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Abstract

The effect of anthropogenic climate change in the ocean is challenging to project because atmosphere-ocean general circula-
tion models (AOGCMs) respond differently to forcing. This study focuses on changes in the Atlantic Meridional Overturn-
ing Circulation (AMOC), ocean heat content (AOHC), and the spatial pattern of ocean dynamic sea level (A{). We analyse
experiments following the FAFMIP protocol, in which AOGCMs are forced at the ocean surface with standardised heat,
freshwater and momentum flux perturbations, typical of those produced by doubling CO,. Using two new heat-flux-forced
experiments, we find that the AMOC weakening is mainly caused by and linearly related to the North Atlantic heat flux
perturbation, and further weakened by a positive coupled heat flux feedback. The quantitative relationships are model-
dependent, but few models show significant AMOC change due to freshwater or momentum forcing, or to heat flux forcing
outside the North Atlantic. AMOC decline causes warming at the South Atlantic-Southern Ocean interface. It does not
strongly affect the global-mean vertical distribution of AOHC, which is dominated by the Southern Ocean. AMOC decline
strongly affects A{ in the North Atlantic, with smaller effects in the Southern Ocean and North Pacific. The ensemble-mean
A¢ and AOHC patterns are mostly attributable to the heat added by the flux perturbation, with smaller effects from ocean
heat and salinity redistribution. The ensemble spread, on the other hand, is largely due to redistribution, with pronounced
disagreement among the AOGCMs.
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1 Introduction

Knowledge of anthropogenically forced climate change in
the ocean is vitally important for humanity, but projections
are limited by uncertainties in key aspects, including change
in the Atlantic Meridional Overturning Circulation (AMOC)
(Weijer et al. 2020), and the geographical pattern of change
in sea-level worldwide (Slangen et al. 2014). These two
aspects and the relationship between them are the subjects
of this study.

Atmosphere-ocean coupled general circulation models
(AOGCMs) are standard tools used to project future climate
and sea level. The sixth phase of the Coupled Model Inter-
comparison Project (CMIP6) provides a common frame-
work to run experiments that start from a near-equilibrium
(or ‘well spun-up’) preindustrial control state (piControl)
and integrate forward in time, applying time-varying forc-
ing agents for the past and future. While numerous forcing
agents, including various greenhouse gases and anthropo-
genic aerosols, are expected to alter future climate in the
real world, for mechanistic analysis it is useful to study the
effects of idealised scenarios of carbon dioxide (CO,) alone,
which gives the dominant anthropogenic forcing. One stand-
ard scenario forces AOGCMs with CO, concentrations that
rise from preindustrial levels at 1% year™!, called ‘1pctCO2’
(Eyring et al. 2016).

Even though 1pctCO2 is an idealised and simplified sce-
nario of climate change, it is challenging to unpick the rea-
sons why models give different responses. There are both
atmospheric and oceanic causes of model diversity in ocean
climate change. The global surface temperature increase that
restores the top of atmosphere radiative balance given an
instantaneous doubling of CO, (the so-called ‘effective cli-
mate sensitivity”) differs across models. Cloud feedbacks are
thought to be a key cause of differing climate sensitivities of
models (e.g. Zelinka et al. 2020). The ocean component of
each AOGCM has a unique sensitivity to changes in surface
fluxes of heat, freshwater or momentum (i.e. wind stress).
The unique sensitivity could arise from biases in preindus-
trial state, differing representations of ocean transport pro-
cesses and other technical factors.

In addition, the different control climates of models
(Bouttes and Gregory 2014), especially sea surface tem-
perature (SST) biases (He and Soden 2016) and wind field
biases (Lyu et al. 2020) are also thought to play a role in
causing the spread of surface flux changes and hence sea-
level projections in particular. This line of thinking has been
investigated with sets of experiments in which a single ocean
model is forced with multiple choices of surface boundary
conditions like SST (Huber and Zanna 2017) or surface
fluxes (Bouttes and Gregory 2014). These studies find that
it is possible to mimic aspects of the across-model diversity
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of ocean circulation by forcing a single model with a range
of boundary conditions.

A complementary approach was proposed through the
Flux Anomaly Forced Model Intercomparison Project
(FAFMIP), which applies consistent flux perturbations to
a variety of AOGCMs (Gregory et al. 2016; Couldrey et al.
2021) or ocean-only general circulation models (OGCMs)
(Todd et al. 2020). FAFMIP forcing emulates 1pctCO2
forcing, except that the oceans are forced directly with flux
perturbations rather than changing greenhouse concentra-
tions. The FAFMIP design comprises five experiments: one
steady-state control experiment with an extra passive tracer,
three experiments with individually applied flux perturba-
tions, and one experiment with all perturbations applied
simultaneously (Gregory et al. 2016). (Further details are
discussed in Sect. 2.2.)

FAFMIP experiments are able to account for the role
of ocean model diversity in causing ensemble spread in a
more consistent way than was previously possible. Results
from these experiments have shown that applying the same
flux perturbations to different models reproduces an ensem-
ble spread similar to that of 1pctCO2 runs, suggesting that
diversity in ocean models is (at least part of) the cause (Todd
et al. 2020; Couldrey et al. 2021). In the present paper, we
analyse FAFMIP experiments with a wider set of AOGCMs
than was previously available to examine the relationship
of heat flux forcing to sea-level change and AMOC change.

Global mean thermosteric sea level rise, due to thermal
expansion of a warming ocean, makes up 21-43% of the
total global mean sea-level rise (GMSLR) projected for the
years 2081-2100 (Hermans et al. 2021) in a mid-range emis-
sions scenario (SSP2/RCP4.5). Ocean heat content change
(AOHC) is therefore a crucial cause of sea-level rise. The
melting of land ice (glaciers and ice sheets) adds mass to the
ocean (as freshwater), and makes up most of the remainder
of GMSLR.

Regional sea-level change is highly nonuniform and can
be very different from the global mean because of a mixture
of ocean and climate dynamics, and solid-Earth processes.
Ocean dynamic sea level, ¢, is defined at each time and loca-
tion in these experiments as

{=n-n, (D)

where 7 is the local sea-surface height relative to a sur-
face of uniform geopotential (the geoid) and 7 is the area
mean averaged over the global ocean. Under CO, forcing,
AOGCMs experience a radiative imbalance that warms the
climate and causes sea-level changes. The dynamic sea-level
change (A¢{) is

AL(x,y, 1) = An(x,y, 1) — An(?), )
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which is the local # change with its global area mean change
subtracted. Even in moderate emissions scenarios like RCP
4.5, by the period 2081-2100 the spatial variability of Ay is
large, such that some locations experience a local sea-level
change greater than double the global mean change (Gregory
et al. 2016). These strong deviations from the global mean
change are brought about by the distribution of surface flux
changes and by changes in ocean currents (and consequently
perturbed ocean transports of heat and salinity), including
the AMOC.

The AMOC is a key process of the climate system
because of its role in converting warm and saline low-
latitude surface waters into cold, dense deep waters. The
representation of the AMOC, in terms of its strength and
structure, differs markedly in climate models, as well as its
projected weakening by the end of the 21 Century (Weijer
et al. 2020). An anticorrelation between the preindustrial,
steady state AMOC strength and its future change under
anthropogenic climate change was noted in earlier AOGCMs
(Gregory et al. 2005) that still holds for the current genera-
tion (Weijer et al. 2020), a relationship that remains to be
explained. The diversity in projected AMOC decline is a
leading-order cause of uncertainty in future sea-level change
in the North Atlantic (NA) (Yin et al. 2009; Bouttes and
Gregory 2014). Efforts to understand the functioning of the
AMOC are therefore vital to constrain projections of the
effects of future climate change.

