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Abstract24

There is large uncertainty in the future sea level change at regional scales under25

anthropogenic global warming. This study uses a novel design of ocean-only general cir-26

culation model (OGCM) experiments to investigate the ocean’s response to surface buoy-27

ancy and momentum flux perturbations, as part of the Flux-Anomaly-Forced Model In-28

tercomparison Project (FAFMIP), and compares with results from coupled, atmosphere-29

ocean GCM (AOGCM) experiments. Much of the inter-model spread is driven by the30

response to surface heat flux perturbations. In a multi-model ensemble of OGCMs forced31

with identical surface heat flux perturbations, regional sea level and ocean heat content32

changes demonstrate considerable disagreement, especially in the North Atlantic. Spread33

in both residual mean advection and diapycnal diffusion changes contribute to much of34

the multi-model disagreement over regional heat content change. Residual mean advec-35

tion changes are related to the large spread in simulated Atlantic meridional overturn-36

ing circulation (AMOC) weakening (20-50%). We find approximately 10% more AMOC37

weakening in response to surface heat flux perturbations in AOGCMs relative to OGCMs38

with consistent ocean models. This enhanced AMOC weakening is driven by an atmosphere-39

ocean feedback which amplifies the surface heat flux perturbation. In the North Pacific,40

there is little agreement amongst the ensemble over which processes lead to ocean warm-41

ing, with varying contributions from residual mean advection and diapycnal diffusion.42

For the Pacific basin, the atmosphere-ocean feedback reduces sea surface temperature43

(SST) warming by 0.5◦C. In the Southern Ocean, the atmosphere-ocean feedback is not44

generally important for buoyancy and momentum flux perturbations.45

Plain Language Summary46

A rise in sea level, as a result of climate change due to human activity, is a major47

threat to coastal communities and environments. Sea level rise is partially caused by a48

warming and expansion of the world’s oceans, due to a net heat input from the atmo-49

sphere to the ocean. Changes in rainfall patterns and surface winds also affect the sea50

level, but net heat input changes are the most important factor. State-of-the-art com-51

puter models disagree on future projections of local sea level rise. It has been suggested52

that this disagreement comes from differences in the amount of net heat input, and also53

the different assumptions going into the computer models. We find a large local sea level54

rise disagreement in the North Atlantic from giving several different computer models55

the same net heat input change. These differences are linked to uncertainty in how much56

Atlantic currents will slow in response to a given amount of warming. We also find that57

computer models which include both atmosphere and ocean components slow the At-58

lantic currents by more than computer models with just an ocean. This finding builds59

our knowledge of the processes which determine the ocean’s role in climate change.60

1 Introduction61

A rise in global mean sea level is a robust feature of projected anthropogenic cli-62

mate change from state-of-the-art atmosphere-ocean general circulation models (AOGCMs)63

(Church et al., 2013; Slangen et al., 2014). Simulated global mean sea level rise is largely64

due to a net ocean heat uptake, leading to thermal expansion, and total ocean mass in-65

crease due to reduced terrestrial water and ice storage (Church et al., 2013). However,66

there is considerable disagreement amongst AOGCMs contributing to the Coupled Model67

Intercomparison Project, phase 5 (CMIP5, (Taylor et al., 2012)) on the more policy-relevant68

regional patterns of sea level change (Yin, 2012; Bouttes et al., 2012; Church et al., 2013;69

Bouttes & Gregory, 2014). Air-sea buoyancy and momentum flux changes are coupled70

to ocean dynamic and thermodynamic changes, and play an important role in modulat-71

ing regional sea level change (Lowe & Gregory, 2006; Bouttes & Gregory, 2014).72
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Dynamic sea level (DSL) change is a useful metric for examining the processes which73

modulate regional sea level. DSL is defined as ζ = η − η̄, where η is the sea surface74

height relative to a fixed geopotential surface, and ·̄ represents a global mean. Hence,75

DSL change, ∆ζ = ∆η−∆η̄, has a global mean equal to zero by construction. Changes76

in depth integrated ocean circulation directly contribute to ∆ζ via a barotropic compo-77

nent. Circulation change is also strongly coupled to temperature and salinity changes,78

which affects density, and contributes to ∆ζ through a baroclinic component. Typically,79

at mid and high latitudes, the baroclinic component of ∆ζ has a much larger magnitude80

than the barotropic component (Lowe & Gregory, 2006).81

Coupled AOGCMs generally simulate qualitatively consistent ∆ζ responses to green-82

house gas forcing in three regions. Reduced heat loss and increased precipitation over83

the high latitude North Atlantic inputs buoyancy, weakens the Atlantic meridional over-84

turning circulation (AMOC) and leads to a meridional ∆ζ dipole. This ∆ζ dipole is char-85

acterised by relative sea level increases and decreases over the subpolar and subtropi-86

cal gyres, respectively (Bouttes et al., 2013). Over the North Pacific, an opposite ∆ζ dipole87

is simulated, due to relatively enhanced heat uptake over the subtropical gyre, and in-88

creased zonal wind stress which accelerates the gyre circulation (Yin et al., 2010). In the89

Southern Ocean, a similar ∆ζ dipole is evident, with relative sea level increases and de-90

creases north and south of the Antarctic Circumpolar Current (ACC), respectively. In-91

creased buoyancy input at high Southern Ocean latitudes is advected northwards via Ek-92

man transport. This Ekman transport of relatively low density water is further enhanced93

due to increased westerly wind stress over the ACC, leading to the meridional DSL change94

dipole (Lowe & Gregory, 2006; Bouttes et al., 2012; Marshall et al., 2015; Saenko et al.,95

2015). The North Pacific and Southern Ocean features are common in a majority of mod-96

els, with weaker consensus for the North Atlantic (Slangen et al., 2014). There is little97

consensus on the rate at which regional anthropogenic ∆ζ will emerge from natural vari-98

ability due to disagreement in the unperturbed and forced inter-annual variability, and99

uncertainty in the sensitivity of ocean dynamics to surface forcing (Lyu et al., 2014).100

In order to investigate the spread in DSL projections under greenhouse gas forc-101

ing, Gregory et al. (2016) devised the Flux-Anomaly-Forced Model Intercomparison Project102

(FAFMIP), a novel set of AOGCM experiments and diagnostics to contribute towards103

CMIP phase 6 (CMIP6). Part of the spread in DSL projections from AOGCMs arises104

from the global and local ocean dynamical and thermodynamical response to greenhouse105

gas forcing, leading to different patterns of surface flux changes (Bouttes et al., 2012).106

The FAFMIP experiments involve prescribing time-independent (except for a seasonal107

cycle) surface buoyancy and momentum flux perturbations (presented in Figure 1 and108

discussed further in Section 2) to an ensemble of several different AOGCMs. The per-109

turbations are the same in all models, so this framework estimates the model response110

driven spread in DSL change uncertainty. A further experiment involves applying the111

buoyancy and momentum flux perturbations simultaneously. Comparing the response112

to this simultaneous perturbation with the sum of the responses to the individual per-113

turbations, the nonlinear response to heat, freshwater and momentum flux changes can114

also be diagnosed.115

This study presents an ocean-only FAFMIP investigation, building and complement-116

ing the AOGCM analysis of Gregory et al. (2016). Here we use an ensemble of five ocean117

general circulation models (OGCMs), and two AOGCMs with ocean components from118

the OGCM ensemble. Two aims motivate this study of the ocean’s role in future DSL119

change:120

The first aim is the one which motivates FAFMIP, namely to examine how much121

of the spread in regional patterns of ∆ζ and heat content change in coupled AOGCMs122

is due to the use of different ocean models. Individual OGCMs simulate a range of back-123

ground states, use a variety of spatial grids and incorporate different sub-grid scale parametri-124

sations, with varying biases relative to the observed ocean state (Flato et al., 2013). The125

ocean-only FAFMIP extends the comparison by including models which are not used in126

