ensemble. There is no consistency between Adif > 0 and the sign of any sin-
gle component in the heat budget decomposition (Equation 4). For example, the large
heat increase in HadCM3, A0 = 0.07 W m~2, is mainly driven by resolved advection
change, A8 esoived = 0.065 W m~2 . In contrast, heat increase in HadOM3, Ad,0 =
0.035 W m~2, is mainly a balance of diapycnal diffusion, 0.05 W m~2, and resolved ad-
vection, -0.02 W m~2, changes. This highlights a substantial contrast in the heat con-
tent change processes between a matching AOGCM/OGCM pair of models. Generally,
across the ensemble, spread in the individual processes contributing to heat increases in
the western North Pacific typically cancels, resulting in only small spread for Ad;6.

For the low-latitude Southern Ocean, where increased heat content is simulated in
all cases, a more consistent result is evident in contrast to the mid-latitude North At-
lantic and western North Pacific. In all models, heating from A08;sopycnai, and to a lesser
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Figure 9. Area and depth-weighted mean components (Equation 4) of the FAF-heat minus
FAF-control temperature tendency change for the North Atlantic (a), North Pacific (b) and

Southern Ocean (c) regions, as presented in Figure 8.
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extent Adif4iapycnal, largely determine the magnitude of Ag,§. MITgem is an outlier,
where heating from diapycnal diffusion change exceeds isopycnal diffusion change. No-
tably, both the resolved and parametrised eddy advection terms are much smaller than
A0, or weakly negative in all cases. This suggests that residual mean advection changes
in FAF-heat play a minimal role in setting the low-latitude Southern Ocean warming.
This contrasts the findings of Kuhlbrodt et al. (2015), who showed that subtropical South-
ern Ocean warming is mainly due to residual mean advection changes, whilst higher-latitude
Southern Ocean warming is largely due to reduced vertical isopycnal diffusion. However,
this study examines a broader latitude band than Kuhlbrodt et al. (2015) and focuses

on total isopycnal diffusion changes instead of just the vertical component, perhaps ex-
plaining the disparity. Furthermore, the dominance of total isopycnal diffusion change

in the Southern Ocean heat budget in FAF-heat is broadly consistent with the findings

of Gregory (2000) and Exarchou et al. (2015).

3.3 Dynamic Sea Level

Across the ensemble, the FAF-heat simulated DSL change, A(, is generally a 20
cm fall across the high latitude Southern Ocean and a weaker, 10 cm rise across much
of the tropical and subtropical Atlantic, as shown by the contour lines in Figure 5. Over
the North Pacific, a relative sea level rise of 10 cm is consistently simulated over the sub-
tropical gyre, with a relative sea level fall of approximately 8 cm simulated over the sub-
polar gyre. Similar to ocean heat content change, the largest A( spread is over the North
Atlantic, consistent with the findings of Gregory et al. (2016). In MITgecm, MOM5 and
ACCESS-OM2, a relative sea level fall is simulated over the North Atlantic subpolar gyre,
with a relative sea level rise over the subtropical gyre. In contrast, HadOM3 and HadCM3
simulate a sea level rise over the subpolar gyre, and a weaker relative sea level fall at mid-
latitudes. NEMO3.4 and CanESM5 both simulate a relative sea level rise across much
of the North Atlantic.

Bouttes et al. (2013) suggest the simulated DSL change pattern of relative sea level
rise over the subpolar gyre and fall over the subtropical gyre under CO; forcing is largely
due to the surface heat flux change. Simulated temperature and salinity changes in FAF-
heat are used to decompose DSL changes into steric, Afgieric, thermosteric, Ay, and
halosteric, Alg, contributions (Pardaens et al., 2011) using a nonlinear equation of state
(TEOS-10, McDougall and Barker (2011)). Simulated DSL changes are almost entirely
steric, with a negligible contribution from barotropic changes (not shown). The halosteric
DSL change (Figure 11) largely balances the thermosteric (Figure 10) DSL change, leav-
ing the steric DSL change as a small residual (Lowe & Gregory, 2006). The thermosteric
DSL change closely resembles the total heat content change (Figure 5). Both the ther-
mosteric and halosteric components show substantial spread in the North Atlantic, each
contributing to the large spread in simulated DSL change.