In the North Atlantic, northward flowing surface waters
experience intense evaporation in the low latitudes fol-
lowed by intense cooling at high latitudes and thereby
become dense North Atlantic Deepwater (NADW), which
sinks and flows south in the oceanic abyss. While deep
waters are formed in the North Atlantic, they are thought
to be partly returned to the upper ocean diffusively into the
low-latitude thermocline (Munk and Wunsch 1998; Kuh-
Ibrodt et al. 2007) and mostly in the Southern Ocean, where
strong westerly winds tilt isopycnals upwards (Gnanadesikan
1999; Nikurashin and Vallis 2012). AMOC changes have the
potential to be forced under future anthropogenic climate
change via several avenues.

Previous studies have examined the sensitivity of the
AMOC to these different forcings in individual models
(e.g. Bouttes and Gregory 2014; Garuba and Klinger 2018;
Dias et al. 2020b; Cael and Jansen 2020), the small original
FAFMIP ensemble (Gregory et al. 2016) and pairs of mod-
els (Todd et al. 2020; Jin et al. 2021a). Such studies suggest
that the anomalous heat flux is the main driver of AMOC
change under greenhouse gas forcing (in the absence of large
freshwater additions via glacial melt, which is beyond the
scope of this study). While models agree that heat flux forc-
ing weakens the AMOC, the degree of the decline is uncer-
tain across models (Gregory et al. 2016; Todd et al. 2020).
In addition, the AMOC response to freshwater and wind

stress forcing is also unclear. Gregory et al. (2016) noted no
significant AMOC changes in response to freshwater and
momentum flux perturbations using the original AOGCM
ensemble, but Todd et al. (2020) found some small changes
using a different suite of models.

Freshwater and momentum flux forcing experiments have
produced a variety of AMOC responses, owing to differ-
ences in the types of models used, details of the forcing,
and other factors. Some studies find that freshwater cycle
amplification strengthens the AMOC (e.g. Cael and Jansen
2020; Todd et al. 2020). While Garuba and Klinger (2018)
found evidence of weakening in an ocean-only model study,
subsequent work using coupled simulations found that heat
fluxes rather than freshwater fluxes drive AMOC weakening
(Garuba and Rasch 2020). Recent studies employing an ide-
alised doubling of southern hemisphere westerly wind stress
magnitude have shown AMOC strengthening (Liischow
et al. 2021), as well as a transient AMOC strengthening
and subsequent return to a weakened state (Lohmann et al.
2021). Using less intense momentum forcing, Todd et al.
(2020) found that the AMOC response to wind stress pertur-
bation was generally weak, showing changes of inconsistent
sign across their AOGCM ensemble. In this work, we com-
pare the magnitude of AMOC responses to heat, freshwater
and momentum flux forcing. We focus much of our analysis
on the response to heat flux forcing, since we expect it to
produce the strongest ocean responses; in terms of AMOC
strength, ocean heat content and sea level (Gregory et al.
2016; Couldrey et al. 2021).

To investigate the sensitivity of the AMOC to heat flux
perturbation in more detail, with more models, in this paper
we propose and demonstrate two further FAFMIP experi-
ments. These modify the heat flux forcing in the North
Atlantic only, as described in Sect. 2.2. In this work, we
use the both original and the new FAFMIP experiments to
address the following questions: (1) How does the AMOC
respond to perturbations to fluxes of heat, freshwater and
momentum? (2) To what extent is the AMOC sensitive to
heat flux forcing in the North Atlantic versus elsewhere? (3)
Is the spread of AMOC weakening across different models
related to the spread of the heat input into the North Atlantic
or to interior processes? (4) How does a weakened AMOC
affect the global distribution of ocean heat content change?
(5) How does a weakened AMOC affect patterns of regional
dynamic sea-level change?

A description of the experimental setup, analytical meth-
ods and models is given in Sect. 2. Then, we assess the
ensemble’s AMOC responses to the different atmosphere-
ocean flux perturbations in Sect. 3. Some possible causes of
the ensemble spread of AMOC weakening are explored in
Sect. 4. The global distribution of ocean heat content change
(AOHC) is described in Sect. 5. The connection between
the AMOC change and regional dynamic sea-level change
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in three key regions (the North Atlantic, North Pacific and
Southern Ocean) is described in Sect. 6, and its contribu-
tions from heat addition, heat redistribution, salinity redis-
tribution and changes in ocean mass loading are determined.
The conclusions are laid out in Sect. 7.

2 Methods
2.1 Dynamic sea level

Following recent naming conventions, # in (1) is ‘sterody-
namic sea level” (Gregory et al. 2019). Dynamic sea level, ¢,
reveals local deviations of sea level (that may be positive or
negative) relative to the global mean, because it has an area
mean of zero by definition. Nonzero values of { are caused
by ocean circulation and horizontal density gradients. ¢ is
the variable ‘zos’ in CMIP terminology (Griffies et al. 2016).
In CMIP6 1pctCO2 experiments, the addition of fresh-
water into the ocean from melting land ice is not modelled
and so Ay in (2) is purely due to global mean thermosteric
sea-level change. Note that because the global mean of A{
is zero by definition, local A{ is negative wherever Az is
smaller than the global-mean thermosteric sea level rise An,
even if local Ay is zero or positive. The dynamic sea-level
anomaly A{ can readily be calculated in CMIP experiments
by subtracting the ‘zos’ field in a transient experiment (like
1pctCO2) from a steady-state control run (like piControl).

2.2 Experiments

The FAFMIP protocol (Gregory et al. 2016) recreates certain
effects of 1pctCO2 forcing by applying perturbations that are
common across models directly to the ocean surface. The
surface flux perturbations are derived from the multi-model
mean changes in atmosphere-ocean fluxes of heat, freshwa-
ter and momentum, averaged over years 61-80 (covering the
time of atmospheric CO, doubling relative to preindustrial
levels at year 70) in 1pctCO2 experiments. Since the pertur-
bations are applied to the sea-water surface, the atmosphere
and sea ice are not directly affected by the perturbations,
but indirect effects can result from the redistribution of
heat and freshwater. In all the FAFMIP forced experiments
(freshwater and wind stress as well as the heat flux forced
varieties), changes to all the surface fluxes (of heat, fresh-
water and momentum) can result from SST change caused
by the imposed perturbation. The redistribution feedback
(described later in this section) is such a phenomenon.

The present study analyses output from seven FAFMIP
experiments, described below, in Table 1 and in Appen-
dix A.l. Five of these experiments constitute the original
FAFMIP protocol (Gregory et al. 2016). We hereby define
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the other two as additions to the FAFMIP protocol, namely
faf-heat-NA5Opct in Tier 1, and faf-heat-NAOpct in Tier 2.

Experiment 1: faf-passiveheat This experiment func-
tions as a control (like piControl) because its climate is not
forced and it experiences only internally generated vari-
ability. However, it also features a passive tracer, T, that
is initially zero everywhere in the ocean and passive heat
is added at the ocean surface via a flux, F, whose annual
mean is shown in Fig. 1a. The tracer is advected and diffused
around the ocean via the same schemes that each model uses
to transport temperature, 7. The tracer does not affect ocean
density and therefore does not change ocean transports, so
it is called ‘passive heat’. Although the tracer surface flux is
applied in the same way to each model, the T, distribution
in the ocean will be different across models because of each
model’s unique unperturbed ocean transport.