CMIP5.127
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The second aim of this study is to quantify the effect of atmosphere feedbacks on128

ocean climate change. In ocean-only FAFMIP experiments, no surface restoring or bulk129

formulae for ocean-atmopshere coupling is applied in the forced scenarios. In coupled130

FAFMIP experiments, the atmosphere responds to changes in sea-surface conditions sim-131

ulated by the ocean, producing a coupled feedback. For example, the applied heat flux132

perturbation induces a weakening of the Atlantic Meridional Overturning Circulation,133

leading to a cooling in the North Atlantic, and hence an increase in the heat flux into134

the ocean, as a positive feedback.By comparing AOGCM and OGCM simulations per-135

formed with an identical ocean model, this and other such coupled feedbacks can be quan-136

tified, because they do not occur in the ocean-only FAFMIP experiments.137

The OGCM and AOGCM FAFMIP methods are described in Section 2. Section 3138

presents an analysis of the ocean circulation, heat content and DSL change in the sur-139

face heat flux perturbation experiment, FAF-heat. Section 4 extends this analysis to the140

surface freshwater (FAF-water) and momentum (FAF-stress) flux perturbation exper-141

iments, in addition to the simultaneous surface flux perturbation experiment (FAF-all).142

Finally, Section 5 presents the conclusions.143

2 Methods144

Five ocean general circulation models (OGCMs: MITgcm, MOM5, ACCESS-OM2,145

HadOM3 and NEMO3.4) and two coupled, atmosphere-ocean general circulation mod-146

els (AOGCMs: HadCM3 and CanESM5) are used in this study. Model acronyms, forc-147

ing data and technical details are presented in Table 1. HadOM3 and NEMO3.4 are the148

ocean components to HadCM3 and CanESM5, respectively. MOM5 and ACCESS-OM2149

are two slightly different configurations of the NOAA-GFDL Modular Ocean Model, ver-150

sion 5 (S. Griffies, 2012). Initial conditions for MOM5 and ACCESS-OM2 are from the151

end of a 4000 year spin up with prescribed COREv2 forcing data (Large & Yeager, 2009),152

and the end of a 1000 year spin up with prescribed JRA55-do normal year forcing data153

(Tsujino et al., 2018), respectively. Hence, intercomparison between MOM5 and ACCESS-154

OM2 provides an estimate of the effect of using different background ocean states.155

Amongst the OGCM ensemble, the horizontal grid resolution is nominally between156

2.8◦ to 1◦ latitude × longitude, with vertical grids using between 15 to 50 irregularly spaced157

levels, with level thickness increasing with depth. All OGCMs use the Gent and McWilliams158

(1990) (GM) eddy parametrisation scheme to represent sub-grid, mesoscale eddies. MIT-159

gcm, MOM5, ACCESS-OM2 and HadOM3 implement a skew-flux closure (S. M. Griffies,160

1998) of the GM scheme, with MITgcm, HadOM3 and NEMO3.4 using the Visbeck et161

al. (1997) scheme to estimate the isopycnal diffusion coefficient from the diagnosed Eady162

growth rate. There is no sea-ice model active in any of the OGCMs, whereas both AOGCMs163

include a thermodynamic-dynamic sea-ice model. Further details of the parametrisations164

used in each model are presented in Appendix A.165

To produce statistically equilibrated initial conditions, the OGCMs except for HadOM3166

are integrated for several thousand years with either a prescribed monthly climatology167

(MITgcm) or daily varying (ACCESS-OM2 and NEMO3.4) air-sea heat, Q in W m−2,168

freshwater, W in kg m−2 s−1, and momentum fluxes, τ in Pa, or a prescribed atmospheric169

climatological state from which these fluxes are estimated via bulk formulae (MOM5).170

The MITgcm and NEMO3.4 surface conditions are derived from a AOGCM pre-industrial171

simulations, with the ACCESS-OM2 and MOM5 surface conditions representative of late172

twentieth century observations. Following Huber and Zanna (2017), in MITgcm the sur-173

face layer is relaxed to climatologies of sea surface temperature (θ∗) and sea surface salin-174

ity (S∗) on time scales of 60 and 90 days, respectively. A similar restoration of SST and175

SSS in NEMO3.4 and ACCESS-OM2 is also applied (Table 1). For the coupled AOGCMs176

(HadCM3 and CanESM5) initial conditions are obtained from a long running spin up177

simulation with prescribed pre-industrial control greenhouse gas concentrations and aerosol178

forcing. By definition, the HadOM3 initial conditions are identical to HadCM3.179
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The FAF-control simulation for HadCM3 and CanESM5 is performed by contin-180

uing the spin up simulation for a further 70 years. For HadOM3, daily atmosphere-ocean181

and sea ice-ocean buoyancy and momentum fluxes from the HadCM3 FAF-control sim-182

ulation are prescribed directly to the HadCM3 ocean component with no atmospheric183

coupling. Hence, the HadOM3 and HadCM3 FAF-control simulations are identical. For184

the other OGCMs, the spin up simulations are also continued for a further 70 years in185

order to produced restored control simulations. In these restored control simulations, the186

effective air-sea heat and freshwater fluxes from the prescribed surface restoration are187

diagnosed and saved at 6-hourly (ACCESS-OM2, NEMO3.4) or daily (MITgcm, MOM5)188

intervals. Here, surface restoration refers to either the θ∗ and S∗ relaxation plus prescribed189

buoyancy fluxes applied in ACCESS-OM2, MITgcm and NEMO3.4, or the use of bulk190

formulae with a fixed atmospheric state in MOM5. Consider temperature, θ, and salin-191

ity, S, in the surface layer for MITgcm. Advection and diffusion are governed by:192

∂θ

∂t
+ (u · ∇)θ −∇ · (κ∇θ) = −λθ(θ − θ∗) +

Q

ρ0cp∆zs
, (1)

and193

∂S

∂t
+ (u · ∇)S −∇ · (κ∇S) = −λS(S − S∗)− S0W

ρ0∆zs
, (2)

where ∇ is the three-dimensional (3-D) gradient operator, u is the 3-D resolved ve-194

locity vector, κ represents the 3-D diffusivity coefficient, λθ and λS are the reciprocals195

of the temperature and salinity restoration timescales, in s−1, respectively, ρ0 = 1035196

kg m−3, S0 = 35 psu, cp = 4000 J K−1 kg−1 are the reference density, salinity and197

specific heat capacity values, and ∆zs = 50m is the thickness of the surface layer. In198

this example, −λθ(θ−θ∗)− Q
ρ0cp∆zs

and −λS(S−S∗)− S0F
∆zs

are diagnosed as the effec-199

tive air-sea heat and freshwater fluxes, respectively. In the surface layer, the momentum200

balance is given by201

∂u

∂t
+ (u · ∇)u +

1

ρ
∇p− f × u−∇ · (κ∇u) =

τ

ρ0∆zs
, (3)

where p is the pressure and f is the Coriolis vector. In the restored control period202

is re-run with the control momentum and effective surface buoyancy forcing, without any203

surface restoration. These buoyancy and momentum flux-only runs form the FAF-control204

simulations for ACCESS-OM2, MITgcm, MOM5, and NEMO3.4. In all cases, using high205

temporal frequency forcing fluxes is essential to the FAF-control design in order to min-206

imise any drift away from the spin up control climate (as in Method C of Gregory et al.207