4 FAF-water, FAF-stress and FAF-all Intercomparison

This section explores the ocean’s response in the FAF-water, FAF-stress and FAF-
all experiments. Similar to Section 3, analysis focuses on the mean simulated change dur-
ing years 61-70.

4.1 Ocean Circulation

Simulated AMOC weakening across the ensemble is of a similar order of magni-
tude in FAF-all, 20-50%, as in FAF-heat, as shown by Figure 2(b). This suggests that
the addition of surface freshwater and momentum fluxes in OGCMs has only a secondary
effect to surface heat fluxes in modulating AMOC changes (as found for AOGCMs (Gregory
et al., 2016)). After 60 years in FAF-water and FAF-stress, AW 45/0¢ typically has a mag-
nitude smaller than 10% of AV¥. Examining ACC changes, in FAF-stress there is a con-
sistent strengthening (between 3% to 7%), with FAF-water demonstrating a weakening
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Figure 10. Colours show the FAF-heat minus FAF-control year 61-70 mean thermosteric
component, Ay, of the dynamic sea level change. Black contours denote the corresponding steric
component, A(steric, of the dynamic sea level change, at 0.1 m intervals. Dashed and solid lines

denote negative A(steric and positive A(steric, respectively.

—18—



NEMO3.4 CanESM5

HadOM3 HadCM3

—0.4 —0.2 0.0 0.2 0.4
A(s [m]

Figure 11. Colours show the FAF-heat minus FAF-control year 61-70 mean halosteric compo-

nent, A(p, of the dynamic sea level change. As in Figure 10, black contours indicate A(steric-
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(-2% to -13%). The ACC change in FAF-all demonstrates no consistency amongst the
ensemble, with only relatively weak magnitudes (-3% to 2%). However, the individual
surface flux perturbations combine relatively linearly, with wind-driven strengthening

of the ACC largely cancelled by the freshwater flux-driven weakening (not shown). All
models simulate a weakening of AABW overturning in FAF-water (-0.8% to -18%), and
a strengthening of AABW overturning in FAF-stress (3% to 20%) . Examining the FAF-
all AABW overturning response, there is no consistency amongst the ensemble (-18%

to 21%), however the FAF-heat, FAF-water and FAF-stress responses combine relatively
linearly (not shown). This results suggest that ACC and AABW overturning changes
are linked, which is consistent with geostrophic balance.

4.2 Ocean Heat Content and Dynamic Sea Level

FAF-water and FAF-stress ocean heat content changes, alongside corresponding
dynamic sea level changes, are presented in Figures 12 and 13, respectively. An area of
consensus in FAF-water is the Southern Ocean, where all models simulate heat loss at
low latitudes and heat gain around the Antarctic coastline. This is complemented by a
rise and fall in dynamic sea level at high and mid Southern Ocean latitudes, respectively,
suggesting the DSL change in this region is largely thermosteric. Gregory et al. (2016)
suggest the input of freshwater at high Southern Ocean latitudes in FAF-water acts to
stratify the water column, reducing upward convection and surface heat loss.

A second area of consensus in FAF-water is the western subtropical North Atlantic,
where all models simulate moderate heat increases, of approximately one quarter the cor-
responding heat increases simulated in FAF-heat. In all models except for NEMO3.4,
this region of warming is collocated with a fall in dynamic sea level. This implies that
the negative halosteric component, from increased salinity, typically has a larger mag-

nitude than the positive thermosteric component, from increased temperature. In CanESM5,

HadCM3 and MITgcm, the pattern of heat content increases in the North Atlantic ex-
tends northwards into the mid-latitude and subpolar regions. In contrast, the other four
ensemble members simulate a weak heat loss in the mid-latitude and subpolar North At-

lantic. Since no surface heat perturbation is included in FAF-water, the heat content change

is entirely due to circulation change leading to heat redistribution.