Experiment 2: faf-heat, or 100pct In this experiment, the
perturbation heat flux, F' (Fig. 1a), is added to ocean temper-
ature, T. It is applied directly to the ocean water surface as an
external heat flux forcing (rather than a radiative forcing, as
in greenhouse gas experiments). The perturbation is strongly
positive (downward, i.e. heating the ocean) in the North
Atlantic and Southern Ocean. To prevent the atmosphere
from absorbing the heat imposed by F, it is decoupled from
T and instead sees the surface field of a redistributed tem-
perature tracer (Ty) to calculate the interactive atmosphere-
ocean heat flux (Q). This second tracer is initially equal to
T and does not feel the added heat from F, but is otherwise
transported around the ocean like 7. The perturbation flux
causes T (and therefore ocean density) to change, which
changes ocean heat transports, which in turn change the
distribution of 7. Coupling with an interactive atmosphere
is maintained because the heat flux Q (calculated using T%) is
applied to both T and T. The coupling with sea ice is modi-
fied in the same way as for the atmosphere. Further details
about F and T} are included in Appendix A.1.

This experiment also features the added temperature
tracer, 7, whose initial value is zero everywhere and whose
surface boundary condition is F, as in faf-passiveheat. The
total temperature 7 is the sum of added and redistributed
temperature,

T=Tx+T,, 3)

The distribution of 7 in faf-heat will differ from that of faf-
passiveheat because the former experiences transient climate
change (and changing ocean heat transports) while the latter
does not. The difference of 7, between the two experiments
therefore reflects the part of oceanic added heat storage that
is not passive, i.e. the ‘active’ redistribution of added heat.
The use of T, and Ty creates three main advantages
over conventional radiative forcing experiments. First, the
atmosphere can be decoupled from the imposed perturbation
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Table 1 Summary of experiments, including tracers used (7 ocean
temperature, 7,: added temperature, T: redistributed temperature) a
list of diagnosable components of sea-level change (A¢) due to: pas-
sive storage of added temperature (A{yp), redistribution of unper-
turbed temperature (A{), storage of added temperature (A¢,),

active storage of added temperature (A{y,,4), redistribution of salinity
(halosteric, A{s), changing ocean mass per area (manometric, Ay,).
More details about experiments and tracers are given in Sect. 2.2 and
details about sea-level components are given in Sects. 2.3 and 2.4

Experiment Name(s) Forcing & Tracers

Purpose A¢ Components

faf-passiveheat No climate forcing. 7}, initially O, surface
boundary condition is the faf-heat heat
flux perturbation

faf-heat or100pct Heat flux perturbation F applied at ocean

surface to 7 and 7. T initially = 7,
coupled to atmosphere instead of T

faf-heat-NA50Opct or 50pct  As for 100pct, except F applied in North

Atlantic reduced by half

faf-heat-NAOpct or Opct  As for 100pct, except heat flux perturba-

tion applied in North Atlantic set to 0

faf-water Freshwater flux perturbation applied to
ocean (not atmosphere). Intensifies
steady state pattern, near zero global

integral

faf-stress Momentum flux (wind stress) perturba-
tion applied to ocean (not atmosphere).
Intensifies (by ~10%) and shifts south-
ward the Southern Ocean westerlies,

smaller changes elsewhere

100pct, faf-water and faf-stress perturba-
tions simultaneously

Jaf-all

Reveals how steady-state ocean transports
passively distribute added heat

Alpp

Reveals how F causes temperature
anomalies due to added heat (via T,)
and changing ocean transports acting on
pre-existing heat (via Ty)

Reveals whether AMOC weakening
linearly depends on heat input into NA.
Tests if the redistribution feedback can
be compensated by halving NA heat
input

Reveals whether AMOC is affected by
heat inputs outside the North Atlantic

ALy, Alpy, Alpyg, Als, ALy

ALy, Alpy, Alg, ALy

Alrp, Ay, Alg, ALy
Reveals AMOC sensitivity to hydrologi-  A¢ not studied in this work
cal cycle amplification

Reveals AMOC sensitivity to Southern A¢ not studied in this work

Ocean wind stress

Reveals nonlinear interactions between A¢ not studied in this work

forcings

allowing for common heat flux forcing to be directed straight
into the ocean. Second, the ocean heat content that was
already in the system prior to the perturbation can be dis-
criminated from the heat added to the system by the per-
turbation. Third, the same surface heat flux perturbation is
applied in all AOGCMs, rather than being determined by
individual AOGCMSs’ responses to atmospheric radiative
forcing. This experiment is faf-heat in CMIP6 terminology,
but is also called /00pct in this study for conciseness and
to reflect the strength of the forcing in the North Atlantic
relative to the other two heat flux experiments, described
later in the section.

Coupling the atmosphere to T}, instead of T and applying
a strong heat flux F into the North Atlantic has the expected
effect of weakening the AMOC, but also creates an unin-
tended feedback. The perturbation increases 7 in the subpo-
lar North Atlantic by increasing 7,,, which reduces deepwa-
ter formation by convection and weakens the overturning.
The weakened overturning reduces the northward transport
of heat from the tropics to the subpolar North Atlantic. This
causes T to increase in low latitudes with a corresponding

decrease in subpolar latitudes because the weakened over-
turning transports less tropical water northward. At steady
state, the subpolar North Atlantic ocean is warmer than the
atmosphere and so the downward heat flux, Q, is negative
i.e. the ocean warms the atmosphere. In /00pct, the atmos-
phere sees only the cold anomalies of T and not the added
heat of 7, at high latitudes. Because the air temperature
has not changed, there is reduced heat loss by the subpolar
Atlantic ocean and a positive heat flux anomaly, AQ, results.
Crucially, the extra heat input by AQ further weakens the
AMOC and the northward heat transport, which further
drives down Ty, creating a positive feedback and causing
AQ to grow.

This so-called ‘redistribution feedback’ likely occurs in
conventionally coupled experiments like 1pctCO2, although
in /00pct it may be double counted because its effect is
already included in F (Gregory et al. 2016). The result is
that AMOC weakening is more intense in /00pct than in
1pctCO2 because F + AQ is greater than the intended F in
the North Atlantic. Gregory et al. (2016) note that the feed-
back approximately doubled the intended heat input into the
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Fig.1 Annual mean of the heat flux perturbation in 100pct, with the
North Atlantic (NA) box region denoted within the black dashed line
(80 °W=10 °E, 30-65 °N). a In the 50pct and Opct experiments the
heat flux perturbation within the NA box is reduced by half (b) and

North Atlantic in their four-model ensemble and that AQ
may be specific to each model. Nevertheless, the forcing
strategy is still valuable because (1) it enables models to
be forced with standardised flux forcing, (2) the effects of
the redistribution feedback are mostly confined to the North
Atlantic, (3) the feedback, although unintended, constitutes
one type of model-specific response to common forcing that
FAFMIP seeks to examine, and (4) it makes little differ-
ence to global AOHC although it can be regionally impor-
tant (Gregory et al. 2016). The diversity of F + AQ will be
examined in this work.