(2016)). Note that FAF-control uses flux forcing alone, without any surface restoration,208

since the aim is to eliminate any processes which would cause surface fluxes to react to209

the surface state (as in Method B of Gregory et al. (2016)).210

Four perturbation experiments are performed: FAF-heat, FAF-water, FAF-stress211

and FAF-all, closely following the protocol presented by Gregory et al. (2016). In FAF-212

heat, FAF-water and FAF-stress, a constant (except for a seasonal cycle) surface heat213

(Q′), freshwater (W ′) and momentum (τ ′) flux perturbation is applied, respectively. In214

FAF-all, all three perturbations are applied simultaneously. These flux perturbations are215

calculated from the twelve month climatological CMIP5 ensemble mean difference be-216

tween years 61-80 of the 1% CO2 year−1 simulation and all years of the pre-industrial217

control simulation, and bilinearly interpolated onto each model’s native grid. Figure 1218

shows the annual mean of the FAFMIP surface perturbations. In order to restrict ex-219

cessive ocean cooling, negative Q′ over the Barents and Kara sea regions (ocean grid points220

between 15◦E-135◦E and north of 60◦N) are reset to zero. This has the effect of adding221

–5–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

heat Q0 [W m�2](a) freshwater W 0 [mm day�1](b)

momentum ⌧ 0 [Pa](c)

�30 �20 �10 0 10 20 30 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

0.000 0.005 0.010 0.015 0.020 0.025 0.030

FAF-heat

FAF-water

FAF-stress

FAF-all

heat Q0 [W m�2](a) freshwater W 0 [mm day�1](b)

momentum ⌧ 0 [Pa](c)

�30 �20 �10 0 10 20 30 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

0.000 0.005 0.010 0.015 0.020 0.025 0.030

heat Q0 [W m�2](a) freshwater W 0 [mm day�1](b)

momentum ⌧ 0 [Pa](c)

�30 �20 �10 0 10 20 30 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

0.000 0.005 0.010 0.015 0.020 0.025 0.030

heat Q0 [W m�2](a) freshwater W 0 [mm day�1](b)

momentum ⌧ 0 [Pa](c)

�30 �20 �10 0 10 20 30 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

0.000 0.005 0.010 0.015 0.020 0.025 0.030

heat Q0 [W m�2](a) freshwater W 0 [mm day�1](b)

momentum ⌧ 0 [Pa](c)

�30 �20 �10 0 10 20 30 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

0.000 0.005 0.010 0.015 0.020 0.025 0.030

heat Q0 [W m�2](a) freshwater W 0 [mm day�1](b)

momentum ⌧ 0 [Pa](c)

�30 �20 �10 0 10 20 30 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

0.000 0.005 0.010 0.015 0.020 0.025 0.030

heat Q0 [W m�2](a) freshwater W 0 [mm day�1](b)

momentum ⌧ 0 [Pa](c)

�30 �20 �10 0 10 20 30 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5

0.000 0.005 0.010 0.015 0.020 0.025 0.030

, ,

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-222

tion relative to the original FAF-heat Q′ presented by Gregory et al. (2016). Since this223

difference is small relative to the global mean FAF-heat perturbation (1.8 W m−2), we224

continue to refer to the present heat flux perturbation experiment as FAF-heat. Since225

the OGCMs do not include a sea ice component, any of the perturbation experiments226

could lead to changes in ocean circulation and heat convergence which might result in227

SST below freezing. However, this effect is typically found to be small and localised, with228

further detail provided in Appendix Appendix A.229

A similar ocean-only experimental design has previously been implemented by Marshall230

et al. (2015) and Zika et al. (2018). Marshall et al. (2015) included a feedback to damp231

SST change. This is not done in ocean-only FAFMIP experiments because we specifi-232

cally wish to avoid surface flux feedbacks on ocean climate change, as it would interfere233

strongly with the imposed heat flux perturbation. Zika et al. (2018) used a repeating 10234

year climatology of effective surface fluxes, in contrast to the entire 70 year period of ef-235

fective surface fluxes considered in this study. Moreover, Zika et al. (2018) considered236

more idealised surface flux perturbations relative to FAFMIP, including a global ampli-237

fication of the freshwater flux and globally uniform surface heat flux change.238
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The AOGCM FAF-heat simulations for HadCM3 and CanESM5 are performed fol-239

lowing method B of the FAFMIP protocol (Bouttes & Gregory, 2014; Gregory et al., 2016).240

In the respective ocean components, a redistributed passive temperature tracer is intro-241

duced, θR, initialised everywhere at the control temperature at the end of the spin up242

simulation. θR only experiences the unperturbed atmosphere to ocean heat flux, Q. An243

added passive temperature tracer, θA, initialised at 0 everywhere and experiencing only244

Q′, is also introduced. The surface layer of θR is the sea surface temperature used by the245

atmosphere to compute Q. Meanwhile, the active temperature field, θ, experiences Q+246

Q′, and hence stratification, circulation and heat content can change. The FAF-water247

and FAF-stress simulations are performed by directly perturbing the atmosphere-ocean248

freshwater and momentum fluxes, respectively, since the atmosphere feedback to these249

perturbations is fairly small.250

The OGCM FAF-heat simulations for ACCESS-OM2, MITgcm, MOM5 and NEMO3.4251

are performed by directly applying Q′ to the respective FAF-control atmosphere-ocean252

heat fluxes. For the HadOM3 FAF-heat simulation, Q′ is applied to the FAF-control atmosphere-253

ocean and sea ice-ocean heat fluxes in open ocean and sea ice covered regions, respec-254

tively. This HadOM3 approach is slightly different from the method C protocol described255

by Gregory et al. (2016). Under method C, the sea ice model interacts with the redis-256

tributed SST, which may lead to a change in the sea ice-ocean buoyancy fluxes relative257

to FAF-control. In addition, the method C protocol suggested using a monthly clima-258

tology which produced a substantial drift in the ocean state. By using higher frequency259

surface forcing in this study, the drift is negligible. Similar to the AOGCM experiments,260

an added passive temperature tracer, θA, is also introduced in OGCMs. The redistributed261

temperature change can then be computed off-line as the difference θ − θA. The cor-262

responding FAF-water and FAF-stress simulations are performed by directly applying263