Similar to FAF-water, patterns of ocean heat content change are relatively weak
in FAF-stress, in comparison to FAF-heat. As in FAF-water, the Southern Ocean is a
major area of consensus in FAF-stress, but with the opposite pattern: heat loss and DSL
fall, and heat increases and DSL rise, at high and mid-latitudes, respectively. This pat-
tern in the Southern Ocean can be explained by the enhanced northward Ekman trans-
port in FAF-stress, due to the increased surface westerly wind stress, causing a passive
advection of heat from the high to mid-latitudes. Consequently, in the ocean-only en-
semble, the FAFMIP momentum flux perturbation acts to increase the DSL gradient in
the Southern Ocean, whilst the freshwater perturbation weakly weakens the DSL gra-
dient, consistent with previous studies (Bouttes & Gregory, 2014; Saenko et al., 2015).
An area of major disagreement in FAF-stress is the North Atlantic, where there is no
consensus on the pattern of ocean heat content or A( change. However, the magnitude
of the spread in FAF-stress North Atlantic responses is much smaller than in both FAF-
heat and FAF-water. This suggests that the uncertain response to surface momentum
flux perturbations is of second order to the uncertainty in the overall heat content change
and A( response.

There is strong similarity between the FAF-heat (Figure 5) and FAF-all (Figure 14)
patterns of ocean heat content and A(. This is consistent with previous studies, suggest-
ing uncertainty in patterns of ocean heat content change and corresponding A change
is largely driven by uncertainty in the response to surface heat flux perturbations (Lowe
& Gregory, 2006; Gregory et al., 2016), as discussed in Section 3. Furthermore, there is
AMOC response similarity between FAF-heat and FAF-all.
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Figure 12. Colours show the depth integrated FAF-water minus FAF-control year 61-70 mean
ocean heat content change in GJ m™? for each model, with coupled models indicated by a *.

Contour lines as in Figure 5, except showing A( at 0.05 m intervals.
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Figure 13. Colours show the depth integrated FAF-stress minus FAF-control year 61-70 mean
ocean heat content change in GJ m™? for each model, with coupled models indicated by a *.

Contour lines as in Figure 5, except showing A( at 0.05 m intervals.

—292—



NEMO3.4 CanESM5*

—10 -5 0 5 10
Total AOHC [GJ m~2]

Figure 14. Colours show the depth integrated FAF-all minus FAF-control year 61-70 mean
ocean heat content change in GJ m™? for each model, with coupled models indicated by a *.

Contour lines as in Figure 5, except showing A at 0.1 m intervals.
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5 Conclusions

This study has examined the ocean response to abrupt surface momentum and buoy-
ancy flux perturbations in an ensemble of OGCMs and AOGCMs. Consistent with pre-
vious studies, circulation change in the North Atlantic is mainly due to surface heat flux
changes, with a minimal wind-driven response (Bouttes et al., 2013). In the FAF-heat
simulation, where a model-independent surface heat flux perturbation is applied, there
is a large spread (20-50%) in the simulated AMOC weakening amongst OGCMs. This
builds upon the findings of Huber and Zanna (2017), who demonstrated that differences
in surface heat flux changes dominate the spread in AMOC change. This study highlights
a spread in the sensitivity of AMOC change to surface heat flux changes amongst dif-
ferent models. An important finding is that the coupled FAFMIP method (Bouttes &
Gregory, 2014; Gregory et al., 2016) causes 10% additional AMOC weakening relative
to the the ocean-only method. This enhanced AMOC weakening is due to an atmosphere-
surface temperature redistribution feedback. As a result, the simulated surface heat flux
change in coupled FAFMIP simulations is different from the FAF-heat perturbation over
ocean regions where the circulation is particularly sensitive to surface heat flux changes
(Delworth & Greatbatch, 2000).