Experiment 3: faf-heat-NA50Opct, or 50pct A modified
version of the /00pct heat flux perturbation is applied in
this experiment, wherein the heat input into North Atlan-
tic is halved relative to the /00pct experiment. A rescal-
ing region is defined as the area 80 °W-10 °E, 30-65 °N
(the ‘NA box’ enclosed by black dashed lines in Fig. 1a—c).
For this experiment, the flux perturbation inside the rescal-
ing region is multiplied by 0.5 (Fig. 1b). The perturbation
outside the rescaling region is unchanged relative to the
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to zero (c), relative to the 100pct experiment, while being unchanged
elsewhere. Annual means of the perturbations to freshwater (d), east-
ward momentum (e) and northward momentum fluxes (f)

100pct experiment. The purpose of this experiment is to test
whether the Atlantic Meridional Overturning Circulation
responds linearly to North Atlantic heat input. In addition,
given that the redistribution feedback described earlier is
thought to double the North Atlantic heat input intended via
F, the 50pct experiment may offer a way to apply a total heat
flux similar to what was intended in /00pct. This experiment
is faf-heat-NA50pct in CMIP6 terminology, but is also called
50pct in this study.

Experiment 4: faf-heat-NAOpct, or Opct This experiment
modifies the /00pct flux perturbation by applying zero flux
in the region between 80 °W-10 °E, 30-65 °N (enclosed
by black dashed lines in Fig. la—c). This experiment is faf-
heat-NAOpct in CMIP6 terminology, but is also called Opct
in this study.

Experiment 5: faf-water The freshwater flux perturbation
is derived from the ‘wfo’ CMIP diagnostic, which includes
water fluxes due to precipitation, evaporation, river inflow
and sea-ice/seawater exchange (and does not include land ice
melt). The perturbation mainly intensifies the climatological
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fields of evaporation-minus-precipitation, consistent with
the “wet gets wetter, dry gets drier” pattern (Held and Soden
2006). The mid latitudes feel increased evaporation (by
about 10%), while freshwater input is enhanced elsewhere
(also by about 10%), in the equatorial Pacific, the Southern
Ocean, the Arctic Ocean and the high latitudes of the North
Pacific and Atlantic Oceans (Fig. 1d). The perturbation has
a very small global annual average and mainly redistributes
freshwater.

Experiment 6: faf-stress The main characteristic of the
wind stress perturbation is the enhancement and southward
shift of the Southern Ocean westerlies (Fig. le, f). The per-
turbation increases the eastward wind stress between 45 and
65 °S by approximately 10%. There are smaller effects in the
mid latitudes in both eastward and northward wind stress
(Fig. le, f). The perturbation does not affect sub-grid scale
parameterisation schemes that depend on wind or ice stress,
and is only applied to the ocean surface.

Experiment 7: faf-all The 100pct, faf-water and faf-stress
perturbations are all applied simultaneously in this experi-
ment. This experiment is used to investigate whether the
perturbations interact with each other. The ocean response
to faf-all can be judged to be linear if it is statistically indis-
tinguishable from the linear sum of the responses to /00pct,
faf-water and faf-stress.

2.3 Calculation of forced changes

This study seeks to describe and account for climatic
changes in the ocean expected at the end of the current
century. FAFMIP experiments aim to explore the unequili-
brated state of the climate under steadily increasing CO, in
1pctCO2 experiments. The 1pctCO2 scenario (exponentially
rising greenhouse gas concentration) creates radiative forc-
ing that increases approximately linearly in time, whereas
FAFMIP forcing is time invariant. Forced changes are cal-
culated here as the difference between the final decade mean
(averaged over years 61-70) of a perturbation experiment
relative to the final decade mean of the control (faf-passive-
heat). The time-integral of 100 years of 1pctCO2 forcing is
roughly equivalent to 70 years of FAFMIP forcing. These
anomalies relative to the control are denoted using A, e.g.
A(¢ for the dynamic sea-level change.

Decadal averages are calculated to smooth out the effects
of unforced natural variability, since the object of this study
is the change in the climate state. A forced change is con-
sidered significant if the difference between an experiment
and control decade is larger than double the decadal standard
deviation of the control experiment. A range of +2 standard
deviations represents approximately a 95% interval for nor-
mal distributions. Locations with insignificant A{ are set to
zero for plotting purposes (i.e. assumed equal to the global
mean thermosteric sea-level change). This step is performed

before the ensemble mean is calculated. Where linear regres-
sions and correlations are calculated, a relationship is taken
to be significant if the p value is less than 0.05 (i.e. a 95%
confidence level).

Fields of ‘zos’ by definition have zero global area mean,
and in cases where the field was provided with a nonzero
area mean, the mean was removed. Following recent con-
ventions (Gregory et al. 2019; Couldrey et al. 2021), we
decompose the dynamic sea-level change, A{, into three
components

A = Al + Al + AGy, 4)

where A, is the thermosteric part (due to temperature
change), Al is the halosteric part (due to salinity change)
and Ag), is the manometric part (due to the local time-mean
change in mass per unit area of the ocean). Together, the sum
of A{; and Al is the steric part of the dynamic sea-level
change, i.e. due to the change in seawater column density.
A(; is calculated using

H
AL, =/ (aATdz) — 1, (&)
"

as the depth integral (from the surface, #, to the full ocean
depth, H with a layer thickness, dz, all in units of metres), of
the temperature change (AT, °C) multiplied by the seawater
thermal expansion coefficient (a, °C~') with the global mean
thermosteric change, /,, subtracted. Different temperature
tracers (i.e. the total temperature 7, or its added and redis-
tributed components 7, and 7) may also be used in (5) to
partition the thermosteric change into parts due to tempera-
ture addition and redistribution. Similarly, Al is calculated
using

H
ACS = _/ (PASdz) — ls, (6)
n

where f is the dimensionless haline contraction coefficient,
AS is the salinity change, a minus sign converts contraction
to expansion for comparability with A{ and A{, with the
global mean halosteric change, /g, subtracted. Unlike A{;,
subtracting the global area mean halosteric change has only
a negligible effect on A{ because the total ocean salinity
change is negligible in these experiments for all AOGCMs.
a and f were calculated using the decade mean fields of
temperature and salinity from the final decade of the control
experiment.

The manometric component, Ag,,, is found by rearrang-
ing (4) and subtracting the two steric components (A{; and
A{y) from A{. This solution is satisfactory for AOGCMs,
but in the real world other components of dynamic sea level
are important. Real world effects that are not modelled in
these experiments are the changes due the inverse barometer
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effect, the addition of ocean mass due to land ice melt, and
gravitational, rotational and deformational effects due to
the rearrangement of the planet’s mass (see Couldrey et al.
2021, their Section 2.3, for more details). The manometric
component would have a nonzero global area mean if there
were a substantial change in the global ocean mass, but most
ocean GCMs do not simulate the global ocean mass balance
(in particular, because they are Boussinesq, and because they
do not include ice sheets). Since this study is focused on
the spatial patterns of sea-level change, not its global mean,
A{,, is shown here with its area mean removed throughout.
In practice, this step makes a negligible difference to plots
of Afy,.