W ′ and τ ′ to the FAF-control freshwater and momentum fluxes, respectively.264

Annual mean temperature, salinity, velocity and dynamic sea level diagnostics for265

each simulation are saved on each model’s native grid. In addition, temperature and salin-266

ity tendency diagnostics, as presented in Table 4 of Gregory et al. (2016), are saved as267

annual means. Kuhlbrodt et al. (2015) review the use of temperature tendency diagnos-268

tics in previous studies, demonstrating that global mean ocean heat content change is269

largely a balance of downward advection changes in the extratropics, compensated by270

upward isopycnal diffusion changes, mainly in the Southern Ocean. In the following anal-271

ysis, regional, basin and global means are computed on each model’s native grid. For spa-272

tial intercomparisons, all model data is bilinearly interpolated onto the MITgcm regu-273

lar 2.8◦ latitude × longitude grid.274

3 FAF-heat Intercomparison275

This section examines the OGCM and AOGCM responses in the FAF-heat sim-276

ulation. Discussion of ocean heat content and dynamic sea level change focuses on the277

mean difference between FAF-heat and FAF-control during the last decade, year 61-70,278

of each experiment.279

3.1 Ocean Circulation280

Amongst the OGCM and AOGCM ensemble, the 70 year mean FAF-control At-281

lantic meridional overturning circulation (AMOC) strength, ΨAMOC , varies between 11-282

21 Sv (1 Sv ≡ 106 m3 s−1). Here, ΨAMOC is defined as the maximum of the overturn-283

ing streamfunction between 20◦N and 60◦N, and beneath 500 m depth (Huber & Zanna,284

2017). This spread in mean AMOC strength is consistent with the CMIP5 multi-model285

ensemble pre-industrial control simulations (Wang et al., 2014). Huber and Zanna (2017)286

found that spread in AMOC strength amongst CMIP5 models is dominated by differ-287

ences in high latitude surface heat fluxes. The relative FAF-heat AMOC strength change,288

∆ΨAMOC , over time is presented in Figure 2(a). The rate of AMOC weakening in FAF-289
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Figure 2. Atlantic meridional overturning circulation (AMOC) strength change, ∆ΨAMOC

(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, MOM5 and ACCESS-OM2, respec-

tively. The dotted black line indicates ∆ΨAMOC = 0, with individual models colours as in the

legend.

heat typically slows over time, consistent with more realistic, coupled AOGCM simula-290

tions under greenhouse gas forcing (Collins et al., 2013). After 60 years in FAF-heat, ∆ΨAMOC291

ranges between -20% to -50%. This AMOC response spread suggests differences in model292

sensitivity to identical surface perturbations is relatively high, in contrast to (Huber &293

Zanna, 2017).294

For the two pairs of coupled atmosphere-ocean and ocean only simulations, AMOC295

weakening is 10% larger in the coupled relative to the ocean-only configuration. The MIT-296

gcm, MOM5 and ACCESS-OM2 cases demonstrate substantially less ∆ΨAMOC inter-297

annual variability in comparison to other ensemble members. This is likely due to the298

relatively low frequency, monthly FAF-control background surface fluxes (Q, W and τ)299

which are linearly interpolated to daily frequency and applied in MITgcm, MOM5 and300

ACCESS-OM2. Weak SST and SSS restoring is also applied in MITgcm and ACCESS-301

OM2, which acts mitigate high frequency variability. In contrast, daily and sub-daily FAF-302

control surface fluxes from an interactive atmosphere are applied in HadOM3/HadCM3303

and NEMO3.4/CanESM5, respectively.304
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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-305

ary of the North Atlantic in FAF-heat and increases near the subpolar gyre (not shown).306

This suggests a general weakening of the North Atlantic subtropical and subpolar gyre307

circulation, which is consistent with the simulated AMOC weakening (Figure 2(a)). There308

is no consensus amongst the ensemble of a change in the Antarctic circumpolar current309

(ACC) strength, measured by the Drake Passage transport, ΨACC (Huber & Zanna, 2017).310

Some models indicate a very strong ΨACC weakening, such as ACCESS-OM2 (-7.7%)311

and MOM5 (-12.4%), whilst the other models show only small changes (weakening or312

strengthening): NEMO3.4 (-0.7%), MITgcm (0.2%), HadOM3 (1.3%) CanESM5(1.6%)313

and HadCM3 (1.7%). Changes in the Antarctic bottom water (AABW) overturning, ΨAABW314

(defined as the minimum of the global meridional overturning streamfunction beneath315

500 m and north of 40◦S) range between -3.8% to 3.1%, indicating no multi-model con-316

sensus and relatively small changes in this suite of models.317

3.2 Ocean Heat Content318

In the FAF-heat simulation, global mean and basin scale warming after 60 years319

is largely confined to the upper 1000 m (Figure 3). The vertical profile of global mean320

temperature change beneath 400 m is generally consistent across the ensemble. Global321

mean SST warming is approximately 2◦C in MOM5, HadOM3, NEMO3.4, HadCM3 and322

CanESM5. MITgcm and ACCESS-OM2 are outliers, with global mean SST warming of323

1.1◦C and 2.8◦C, respectively. Pacific mean vertical profiles of temperature change are324

similar to the global profiles beneath 200 m. However, in the upper layers of Pacific, the325

two coupled simulations (CanESM5 and HadCM3) indicate less warming relative to the326

corresponding ocean-only (NEMO3.4 and HadOM3) simulations, with a mean difference327

in SST change of -0.5◦C. An opposite response occurs in the Atlantic, with relatively more328

warming in the upper layers of the coupled versus ocean-only simulations. As in the global329

mean, MITgcm is an outlier compared to the rest of the ensemble, with less surface warm-330

ing in the Atlantic but a deeper penetration of >0.5◦C warming, potentially due to the331

vertical resolution of the models or vertical mixing parameterisations.332
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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-333

ically consistent with corresponding vertical profiles of added temperature changes (Fig-334

ure 4). In particular, warming from surface added temperature changes in the Atlantic335

is intensified in coupled models. This is linked to the enhanced AMOC weakening in AOGCMs,336

which leads to less downward advection of added temperature changes relative to OGCMs.337

Similarities between temperature and added temperature change suggests that heat con-338

tent change at basin scales is largely due to the passive advection and diffusion of a net339

heat input at the surface, consistent with previous coupled FAFMIP simulations (Gregory340

et al., 2016). In contrast to basin scale total and added temperature changes, correspond-341

ing redistributed temperature changes are relatively small (not shown), with global mean342

absolute redistributed SST changes less than 0.5◦C.343

Ocean heat content change at each grid point is defined as ∆OHC = cpρ0∆θAδz,344

assuming cp = 4000 J K−1 kg−1 is a fixed specific heat capacity, ρ0 = 1035 kg m−3 is345

a constant reference density, ∆θ is the temperature change, A is the surface area and δz346

is layer thickness. Regional patterns of the depth integrated total, added and redistributed347

ocean heat content change in FAF-heat are shown in Figures 5-7, respectively. All mod-348

els indicate increased total heat content in the mid-latitude relative to the high-latitude349

Southern Ocean where there is a net surface heat input. The pattern and magnitude of350

Southern Ocean total heat content change is similar to the added heat content change351

(Figure 6), whilst the redistributed heat content change has a much smaller magnitude352

in this region. This suggests that Southern Ocean heat content change is largely due to353

northward Ekman transport and subduction of heat input at high latitudes (Armour et354

al., 2016; Gregory et al., 2016; Zanna et al., 2019). The similarity between OGCM and355

AOGCM ∆OHC implies that the atmospheric feedback in coupled simulations has a min-356

imal role in affecting heat content in the Southern Ocean.357

The North Atlantic demonstrates the largest spread across the ensemble in the pat-358

tern of ocean heat content change. This is linked with the large spread in simulated AMOC359

changes (Figure 2(a)), which modulates the northward heat flux into the North Atlantic.360