This study indicates that the pattern of ocean heat content change is largely driven
by surface heat flux changes, since the FAF-heat and FAF-all response is generally con-
sistent. Amongst the OGCM ensemble, heat content change patterns are typically sim-
ilar over the Southern Ocean and North Pacific. The North Atlantic is the region which
demonstrates the largest spread in total ocean heat content change, itself a small resid-
ual of the added heat increase and redistributed heat loss. Added heat increase is largely
passive, and hence is focussed in regions where the surface heat flux perturbation is pos-
itive, such as the North Atlantic and high latitude Southern Ocean. Generally, it is the
spread in the redistributed heat content change, and hence circulation change, which dom-
inates the spread in total heat content change. In the depth integral, AOGCMs simu-
late less redistributed cooling of the North Atlantic relative to OGCMs, despite greater
AMOC weakening. However, redistributed changes are more concentrated near the sur-
face in AOGCMs, contributing to a positive feedback to amplify the AMOC weakening.

Examining the temperature tendency diagnostics (Gregory et al., 2016), we find
that warming in the low-latitude Southern Ocean across the ensemble is largely due to
enhanced isopycnal and diapycnal diffusion, instead of residual mean advection change
as suggested by previous studies (Lowe & Gregory, 2006; Bouttes & Gregory, 2014; Saenko
et al., 2015; Marshall et al., 2015). However, this result is based on a depth weighted mean
across a latitude band encompassing much of the residual overturning circulation. Hence,
relatively coarse OGCMs may simulate the heat content change processes via isopycnal
diffusion parametrisations instead of accurately resolving the overturning circulation. In
the North Pacific, there is little agreement amongst the individual tendency terms, de-
spite overall agreement of warming. Notably, HadCM3 and HadOM3 show a large dif-
ference due to the atmospheric feedback. In the former, substantial warming is almost
entirely driven by residual mean circulation change. In contrast, the latter indicates warm-
ing is mainly as a balance of warming from diapycnal diffusion and cooling from resolved
advection. Temperature tendencies for the North Atlantic highlight the important role
that the spread in residual mean advection plays in setting the spread in heat content.
Models with more AMOC weakening (MITgem and MOMS5) typically have a net cool-
ing of the North Atlantic, whereas models with less AMOC weakening (NEMO3.4 and
CanESM5) simulate a net warming. In all cases, the sign of the diapycnal diffusion change
contribution is consistent with the sign of the total temperature tendency change.

Dynamic sea level changes in FAF-all, as with the ocean heat content changes, are
mainly driven by the surface heat flux perturbation. Agreement amongst the OGCM en-
semble over the Pacific sector of the Southern Ocean is relatively high, with between -

3 to -4 GJ m~2 heat content change, contributing to A¢ ~ —0.1 m in each model via
a negative thermosteric component. Over the North Atlantic, there is a wide spread in
the DSL response, which is matched by large spread in both the thermosteric and halosteric
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components of A(. These salinity and temperature driven changes in DSL largely can-
cel (Lowe & Gregory, 2006; Pardaens et al., 2011), but both terms contribute to the over-
all spread. Comparing AOGCM and OGCM simulated dynamic sea level changes, the
main inconsistencies over the North Atlantic are due to differences in the thermosteric
response, which is related to the differences in heat content change and the atmospheric
redistributed feedback amplifying the surface heat flux perturbation.

This study has shown that most of the spread in dynamic sea level and ocean heat
content change arises due to different OGCM responses to surface heat flux perturba-
tions. For the North Atlantic, this is strongly related to the sensitivity of the AMOC to
buoyancy forcing. This highlights an important area of future investigation to improve
our understanding of how North Atlantic surface heat fluxes and the AMOC respond to
greenhouse gas forcing as a coupled system. An important finding is that using method
B of Gregory et al. (2016) tends to amplify the prescribed surface heat flux perturba-
tion. This leads to a stronger AMOC weakening in coupled models relative to ocean-only
models due to atmosphere-ocean feedbacks. This result was speculated by Gregory et
al. (2016), but this study has now quantified the enhanced AMOC weakening due to atmosphere-
ocean feedbacks at 10%. Except for this relatively local feature in the North Atlantic,
the ocean heat uptake and DSL response to buoyancy and momentum forcing is typi-
cally consistent for matching AOGCMs and OGCMs. This demonstrates that atmosphere-
ocean feedbacks in coupled FAFMIP simulations typically have only a small effect on ocean
heat content at basin scales, although they do strongly affect the North Atlantic.
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Appendix A OGCM Parametrisations