2.4 Decomposition of thermosteric sea-level
change

Dynamic sea-level change can be conceptually decom-
posed into ‘added’ and ‘redistributed’ components. The
combined action of all processes that affect heat transport,
including resolved and parameterised advection, diffusion
and convection, is symbolically denoted as @, the transport
operator, following Gregory et al. (2016) and Couldrey et al.
(2021). The convergence of temperature due to the three-
dimensional resolved velocity field, u, and parameterised
subgrid-scale transport processes, P, is represented symboli-
cally using the transport operator acting on the temperature
enclosed within parentheses as ®(7) = —V - (uT + P). The
unperturbed, steady-state ocean temperature, 7, and trans-
port, @, are calculated as long term averages (denoted by
overlines) over a quasi-steady state simulation such as faf-
passiveheat. At steady state, the interior ocean temperature
and transport only fluctuate through stationary, internally
generated variability and so the time mean convergence of
subsurface unperturbed temperature, 5(7), 18 zero.

Transient climate change experienced by forced cli-
mate simulations causes the atmosphere-ocean fluxes to
change, which cause anomalies in ocean temperature, 77,
and transport, @', relative to the unperturbed state, denoted
with primes. Consequently, the convergence of heat, ®(T)
changes and becomes nonzero, causing ocean temperature
to change by

aa_z: S F4AQ+[@+ VT +T)=F+AQ+0(T") + 0 (T)+ (T,

(N
where [® + ' |(T + T') represents the action of both the
unperturbed and perturbed transport on the unperturbed
and perturbed temperature. The term &(T) does not appear
because it is zero.

Five causes of temperature change are revealed in
(7): F, the surface heat flux perturbation, AQ, the redistri-
bution feedback heat flux, E(T’ ), transport of anomalous
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temperature by unperturbed transport; @’ (T) ocean trans-
port anomalies redistributing unperturbed temperature and
®'(T"), the anomalous transport acting on perturbed tem-
perature. The temperature change 7" is the sum of added and
redistributed temperature changes, so ®(T”) and ®’(T") each
have an added and a redistributed component. Initially, the
added components of these terms are dominant (appendix
of Couldrey et al. 2021). We perform this decomposition
only in the experiments where the heat fluxes are perturbed
directly (/00pct, 50pct and Opct, Sect. 2.2).

The added and redistributed temperature diagnostics
allow for the three contributions from (7) to dynamic sea-
level change to be diagnosed. The total thermosteric sea-
level change due to all three convergences of temperature
in (7) is calculated using ocean temperature, as in (5). The
sea-level change due to the storage of passive temperature,
A&pp (from F + &(T)), is

H
Alrp =/ (aTydz) — lgp, (8)
n

where T is the added temperature in faf-passiveheat and the
global area-mean passive thermosteric change, [, is sub-
tracted. Since added temperature is initialised from zero, its
anomaly is simply the time mean of the 7, field in the final
decade of faf-passiveheat.

The sea-level change due to redistribution of
unperturbed temperature by perturbed transports,
Alrp (from AQ + E(TR) + @' (T) + D' (Ty)), is

H
Alrg = / (aATydz) — lggs (&)
n

where ATy is the anomaly of T from one of the climate
change runs (/00pct, 50pct or Opct) and T from faf-passive-
heat (i.e. ATy = T — T). The global area-mean redistrib-
uted thermosteric change, [y, is subtracted although it is
negligibly small.

The effect of the perturbed transport redistribut-
ing added (or ‘active added’) temperature on sea level,
Alpay (from @'(T,)), is

H
Al = / (aAT,dz) = lpss (10
n

where AT, is the difference between the added heat in
100pct and faf-passiveheat, and the global area-mean active
added thermosteric change, /,,,, is subtracted. Note that this
quantity can only be evaluated for the /00pct experiment,
because faf-passiveheat was run with the 100pct heat flux
as the added heat boundary condition. There are no passive
runs equivalent to faf-passiveheat that use the 50pct and
Opct boundary conditions for passive tracers. It is useful to
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consider the active and passive contributions to added ther-
mosteric sea-level changes together as the added sea-level
change, A{y,, given by

H

Alpy = / (aTydz) = lyy, (11)
n

where T, is the added temperature in /00pct, 50pct or Opct

and the global area-mean added thermosteric change, [, is

subtracted. As in A{yp, the added anomaly is simply the time

mean T, field in the final decade of 100pct, 50pct or Opct.

2.5 Description of models used

This study analyses output from coupled atmosphere-ocean
general circulation models, and different ensembles are used
depending on the availability of output fields. Three models
did not complete all seven experiments (FGOALS-g3, GISS-
E2-R-CC, MPI-ESM1-2-HR).

Before being run as part of the 6th phase of CMIP,
the FAFMIP experimental design was tested with four
CMIP5-era models (CanESM2, GFDL-ESM2M, GISS-
E2-R-CC, MPI-ESM-LR) and one CMIP3-era model
(HadCM3) (Gregory et al. 2016). To date, one further
CMIP5-era model (HadGEM2-ES) and 9 CMIP6-era
models have performed FAFMIP experiments (ACCESS-
CM2, CanESM5, CAS-ESM2-0, CESM2, FGOALS-g3,
HadGEM3-GC31-LL, MPI-ESM1-2-HR, MIROC6 and
MRI-ESM2-0). Previous analysis shows that there are
no obvious systematic differences between the regional
patterns of dynamic sea-level change across model eras
(Couldrey et al. 2021), suggesting that output from all
participant models can be analysed together as a single
ensemble. The original purpose of the first FAFMIP simu-
lations described by (Gregory et al. 2016) was to dem-
onstrate the viability of the experimental design. Having
fulfilled that purpose, we derive added value from those
experiments by including them in this analysis, since the
use of a large ensemble serves FAFMIP’s goal of explain-
ing AOGCM diversity. A detailed comparison of the eras
of AOGCMs is included in Sect. A 4.

While the spatial resolution of AOGCM ocean compo-
nents varies across the ensemble, they all share the func-
tional similarity that mesoscale activity, O(< 100km), is
not fully resolved. The ocean components are relatively
coarse resolution with an approximately 1-by-1 degree
grid, O(~ 110-by-110 km), and so mesoscale and finer-scale
activity is parameterised. The finest resolution model (MPI-
ESM1-2-HR) uses a 0.4-by-0.4 degree grid that can resolve
some large eddies, in addition to an eddy flux parameteri-
sation to capture unresolved activity. The number of verti-
cal levels used by each model varies widely, with HadCM3
having the fewest (20) and HadGEM3-GC31-LL the most

(75). Eddy-parameterising AOGCMs (i.e. those used here)
often feature unrealistically weak boundary currents and
gyre circulations which can lead to cold surface tempera-
ture biases (Roberts et al. 2019; Hewitt et al. 2020). These
models are too coarse to resolve processes like convection
and features like eddies, dense overflows and plumes, the
actions of which must be represented by parameterisation
schemes, which differ markedly across AOGCMs. Different
choices about subgrid-scale parameterisations and parameter
values are thought to cause diverse representations of ocean
transports and phenomena like the AMOC (Danabasoglu
et al. 2014).