A region of substantial heat loss in MITgcm, MOM5, ACCESS-OM2, and to a lesser ex-361

tent in HadOM3, is present in the mid-latitude North Atlantic. In contrast, NEMO3.4362

and the two coupled simulations indicate increased heat content in this region. Exam-363

ining the added and redistributed heat content patterns in the North Atlantic, we see364

that the total heat content change is a small residual of the sum of these two terms. The365
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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 ≡ 109 J), with the global mean (3.6 GJ m−2)

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, ∆ζ, at

0.1 m intervals. Dashed and solid lines denote negative ∆ζ and positive ∆ζ, 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 the366

spread in redistributed heat content, which generally cools the mid-latitude North At-367

lantic, due to the reduced northward heat transport by the weakened AMOC. In the two368

MOM simulations, MOM5 and ACCESS-OM2, the main difference is the background369

state. The redistributed heat content change is of a larger magnitude across the Atlantic370

in ACCESS-OM2 relative to MOM5. These results suggest that differences in circula-371

tion change, and the background circulation, are primary in setting the heat content change372

in the North Atlantic.373

Comparing the ocean-only and coupled cases, we find that there is a greater depth374

integrated total heat content increase in the mid-latitude North Atlantic, and less de-375

creased heat content in the tropical Atlantic, in the latter. In the mid-latitude North At-376

lantic, added heat content increases (Figure 6) are slightly weaker in the coupled sim-377

ulations, whilst redistributed heat loss (Figure 7) is much weaker. However, it is impor-378

tant to note that in AOGCMs the redistributed heat change also includes the effect of379

additional air-sea heat flux changes from the atmospheric feedback. Examining the ver-380

tical profile of redistributed temperature change, ∆θR, reveals that North Atlantic cool-381

ing is more concentrated and stronger near the surface in AOGCMs in comparison to382

OGCMs. Consequently, in AOGCMs, the surface θR minus air temperature gradient is383

steeper relative to the implicit SST minus air temperature gradient contributing to the384

atmosphere-ocean heat flux in OGCMs. This leads to an additional surface heat input385

at high latitudes from the atmosphere in coupled simulations, relative to ocean-only sim-386

ulations. In the tropical Atlantic, θR warming is more concentrated near the surface in387

AOGCMs relative to OGCMs. Hence, in AOGCMs, there is additional heat loss to the388

atmosphere over the tropical Atlantic, which is balanced by the extra heat input at higher389

latitudes.390

In the Pacific, the ocean heat content change is typically more homogeneous than391

in the Atlantic and Southern oceans across the multi-model ensemble, at approximately392

1-2 GJ m−2. Similar to the Atlantic, Pacific warming from added heat is typically larger393

at high latitudes (3-4 GJ m−2) and weaker at low latitudes (0-1 GJ m−2). This added394

heat content change pattern is offset by a slight cooling due to redistribution at high lat-395

itudes, and a warming from redistribution in the tropics.396

The surface heat flux change in AOGCMs is tightly coupled to the AMOC change.397

Total heat gain and loss at high and low latitudes in the Atlantic, respectively, weak-398

ens the meridional density gradient, causing the AMOC to weaken. This AMOC weak-399

ening reduces northward heat transport, which leads to further surface θR cooling at high400

latitudes and warming at low latitudes, contributing to the AMOC weakening in cou-401

pled models. This mechanism is consistent with the simulated 10% additional AMOC402

weakening in AOGCMs relative to the OGCMs (Figure 2(a)). Consequently, the atmo-403

spheric feedback due to heat redistribution acts to enhance AMOC weakening in AOGCMs404

by slightly amplifying the prescribed surface heat flux perturbation.405

The time and depth weighted 70 year mean FAF-heat minus FAF-control temper-406

ature tendency terms are now examined to assess which processes contribute to the ∆OHC407

patterns. Figure 8 demonstrates the ensemble mean and standard deviation of the to-408

tal temperature tendency change, ∆∂tθ, whose time-integral is identical to ∆OHC in409

heat flux units by definition. The FAFMIP temperature tendency diagnostics enable the410

decomposition:411

∆∂tθ = ∆∂tθresolved + ∆∂tθeddy + ∆∂tθisopycnal + ∆∂tθdiapycnal + ∆∂tθsurface. (4)

Here, ∆∂tθresolved, ∆∂tθeddy, ∆∂tθisopycnal and ∆∂tθdiapycnal are the temperature412

tendency changes due to resolved advection, parametrised eddy advection, isopycnal dif-413

fusion and diapycnal diffusion changes, respectively. Temperature tendency changes in414

the surface layer due to the atmosphere-ocean heat flux perturbation are represented by415

–14–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)
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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.

∆∂tθsurface. Three case study regions are selected for further analysis: the mid-latitude416

North Atlantic, which shows the largest spread in ∆∂tθ and a multi-modl mean heat loss,417

the western North Pacific over the subtropical gyre, with moderate heat increase and en-418

semble spread, and the low-latitude Southern Ocean between 35◦S to 55◦S, as shown in419

Figure 8. For each of these case study regions, Q′ > 0 and hence ∆∂tθsurface > 0. Be-420

neath the surface layer, ∆∂tθsurface = 0 by definition, and as the surface layer thick-421

ness varies across the ensemble (6-50 m), the depth weighted mean of ∆∂tθsurface also422

varies (Figure 9).423

For the mid-latitude North Atlantic region (Figure 9), MITgcm and MOM5 sim-424

ulate ∆∂tθ < 0, whereas HadOM3, HadCM3, NEMO3.4 and CanESM5 all simulate ∆∂tθ >425

0. In every model, the ∆∂tθresolved contribution to ∆∂t is negative. This cooling due to426

resolved advection is consistent with the simulated AMOC weakening under FAF-heat427

(Figure 2), which reduces northward heat transport in the North Atlantic. The cooling428

is approximately one quarter opposed by a positive contribution to ∆∂t due to parametrised429

eddy advection from the GM scheme. Exarchou et al. (2015) found a similar large neg-430

ative contribution to the North Atlantic heat budget due to weakened residual mean ad-431

vection. Generally, the sign of ∆∂tθdiapycnal is consistent with ∆∂t. However, there is432

broad spread in all temperature tendency terms across the ensemble, suggesting that no433

single process dominates heat content change in the mid-latitude North Atlantic, con-434

sistent with the findings of Exarchou et al. (2015) who analysed three different AOGCMs.435

In the western North Pacific subtropical gyre region (Figure 8), all models simu-436

late ∆∂tθ > 0, however, there is large spread in the magnitude of the heat content change437

across the ensemble. There is no consistency between ∆∂tθ > 0 and the sign of any sin-438

gle component in the heat budget decomposition (Equation 4). For example, the large439

heat increase in HadCM3, ∆∂tθ = 0.07 W m−2, is mainly driven by resolved advection440

change, ∆∂tθresolved = 0.065 W m−2 . In contrast, heat increase in HadOM3, ∆∂tθ =441

0.035 W m−2, is mainly a balance of diapycnal diffusion, 0.05 W m−2, and resolved ad-442

vection, -0.02 W m−2, changes. This highlights a substantial contrast in the heat con-443

tent change processes between a matching AOGCM/OGCM pair of models. Generally,444

across the ensemble, spread in the individual processes contributing to heat increases in445

the western North Pacific typically cancels, resulting in only small spread for ∆∂tθ.446