As discussed in Section 2, all OGCMs used in this study employ the Gent and McWilliams

(1990) parametrisation scheme to represent the effects sub-grid, mesoscale eddies. In the
MOM cases (MOMS5 and ACCESS-OM2), submesoscale eddy fluxes are parameterized
following Fox-Kemper et al. (2008, 2011), and vertical mixing is performed using K-profile
parameterisation (KPP) (Large et al., 1994). In NEMO3.4, momentum and tracers are
vertically mixed using a turbulent kinetic energy (TKE) scheme based on the model of
(Gaspar et al., 1990), with tidal mixing parameterised following Simmons et al. (2004).
For HadOM3, the near surface vertical mixing is carried out via a Kraus-Turner mixed
layer sub-model (Kraus & Turner, 1967).

In MITgem and NEMO3.4, ocean temperatures are permitted to fall below freez-
ing point, O ceze, but in the equation of state the temperature is constrained to be 0 =
max(6, 0 rrecze). In practice, global minimum annual mean temperatures remain above
—3°C in the majority of experiments in these models. In HadOM3, if the ocean temper-
ature falls below Ofpccze, it is Teset to Ofreeze, With the associated heating coming from
a cooling of the layer immediately beneath. If a flux perturbation causes the whole wa-
ter column to freeze, the remaining negative heat flux is lost from the system.
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Table 1.

Ocean GCMs and coupled, atmosphere-ocean GCMs used in this study.

General Circu-
lation Model

Grid (latitude x
longitude)

Time step (hours)

Spin up data

Citation

Massachusetts 2.8° x 28%and 15 | 12h Time mean Marshall et
Institute of z levels CanESM2 (Chylek | al. (1997)
Technology et al., 2011) pre-
general circu- industrial control
lation model, (piControl, (Taylor
checkpoint 660 et al., 2012)) fol-
(MITgcm) lowing (Huber &
Zanna, 2017). SST
and SSS relaxation
at 60 and 90 days,
respectively.
NOAA-GFDL nominally 1° x 1° | 2°h CORE version 2 S. Griffies
Modular Ocean | and 50 z* levels (Large & Yeager, (2012)
Model, version 2009)
5 (MOMS5)
Ocean-sea ice nominally 1° x 1° 2 h JRAS55-do nor- S. Griffies
component of and 50 z* levels mal year forcing (2012)
the Australian (Tsujino et al.,
Community 2018), SST and
Climate and SSS relaxation at
Earth Sys- 30 and 60 days,
tem Simulator respectively.
(ACCESS-
OM2)
Nucleus for nominally 1° x 1° 1h Pre-industrial Swart et
European Mod- | (ORCA1 C-grid) CanESM2 control al. (2019),
elling of the and 45 z levels (Yang & Saenko, Saenko et al.
Ocean, version 2012) (2018)
3.4 (NEMOS3.4)
Hadley Cen- 1.25° x 1.25° and 1h Pre-industrial Gordon et
tre Ocean 20 z levels al. (2000)
Model, version
3 (HadOM3)
Candian Earth | ocean: NEMO3.4 ocean: 1 h Pre-industrial Swart et al.
System Model, atmosphere: nom- | coupler: 3 h (2019)
version 5 inally 2.8° x 2.8°
(CanESMS5) (T63 spectral
resolution)
49 hybrid vertical
levels to 1 hPa
Hadley Cen- ocean: see ocean: 1 h Pre-industrial Gordon et
tre Climate HadOMS3 coupler: 24 h al. (2000)

Model, version
3 (HadCM3)

atmosphere: 2.5°x
3.75° and 19 verti-
cal levels
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