3 AMOC weakening

The AMOC strength is calculated as the maximum of
the time mean mass overturning streamfunction in the
Atlantic between 500 and 2000 m depth and north of 30
°N. This is calculated from the CMIP variables ‘msftmz’
or ‘msftyz’ meridional-depth or y direction-depth over-
turning mass streamfunction (dependant on model grid),
which is the depth and zonal/x-direction integral of the
meridional/y direction ocean mass transport (see (Griffies
et al. 2016), their Sect. 16 for more details). All ensem-
ble members showed significant AMOC weakening in
response to the /00pct forcing, whereas the faf-water and
faf-stress forcing produced significant changes in only
some of the models (Fig. 2a—c). The test for significance
is described in Sect. 2.3. This ensemble reproduces the
well-known relationship between control AMOC strength
and AMOC weakening in response to greenhouse gas
forcing (Gregory et al. 2005) (Fig. 2a). The slope of the
linear fit (m) and correlation (r, see Appendix A.2 for
details) between AMOC and AAMOC from the /00pct
heat flux perturbation experiment (m =—0.539 and r = —
0.653, respectively) are similar to those found by Gregory
et al. (2005) in response to CO, forcing (m = —0.45 and
r = —0.74). Recent analysis of 16 AOGCMs (4 of which
were excluded as outliers) found slightly stronger anticor-
relations between AMOC and AAMOC forced under vari-
ous emissions scenarios (» between —0.80 and —0.76) and
a weaker relationship under abrupt greenhouse gas forcing
(r =-0.51, p = 0.09) (Weijer et al. 2020). Clearly the anti-
correlation appears across a range of types of twenty-first
century forcing, with some small variations in statistical
strength. It is interesting to note that the AMOC-versus-A
AMOC relationship (and the spread across the ensemble)
has persisted across CMIP eras, despite continuous model
development.

Additionally, some models (MPI-ESM1-2-HR and MRI-
ESM2-0) show continuous AMOC decline over the heat flux
experiments, while the rest saturate and stabilise after the
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first decades (Fig. 3). There is a tendency for models with
stronger control overturning to show more temporal variabil-
ity, (Fig. 4d) which may be related to the AMOC-versus-A
AMOC relationship.

The wind stress and freshwater flux perturbations
cause small AMOC changes that are not significant for
most models (Figs. 2b, ¢ and 3). This result agrees with
the previous findings of Gregory et al. (2016) and Todd
et al. (2020), and is reproduced across a larger ensemble
of AOGCMs.

The wind stress perturbation slightly strengthens the
AMOC in MPI-ESM1-2-HR and CESM2 (by 1.5 Sv and
2.0 Sv respectively), while it weakens the overturning in
CanESMS by 0.8 Sv (Fig. 2b). The faf-stress forcing is much
weaker (Southern Ocean westerly wind stress increases by
about 10%) than the idealised momentum perturbation (dou-
bling of wind stress magnitude) applied to MPI-ESM1-2-HR
by Lohmann et al. (2021). The difference of forcing probably
explains why they obtained a larger strengthening, which
proved transient on longer timescales. While the more
intense wind stress perturbations studied in the literature
tend to produce AMOC strengthening (Delworth and Zeng
2008; Lohmann et al. 2021; Liischow et al. 2021), the faf-
stress results from our 15-AOGCM ensemble highlight that
weaker forcing, of the magnitude expected for CO,-induced
climate change during this century, produces mostly insig-
nificant responses.

The freshwater perturbation produced moderate weak-
ening (~ —4 Sv) in MIROC6 and GFDL-ESM2M, slight
weakening (~ —1 Sv) in CanESM2 and HadCM3, and
slight strengthening (~ +1 Sv) in HadGEM2-ES and
HadGEM3-GC31-LL (Fig. 2c). Cael and Jansen (2020)
argued that, all other things being equal, the equilibrium
response of the AMOC to an intensification of the freshwater
cycle will be a strengthening. The reason they gave was that
intensified freshwater fluxes amplify the salinity contrasts
that drive the AMOC. Our results echo previous findings that
freshwater cycle amplification produces AMOC strengthen-
ing in some models and weakening in others (Todd et al.
2020). While we cannot account for these diverse responses
fully, we highlight two possible factors: (1) the presence of
coupled feedbacks in our AOGCMs that are absent from
ocean only models used by Cael and Jansen (2020), Todd
et al. (2020). (2) the short duration of our experiments is
designed to emulate the expected transient response of the
climate toward the end of the current century, which may
differ from the responses at longer timescales (Cael and
Jansen 2020; Lohmann et al. 2021).

The diverse responses to forcing highlight varying sen-
sitivity of the models that is not well understood. Neverthe-
less, the key result is that the models show greater sensitivity
to the heat flux forcing than to the other two fluxes. Cru-
cially, the models lie close to a 1-1 line when the AMOC
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weakening in /00pct is plotted against the change in faf-all
(Fig. 2d). This indicates that the AMOC change in faf-all,
where all perturbations are applied simultaneously, results
mostly from the heat flux perturbation and that the perturba-
tions do not produce nonlinear interactions. This can also be
seen by the similarity of the time series of AMOC anom-
alies in /00pct and faf-all (Fig. 3). Gregory et al. (2016)
and Couldrey et al. (2021) inferred this result based on the
similarity of the North Atlantic dynamic sea-level change
in 100pct and 1pctCO2 experiments, and we are able to
confirm it directly because we now have available the faf-
all experiment. Clearly, the main action of greenhouse-gas
forcing on the AMOC is via the heat flux rather than the
other two fluxes. The rest of this study will therefore focus
on the effects of heat flux forcing on the AMOC and ocean
transports generally.

The 50pct forcing, like the 100pct, produces significant
weakening in all 13 models (Figs. 3, 4a). The regression
slope of AAMOC against AMOC in 50pct is not significant
at the 95% confidence level (p = 0.182), possibly because
the decade average period was not sufficient to remove
enough scatter from temporal variability. When the AMOC
anomaly is calculated using the entire 70 year experiment
duration, the relationship becomes significant (r = —0.607,
p = 0.0278), but we focus our analysis using final decade
mean differences for consistency with the FAFMIP aim
of investigating the climate state at (rather than up to) the
time of CO, doubling (Gregory et al. 2016). The weaken-
ing in 50pct is slightly more than half the weakening in
100pct, indicated by the slope of 0.539 in Fig. 4b and the
multi-model ensemble mean weakening (—5.1 Sv for 50pct
and —9.0 Sv for 100pct, Fig. 5a). This shows that for this
magnitude of heat flux forcing, the AMOC weakening is
approximately linearly related to the heat input in the North
Atlantic.

The Opct heat flux perturbation causes significant, slight
AMOC weakening (between —0.5 and —3 Sv) in six mod-
els and AMOC strengthening in two models, CESM2 and
HadGEM3-GC31-LL (by 1.9 and 3.5 Sv, Fig. 4c). In the
strengthening models, it seems that the action of the per-
turbation in the high latitude Barents-Kara sea (Fig. 1d and
Appendix A.1) stimulates an anomalous upward heat flux
(out of the ocean) that spins up the overturning slightly (not
shown). The ensemble as a whole shows that the AMOC
is more sensitive to heat flux perturbations directed inside
the NA box than outside, since the Opct AMOC responses
are either insignificant or smaller than the 50pct and 100pct
responses. Taken together, the /00pct, 50pct and Opct exper-
iments show that AMOC change is approximately propor-
tional to the heat flux perturbation applied within the (80 °W
—10 °E, 30-65 °N) North Atlantic region, and the AMOC
is comparatively little affected by heat flux perturbations
elsewhere.
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Next, we explore F + AQ in these experiments and
investigate whether AQ ~ F in 100pct, as suggested by
Gregory et al. (2016). The imposed forcing in the North
Atlantic stimulates a feedback that fluxes extra heat into the
ocean from the atmosphere (the redistribution feedback, see
Sect. 2.2). The result is that the total heat received by the
ocean is not purely what is provided by F, the perturbation
flux, but F + AQ, which includes the nonzero atmosphere-
ocean heat flux change, AQ. Note that instead of averaging
over the final decade (as in the rest of the analysis), AQ is
found by averaging over the full 70 year integration. This
is justified because the state of the ocean (i.e. the AMOC
change) in the final decade results from the cumulative
effects of AQ over the whole experiment, not just the AQ in
the final decade. Results are qualitatively similar if the final
decade is used (not shown).