For the low-latitude Southern Ocean, where increased heat content is simulated in447

all cases, a more consistent result is evident in contrast to the mid-latitude North At-448

lantic and western North Pacific. In all models, heating from ∆∂tθisopycnal, and to a lesser449
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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 ∆∂tθdiapycnal, largely determine the magnitude of ∆∂tθ. MITgcm is an outlier,450

where heating from diapycnal diffusion change exceeds isopycnal diffusion change. No-451

tably, both the resolved and parametrised eddy advection terms are much smaller than452

∆∂tθ, or weakly negative in all cases. This suggests that residual mean advection changes453

in FAF-heat play a minimal role in setting the low-latitude Southern Ocean warming.454

This contrasts the findings of Kuhlbrodt et al. (2015), who showed that subtropical South-455

ern Ocean warming is mainly due to residual mean advection changes, whilst higher-latitude456

Southern Ocean warming is largely due to reduced vertical isopycnal diffusion. However,457

this study examines a broader latitude band than Kuhlbrodt et al. (2015) and focuses458

on total isopycnal diffusion changes instead of just the vertical component, perhaps ex-459

plaining the disparity. Furthermore, the dominance of total isopycnal diffusion change460

in the Southern Ocean heat budget in FAF-heat is broadly consistent with the findings461

of Gregory (2000) and Exarchou et al. (2015).462

3.3 Dynamic Sea Level463

Across the ensemble, the FAF-heat simulated DSL change, ∆ζ, is generally a 20464

cm fall across the high latitude Southern Ocean and a weaker, 10 cm rise across much465

of the tropical and subtropical Atlantic, as shown by the contour lines in Figure 5. Over466

the North Pacific, a relative sea level rise of 10 cm is consistently simulated over the sub-467

tropical gyre, with a relative sea level fall of approximately 8 cm simulated over the sub-468

polar gyre. Similar to ocean heat content change, the largest ∆ζ spread is over the North469

Atlantic, consistent with the findings of Gregory et al. (2016). In MITgcm, MOM5 and470

ACCESS-OM2, a relative sea level fall is simulated over the North Atlantic subpolar gyre,471

with a relative sea level rise over the subtropical gyre. In contrast, HadOM3 and HadCM3472

simulate a sea level rise over the subpolar gyre, and a weaker relative sea level fall at mid-473

latitudes. NEMO3.4 and CanESM5 both simulate a relative sea level rise across much474

of the North Atlantic.475

Bouttes et al. (2013) suggest the simulated DSL change pattern of relative sea level476

rise over the subpolar gyre and fall over the subtropical gyre under CO2 forcing is largely477

due to the surface heat flux change. Simulated temperature and salinity changes in FAF-478

heat are used to decompose DSL changes into steric, ∆θsteric, thermosteric, ∆ζθ, and479

halosteric, ∆ζS , contributions (Pardaens et al., 2011) using a nonlinear equation of state480

(TEOS-10, McDougall and Barker (2011)). Simulated DSL changes are almost entirely481

steric, with a negligible contribution from barotropic changes (not shown). The halosteric482

DSL change (Figure 11) largely balances the thermosteric (Figure 10) DSL change, leav-483

ing the steric DSL change as a small residual (Lowe & Gregory, 2006). The thermosteric484

DSL change closely resembles the total heat content change (Figure 5). Both the ther-485

mosteric and halosteric components show substantial spread in the North Atlantic, each486

contributing to the large spread in simulated DSL change.487

4 FAF-water, FAF-stress and FAF-all Intercomparison488

This section explores the ocean’s response in the FAF-water, FAF-stress and FAF-489

all experiments. Similar to Section 3, analysis focuses on the mean simulated change dur-490

ing years 61-70.491

4.1 Ocean Circulation492

Simulated AMOC weakening across the ensemble is of a similar order of magni-493

tude in FAF-all, 20-50%, as in FAF-heat, as shown by Figure 2(b). This suggests that494

the addition of surface freshwater and momentum fluxes in OGCMs has only a secondary495

effect to surface heat fluxes in modulating AMOC changes (as found for AOGCMs (Gregory496

et al., 2016)). After 60 years in FAF-water and FAF-stress, ∆ΨAMOC typically has a mag-497

nitude smaller than 10% of ∆Ψ. Examining ACC changes, in FAF-stress there is a con-498

sistent strengthening (between 3% to 7%), with FAF-water demonstrating a weakening499
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Figure 10. Colours show the FAF-heat minus FAF-control year 61-70 mean thermosteric

component, ∆ζθ, of the dynamic sea level change. Black contours denote the corresponding steric

component, ∆ζsteric, of the dynamic sea level change, at 0.1 m intervals. Dashed and solid lines

denote negative ∆ζsteric and positive ∆ζsteric, respectively.
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Figure 11. Colours show the FAF-heat minus FAF-control year 61-70 mean halosteric compo-

nent, ∆ζθ, of the dynamic sea level change. As in Figure 10, black contours indicate ∆ζsteric.
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(-2% to -13%). The ACC change in FAF-all demonstrates no consistency amongst the500

ensemble, with only relatively weak magnitudes (-3% to 2%). However, the individual501

surface flux perturbations combine relatively linearly, with wind-driven strengthening502

of the ACC largely cancelled by the freshwater flux-driven weakening (not shown). All503

models simulate a weakening of AABW overturning in FAF-water (-0.8% to -18%), and504

a strengthening of AABW overturning in FAF-stress (3% to 20%) . Examining the FAF-505

all AABW overturning response, there is no consistency amongst the ensemble (-18%506

to 21%), however the FAF-heat, FAF-water and FAF-stress responses combine relatively507

linearly (not shown). This results suggest that ACC and AABW overturning changes508

are linked, which is consistent with geostrophic balance.509

4.2 Ocean Heat Content and Dynamic Sea Level510

FAF-water and FAF-stress ocean heat content changes, alongside corresponding511

dynamic sea level changes, are presented in Figures 12 and 13, respectively. An area of512

consensus in FAF-water is the Southern Ocean, where all models simulate heat loss at513

low latitudes and heat gain around the Antarctic coastline. This is complemented by a514

rise and fall in dynamic sea level at high and mid Southern Ocean latitudes, respectively,515

suggesting the DSL change in this region is largely thermosteric. Gregory et al. (2016)516

suggest the input of freshwater at high Southern Ocean latitudes in FAF-water acts to517

stratify the water column, reducing upward convection and surface heat loss.518

A second area of consensus in FAF-water is the western subtropical North Atlantic,519

where all models simulate moderate heat increases, of approximately one quarter the cor-520

responding heat increases simulated in FAF-heat. In all models except for NEMO3.4,521

this region of warming is collocated with a fall in dynamic sea level. This implies that522

the negative halosteric component, from increased salinity, typically has a larger mag-523

nitude than the positive thermosteric component, from increased temperature. In CanESM5,524

HadCM3 and MITgcm, the pattern of heat content increases in the North Atlantic ex-525

tends northwards into the mid-latitude and subpolar regions. In contrast, the other four526

ensemble members simulate a weak heat loss in the mid-latitude and subpolar North At-527

lantic. Since no surface heat perturbation is included in FAF-water, the heat content change528

is entirely due to circulation change leading to heat redistribution.529

Similar to FAF-water, patterns of ocean heat content change are relatively weak530

in FAF-stress, in comparison to FAF-heat. As in FAF-water, the Southern Ocean is a531

major area of consensus in FAF-stress, but with the opposite pattern: heat loss and DSL532

fall, and heat increases and DSL rise, at high and mid-latitudes, respectively. This pat-533

tern in the Southern Ocean can be explained by the enhanced northward Ekman trans-534

port in FAF-stress, due to the increased surface westerly wind stress, causing a passive535

advection of heat from the high to mid-latitudes. Consequently, in the ocean-only en-536

semble, the FAFMIP momentum flux perturbation acts to increase the DSL gradient in537

the Southern Ocean, whilst the freshwater perturbation weakly weakens the DSL gra-538

dient, consistent with previous studies (Bouttes & Gregory, 2014; Saenko et al., 2015).539

An area of major disagreement in FAF-stress is the North Atlantic, where there is no540

consensus on the pattern of ocean heat content or ∆ζ change. However, the magnitude541

of the spread in FAF-stress North Atlantic responses is much smaller than in both FAF-542

heat and FAF-water. This suggests that the uncertain response to surface momentum543

flux perturbations is of second order to the uncertainty in the overall heat content change544

and ∆ζ response.545

There is strong similarity between the FAF-heat (Figure 5) and FAF-all (Figure 14)546

patterns of ocean heat content and ∆ζ. This is consistent with previous studies, suggest-547

ing uncertainty in patterns of ocean heat content change and corresponding ∆ζ change548

is largely driven by uncertainty in the response to surface heat flux perturbations (Lowe549

& Gregory, 2006; Gregory et al., 2016), as discussed in Section 3. Furthermore, there is550

AMOC response similarity between FAF-heat and FAF-all.551
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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−2 for each model, with coupled models indicated by a ∗.

Contour lines as in Figure 5, except showing ∆ζ 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−2 for each model, with coupled models indicated by a ∗.

Contour lines as in Figure 5, except showing ∆ζ at 0.05 m intervals.
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Figure 14. Colours show the depth integrated FAF-all minus FAF-control year 61-70 mean

ocean heat content change in GJ m−2 for each model, with coupled models indicated by a ∗.

Contour lines as in Figure 5, except showing ∆ζ at 0.1 m intervals.
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5 Conclusions552

This study has examined the ocean response to abrupt surface momentum and buoy-553

ancy flux perturbations in an ensemble of OGCMs and AOGCMs. Consistent with pre-554

vious studies, circulation change in the North Atlantic is mainly due to surface heat flux555

changes, with a minimal wind-driven response (Bouttes et al., 2013). In the FAF-heat556

simulation, where a model-independent surface heat flux perturbation is applied, there557

is a large spread (20-50%) in the simulated AMOC weakening amongst OGCMs. This558

builds upon the findings of Huber and Zanna (2017), who demonstrated that differences559

in surface heat flux changes dominate the spread in AMOC change. This study highlights560

a spread in the sensitivity of AMOC change to surface heat flux changes amongst dif-561

ferent models. An important finding is that the coupled FAFMIP method (Bouttes &562

Gregory, 2014; Gregory et al., 2016) causes 10% additional AMOC weakening relative563

to the the ocean-only method. This enhanced AMOC weakening is due to an atmosphere-564

surface temperature redistribution feedback. As a result, the simulated surface heat flux565

change in coupled FAFMIP simulations is different from the FAF-heat perturbation over566

ocean regions where the circulation is particularly sensitive to surface heat flux changes567

(Delworth & Greatbatch, 2000).568

This study indicates that the pattern of ocean heat content change is largely driven569

by surface heat flux changes, since the FAF-heat and FAF-all response is generally con-570

sistent. Amongst the OGCM ensemble, heat content change patterns are typically sim-571

ilar over the Southern Ocean and North Pacific. The North Atlantic is the region which572

demonstrates the largest spread in total ocean heat content change, itself a small resid-573

ual of the added heat increase and redistributed heat loss. Added heat increase is largely574

passive, and hence is focussed in regions where the surface heat flux perturbation is pos-575

itive, such as the North Atlantic and high latitude Southern Ocean. Generally, it is the576

spread in the redistributed heat content change, and hence circulation change, which dom-577

inates the spread in total heat content change. In the depth integral, AOGCMs simu-578

late less redistributed cooling of the North Atlantic relative to OGCMs, despite greater579

AMOC weakening. However, redistributed changes are more concentrated near the sur-580

face in AOGCMs, contributing to a positive feedback to amplify the AMOC weakening.581

Examining the temperature tendency diagnostics (Gregory et al., 2016), we find582

that warming in the low-latitude Southern Ocean across the ensemble is largely due to583

enhanced isopycnal and diapycnal diffusion, instead of residual mean advection change584

as suggested by previous studies (Lowe & Gregory, 2006; Bouttes & Gregory, 2014; Saenko585

et al., 2015; Marshall et al., 2015). However, this result is based on a depth weighted mean586

across a latitude band encompassing much of the residual overturning circulation. Hence,587

relatively coarse OGCMs may simulate the heat content change processes via isopycnal588

diffusion parametrisations instead of accurately resolving the overturning circulation. In589

the North Pacific, there is little agreement amongst the individual tendency terms, de-590

spite overall agreement of warming. Notably, HadCM3 and HadOM3 show a large dif-591

ference due to the atmospheric feedback. In the former, substantial warming is almost592

entirely driven by residual mean circulation change. In contrast, the latter indicates warm-593

ing is mainly as a balance of warming from diapycnal diffusion and cooling from resolved594

advection. Temperature tendencies for the North Atlantic highlight the important role595

that the spread in residual mean advection plays in setting the spread in heat content.596

Models with more AMOC weakening (MITgcm and MOM5) typically have a net cool-597

ing of the North Atlantic, whereas models with less AMOC weakening (NEMO3.4 and598

CanESM5) simulate a net warming. In all cases, the sign of the diapycnal diffusion change599

contribution is consistent with the sign of the total temperature tendency change.600

Dynamic sea level changes in FAF-all, as with the ocean heat content changes, are601

mainly driven by the surface heat flux perturbation. Agreement amongst the OGCM en-602

semble over the Pacific sector of the Southern Ocean is relatively high, with between -603

3 to -4 GJ m−2 heat content change, contributing to ∆ζ ≈ −0.1 m in each model via604

a negative thermosteric component. Over the North Atlantic, there is a wide spread in605

the DSL response, which is matched by large spread in both the thermosteric and halosteric606
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components of ∆ζ. These salinity and temperature driven changes in DSL largely can-607

cel (Lowe & Gregory, 2006; Pardaens et al., 2011), but both terms contribute to the over-608

all spread. Comparing AOGCM and OGCM simulated dynamic sea level changes, the609

main inconsistencies over the North Atlantic are due to differences in the thermosteric610

response, which is related to the differences in heat content change and the atmospheric611

redistributed feedback amplifying the surface heat flux perturbation.612

This study has shown that most of the spread in dynamic sea level and ocean heat613

content change arises due to different OGCM responses to surface heat flux perturba-614

tions. For the North Atlantic, this is strongly related to the sensitivity of the AMOC to615

buoyancy forcing. This highlights an important area of future investigation to improve616

our understanding of how North Atlantic surface heat fluxes and the AMOC respond to617

greenhouse gas forcing as a coupled system. An important finding is that using method618