Looking at all three heat flux experiments together, we
see that larger heat fluxes into the North Atlantic cause
stronger AMOC weakening (Fig. 5a). The ensemble average
of (F+ AQ)/F is 2.0 for 100pct and 2.1 for 50pct, indicat-
ing that the feedback approximately doubles the intended
heat input, as suggested by Gregory et al. (2016). For the
majority of models, F5, + AQs, (subscripts indicate experi-
ments) is closer than F';y, + AQ to Fgo1.€. the red crosses
lie closer than the black plus signs to the black dashed line
in Fig. 5a. Therefore, the 50pct forcing may provide a total
heat flux into the Atlantic that is more similar in magnitude
to 1pctCO2 forcing than the /00pct forcing. This was the
motivation for the 50pct experiment.

Regressing AAMOC against F + AQ from the three
experiments for each model individually reveals an
AOCGM-dependent slope of AMOC weakening per area-
average North Atlantic heat input, i.e. the models’ AMOCs
differ in their sensitivity to heat flux input (Fig. 5b, black
symbols, left axis). There is a considerable spread in this
sensitivity across the ensemble, with the most sensitive
model, MRI-ESM2-0, having a sensitivity more than twice
as large as the least, HadCM3 (—0.66 and —0.25 respectively,
ensemble average —0.39 Sv m?> W~!). Whereas the magni-
tude of the weakening (in Sv) correlates with the control
AMOC strength (r = —0.65 for 100pct, Fig. 4a), this metric
of sensitivity (in Sv m?> W) does not correlate significantly
with control AMOC strength (r = —0.36, p = 0.22, Fig. 5b,
left axis).

There is a strong anticorrelation between F + AQ
and AAMOC, both in the multi-model ensemble mean
(r=-0.99,p = 0.031 and Fig. 5a, magenta symbols) and
for individual models (Fig. 5b, red symbols, right axis,
r < —0.98 for most models). Although the anticorrelation
is insignificant (with only three points, p > 0.05) for most
models, the AMOC weakening of each model is nevertheless
closely related to the North Atlantic heat input.

The heat flux due to the redistribution feedback differs in
strength across models and between experiments. The ratio
AQ, 00/ AQs, indicates whether the redistribution feedback
increases linearly with F in the North Atlantic box (Fig. 5¢).
For individual models, this ratio can differ from 2.0, indi-
cating that the feedback is not a linear response to the forc-
ing (Fig. 5¢). For some models the ratio is greater than 2
(CanESM2: 2.6, CAS-ESM2-0: 2.9, CESM2: 3.0, ACCESS-
CM2: 5.6), while for others it is less than 2 (MIROC6:
1.3, HadGEM3-GC31-LL: 1.4, HadGEM2-ES and MRI-
ESM2-0: both 1.6). The ensemble mean of AQ,q,/AQs
is 2.24. Differences in the strength of the feedback do not
appear to be correlated with whether or not the models
AMOC weakening saturates or shows continuous decline
(as in MPI-ESM1-2-HR and MRI-ESM2-0, Fig. 3).

The ratio AQsy/Fsy = AQso/(%Fwo) indicates how
closely the heat flux perturbation Fs, + AQs, in the 50pct
experiment approximates the intended perturbation F . If
the ratio is unity, F5; + AQs, = F . Although F5, + AQx
is closer than F ) + AQ,( to Fy, there is considerable
spread in AQs,/F5, among models (Fig. 5d). Five of the
13 models show a AQs,/Fs that is either smaller than 0.5
or larger than 1.5. Therefore, halving the perturbation does
not accurately compensate for the redistribution feedback in
individual models, although it is quite close in the ensemble
mean (AQs,/Fsy = 1.16).

4 Causes of diversity of forced AMOC
change

The diversity of AMOC weakening in response to heat flux
forcing remains to be understood, although these experi-
ments shed some new light. In particular, there are no signif-
icant correlations between the strength of the redistribution
feedback averaged within the NA box and the AMOC weak-
ening in either /00pct or 50pct, indicating that the feedback
is not the source of the spread (Fig. 6a, AQ is the redistribu-
tion feedback and F is the same in all models). There is a
significant (p < 0.05) anti-correlation (r = —0.734) between
the control atmosphere-ocean heat flux averaged over the
NA box and the models’ control AMOC strength (Fig. 6b).
Given this relationship and the correlation between control
AMOOC strength and AMOC weakening, one might expect a
relationship between the total heat flux change in the NA box
(F + AQ) and the control AMOC strength or the control NA
box heat flux, but none is apparent (Fig. 6¢, d). Although the
change in the heat flux clearly affects the AMOC strength,
it is not the cause of spread of AMOC weakening. In these
experiments, F + AQ and AAMOC are transient responses
and it may be that a new equilibrium state is necessary for
a correlation to arise.
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If the spread of surface heat fluxes cannot explain the
diversity of AMOC weakening, then likely the cause is an
interior ocean process (or processes). Temperature tendency
diagnostics allow for ocean heat content change to be attrib-
uted to specific processes in a consistent manner across mod-
els (Griffies et al. 2016). Away from the ocean surface (i.e.
below 100 m), the temperature tendency of ocean grid cells
can be attributed to the action of (1) the resolved advec-
tion, (2) the parameterised advection by mesoscale and
submesoscale eddies (3) the parameterised along-isopycnal
eddy diffusion and (4) the combined action of all vertical and
dianeutral diffusive processes such as convection, boundary
layer mixing, shear instability and more. The diagnostics and
their calculation are described further in Appendix A.S, and
much more detail can be found in (Griffies et al. 2016), their
Appendix L. The resolved and parameterised advection are
often summed together and called the ‘residual mean advec-
tion’, which can itself be combined with the isopycnal eddy
diffusion to give the ‘super-residual transport’ (Kuhlbrodt
et al. 2015). Some models may include other processes in
their heat budget (e.g. geothermal heating), but for our pur-
poses, the total ocean grid cell temperature tendency is very
close to the sum of these four processes. This partitioning
framework has been used to study ocean heat budgets in sev-
eral recent studies (Dias et al. 2020a, b; Savita et al. 2021)
including model intercomparison work (Exarchou et al.
2015; Todd et al. 2020; Saenko et al. 2021). Note that a full,
process-based analysis of temperature tendencies of these
models is beyond the scope of this work, and the analysis
here aims to serve as a starting point for future investigation.

In most models, the quasi-steady state (i.e. unperturbed,
preindustrial) heat budget of the NA box region below
100 m is maintained through a first order balance between
the warming by the resolved advection (due to downwelling
warm waters brought from low latitudes) and cooling via the
vertical and dianeutral processes (which flux heat upward
into the mixed layer where it can be lost to the atmosphere)
(Fig. 7a, b, e). In GFDL-ESM2M only (model G), the NA
box is warmed by vertical and dianeutral processes, and
strongly cooled by parameterised eddy advection. In other
models, there are small roles for the parameterised eddy
advection and isopycnal diffusion (which both weakly cool
the region). The relative contributions of these processes
differ across the models; no individual process is correlated
with the control AMOC strength.