B of Gregory et al. (2016) tends to amplify the prescribed surface heat flux perturba-619

tion. This leads to a stronger AMOC weakening in coupled models relative to ocean-only620

models due to atmosphere-ocean feedbacks. This result was speculated by Gregory et621

al. (2016), but this study has now quantified the enhanced AMOC weakening due to atmosphere-622

ocean feedbacks at 10%. Except for this relatively local feature in the North Atlantic,623

the ocean heat uptake and DSL response to buoyancy and momentum forcing is typi-624

cally consistent for matching AOGCMs and OGCMs. This demonstrates that atmosphere-625

ocean feedbacks in coupled FAFMIP simulations typically have only a small effect on ocean626

heat content at basin scales, although they do strongly affect the North Atlantic.627
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Vermeersen, L. L. A., & Stammer, D. (2014). Projecting twenty-first cen-754

tury regional sea-level changes. Climatic Change, 124 (1-2), 317-332. doi:755

10.1007/s10584-014-1080-9756

Swart, N. C., Cole, J. N. S., Kharin, V. V., Lazare, M., Scinocca, J. F., Gillett,757

N. P., . . . Winter, B. (2019). The canadian earth system model version 5758

(CanESM5.0.3). Geoscientific Model Development Discussions, 1-68. doi:759

10.5194/gmd-2019-177760

Taylor, K. E., Stouffer, R. J., & Meehl, G. A. (2012). An Overview of CMIP5761

and the Experiment Design. Bulletin of the American Meteorological Society ,762

93 (4), 485-498. doi: 10.1175/bams-d-11-00094.1763

Tsujino, H., Urakawa, S., Nakano, H., Small, R. J., Kim, W. M., Yeager, S. G.,764

. . . Yamazaki, D. (2018). JRA-55 based surface dataset for driving765

ocean–sea-ice models (JRA55-do). Ocean Modelling , 130 , 79-139. doi:766

10.1016/j.ocemod.2018.07.002767

–27–



manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Visbeck, M., Marshall, J., Haine, T., & Spall, M. (1997). Specification of eddy768

transfer coefficients in coarse-resolution ocean circulation models. Journal of769

Physical Oceanography , 27 (3), 381-402. doi: 10.1175/1520-0485(1997)027〈0381:770

soetci〉2.0.co;2771

Wang, C., Zhang, L., Lee, S.-K., Wu, L., & Mechoso, C. R. (2014). A global per-772

spective on CMIP5 climate model biases. Nature Climate Change, 4 (3), 201-773

205. doi: 10.1038/nclimate2118774

Yang, D., & Saenko, O. A. (2012). Ocean Heat Transport and Its Projected Change775

in CanESM2. Journal of Climate, 25 (23), 8148-8163. doi: 10.1175/jcli-d-11776

-00715.1777

Yin, J. (2012). Century to multi-century sea level rise projections from CMIP5 mod-778

els. Geophysical Research Letters, 39 (17). doi: 10.1029/2012gl052947779

Yin, J., Griffies, S. M., & Stouffer, R. J. (2010). Spatial Variability of Sea Level Rise780

in Twenty-First Century Projections. Journal of Climate, 23 (17), 4585-4607.781

doi: 10.1175/2010jcli3533.1782

Zanna, L., Khatiwala, S., Gregory, J. M., Ison, J., & Heimbach, P. (2019).783

Global reconstruction of historical ocean heat storage and transport. Pro-784

ceedings of the National Academy of Sciences, 116 (4), 1126-1131. doi:785

10.1073/pnas.1808838115786

Zika, J. D., Skliris, N., Blaker, A. T., Marsh, R., Nurser, A. J. G., & Josey, S. A.787

(2018). Improved estimates of water cycle change from ocean salinity: the key788

role of ocean warming. Environmental Research Letters, 13 (7), 074036. doi:789

10.1088/1748-9326/aace42790

Appendix A OGCM Parametrisations791

As discussed in Section 2, all OGCMs used in this study employ the Gent and McWilliams792

(1990) parametrisation scheme to represent the effects sub-grid, mesoscale eddies. In the793

MOM cases (MOM5 and ACCESS-OM2), submesoscale eddy fluxes are parameterized794

following Fox-Kemper et al. (2008, 2011), and vertical mixing is performed using K-profile795

parameterisation (KPP) (Large et al., 1994). In NEMO3.4, momentum and tracers are796

vertically mixed using a turbulent kinetic energy (TKE) scheme based on the model of797

(Gaspar et al., 1990), with tidal mixing parameterised following Simmons et al. (2004).798

For HadOM3, the near surface vertical mixing is carried out via a Kraus-Turner mixed799

layer sub-model (Kraus & Turner, 1967).800

In MITgcm and NEMO3.4, ocean temperatures are permitted to fall below freez-801

ing point, θfreeze, but in the equation of state the temperature is constrained to be θ =802

max(θ, θfreeze). In practice, global minimum annual mean temperatures remain above803

−3◦C in the majority of experiments in these models. In HadOM3, if the ocean temper-804

ature falls below θfreeze, it is reset to θfreeze, with the associated heating coming from805

a cooling of the layer immediately beneath. If a flux perturbation causes the whole wa-806

ter column to freeze, the remaining negative heat flux is lost from the system.807
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Table 1. Ocean GCMs and coupled, atmosphere-ocean GCMs used in this study.

General Circu-
lation Model

Grid (latitude ×
longitude)

Time step (hours) Spin up data Citation

Massachusetts
Institute of
Technology
general circu-
lation model,
checkpoint 66o
(MITgcm)

2.8◦ × 2.8◦ and 15
z levels

12 h Time mean
CanESM2 (Chylek
et al., 2011) pre-
industrial control
(piControl, (Taylor
et al., 2012)) fol-
lowing (Huber &
Zanna, 2017). SST
and SSS relaxation
at 60 and 90 days,
respectively.

Marshall et
al. (1997)

NOAA-GFDL
Modular Ocean
Model, version
5 (MOM5)

nominally 1◦ × 1◦

and 50 z∗ levels
2 h CORE version 2

(Large & Yeager,
2009)

S. Griffies
(2012)

Ocean-sea ice
component of
the Australian
Community
Climate and
Earth Sys-
tem Simulator
(ACCESS-
OM2)

nominally 1◦ × 1◦

and 50 z∗ levels
2 h JRA55-do nor-

mal year forcing
(Tsujino et al.,
2018), SST and
SSS relaxation at
30 and 60 days,
respectively.

S. Griffies
(2012)

Nucleus for
European Mod-
elling of the
Ocean, version
3.4 (NEMO3.4)

nominally 1◦ × 1◦

(ORCA1 C-grid)
and 45 z levels

1 h Pre-industrial
CanESM2 control
(Yang & Saenko,
2012)

Swart et
al. (2019),
Saenko et al.
(2018)

Hadley Cen-
tre Ocean
Model, version
3 (HadOM3)

1.25◦ × 1.25◦ and
20 z levels

1 h Pre-industrial Gordon et
al. (2000)

Candian Earth
System Model,
version 5
(CanESM5)

ocean: NEMO3.4
atmosphere: nom-
inally 2.8◦ × 2.8◦

(T63 spectral
resolution)
49 hybrid vertical
levels to 1 hPa

ocean: 1 h
coupler: 3 h

Pre-industrial Swart et al.
(2019)

Hadley Cen-
tre Climate
Model, version
3 (HadCM3)

ocean: see
HadOM3
atmosphere: 2.5◦×
3.75◦ and 19 verti-
cal levels

ocean: 1 h
coupler: 24 h

Pre-industrial Gordon et
al. (2000)
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