In 700pct, the heat budget is perturbed, and the warm-
ing by the resolved advection becomes less positive while
the cooling by vertical and dianeutral processes becomes
less negative (Fig. 8a, b, €). This can be interpreted as a
reduction in northward heat transport by the large scale
transports alongside a reduction of convection and deep-
water formation. In most models, the warming effect is
larger and the NA box region below 100 m warms, but in
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HadGEM3-GC31-LL (model K) there is net cooling. Most
models show very little change due to mesoscale advection
or isopycnal diffusion (exceptions being GFDL-ESM2M
and MIROC6, models G and L, which show warming anom-
alies, and HadGEM2-E, model J, which shows cooling by
isopycnal diffusion). Overall, there is no significant correla-
tion between the change in AMOC strength and any of the
heat budget components. The spread of AMOC weakening
cannot be readily attributed to any particular component of
the local heat budget.

The spread of AMOC weakening and its connection with
the mean, unperturbed state remains to be explained (Wei-
jer et al. 2020). The simple heat budget analysis presented
here indicates no clear ocean heat transport process that
is responsible for the AAMOC spread. Instead, it may be
that the diverse AMOC responses are connected to across-
AOGCM differences in mean state, which can have many
causes. Biases in the latitudinal positioning atmospheric
circulation (such as the mid-latitude westerlies and Inter-
tropical Convergence Zone) have been connected to mean
AMOC strength biases, and hence also its weakening (Lyu
et al. 2020). Errors in North Atlantic sea ice extent can
adversely affect the representation of the AMOC (Heuzé
2017). Biases in the layout and intensity of ocean circulation
features like the North Atlantic Current and subpolar gyre
affect seawater properties in the subpolar North Atlantic and,
hence, AMOC strength; this becomes especially important
when comparing AOGCMs of various resolutions (Jackson
et al. 2020). The interconnection between the atmosphere,
ocean and sea ice makes it difficult to attribute model differ-
ences to particular causes, and further investigation into all
these connections is needed.

5 Global distribution of AOHC

Having examined the surface heat flux change and ocean
heat transport processes in the previous sections, we next
compare patterns of AOHC across the heat flux experi-
ments. The horizontal distribution of AOHC in 100pct is
characterised by large column integrals of AOHC per unit
area in the Arctic, Atlantic, and Southern Ocean (Fig. 9).
In the 50pct and Opct experiments, the smaller perturba-
tion in the North Atlantic means there is much less AOHC
across the entire Atlantic and in the Arctic (Fig. 9b, c). This
mostly reflects that much of the AOHC in the subpolar North
Atlantic results from the local heat input. In the tropical
Atlantic, there is much less accumulation in 50pct than in
100pct, and less still in Opct. This could be due directly to
the smaller heat addition in 50pct and Opct, but could also be
due to less redistributed warming. Previous work shows that
much of the warming at low latitudes results from tropical
heat convergence and reduced northward heat transport in
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response to a weakened AMOC (Gregory et al. 2016; Dias
et al. 2020b; Couldrey et al. 2021). The regional importance
of redistribution and addition will be shown later.

Well away from the North Atlantic, there are small A
OHC differences in the reduced heat flux experiments rela-
tive to /100pct (Fig. 9b, c). The positive 50pct—100pct and
Opct—100pct difference in the North Pacific indicates that
AMOC weakening is associated with a decrease in the
high latitude North Pacific heat content. On the other hand,
AMOC weakening tends to increase the heat content of the
Northern Indian Ocean and low latitude Indian-sector South-
ern Ocean. These locations appear to respond remotely to
the forcing in the subpolar North Atlantic.

The depth profile of the global area integral AOHC from
100pct reveals that the majority of heat is stored in the upper
1.5 km; a typical distribution for greenhouse gas forcing
experiments (Saenko et al. 2021). The global total area inte-
grals of the Opct and 50pct forcing as proportions of the
100pct forcing are 0.7 and 0.85, respectively. To compare
whether the heat input into the North Atlantic has a strong
effect on vertical distribution of heat, the vertical profiles
of AOHC Opct and 50pct are rescaled (i.e. divided by 0.7
and 0.85 respectively), and plotted with the profile from
100pct (Fig. 10b). The vertical distribution of AOHC is
largely the same across the three experiments. This result is
somewhat surprising, since one might expect weaker deep A
OHC in experiments with larger AMOC weakening. Instead,
Fig. 10b reveals that the depth of global AOHC is largely
independent of the heat input into the North Atlantic and the
degree of AMOC weakening. This reflects that the Atlan-
tic Meridional Overturning is not the main mechanism that
conveys excess heat into the deep ocean. Instead, the result
implies that excess heat is mostly transported into the deep
ocean in other locations, likely the Southern Ocean.

The zonal distribution of AOHC is highly uneven, with
more heat accumulating in the Southern Ocean between 60
and 30 °S than at any other latitude for all heat flux experi-
ments (Fig. 11a, b). The small AOHC in the northern hemi-
sphere relative to the southern reflects that although the heat
flux per unit area into the North Atlantic is strong (Fig. 1a),
that region’s area is small enough that it does not dominate
the global picture. AOHC is moderate between 30 °S and 30
°N, and reduces northward of 15 °N. The AOHC between
30 °S and 30 °N in Opct is about 60% of 100pct, indicating
that the heat input into the North Atlantic box (and the heat
redistribution that it causes) is responsible for ~40% of the
AOHC at these latitudes (Fig. 11b). North of 30 °N, the A
OHC in Opct is just one quarter of that of /00pct, indicating
that three quarters of the heat stored in the global northern
mid- to high latitudes is caused by the heat input into the
Atlantic between 30-65 °N.

Rescaling the zonal distribution of AOHC from the 50pct
and Opct experiments to match the global integral of /00pct

reveals how the spatial structure of AOHC varies for the dif-
ferent heat inputs (Fig. 11c). As expected, the reduced heat
input into the North Atlantic in 50pct and Opct causes there
to be relatively more heat storage in the southern hemisphere
than in the northern. Interestingly, the across-experiment
differences between the rescaled distributions (Fig. 11c)
are much less pronounced than the absolute distributions
(Fig. 11b). This implies that the heat redistribution due to
AMOC weakening has a smaller effect than the added heat
on the ensemble mean global zonal distribution of AOHC.
The 50pct distribution is generally halfway between that of
Opct and 100pct, indicating a linearity of the response to the
intensity of the forcing.

The across-model standard deviation of the rescaled A
OHC is similar in size across the experiments at most lati-
tudes (Fig. 11d). This indicates that the ensemble spread of
the zonal distribution of AOHC is mostly a response to the
heat input outside the NA box, rather than within. Therefore,
the uncertainty in the zonal distribution of AOHC is mostly
due to the uncertain response to local forcing, rather than the
spread of AMOC weakening. Note that because the scaling
factors are based on the perturbations’ global integrals, the
rescaling in the Southern hemisphere excessively amplifies
the patterns of 50pct and Opct (where the local perturba-
tions are identical). The spread of the absolute zonal AOHC
distributions (i.e. the spread of Fig. 11b rather than c) is
not shown because the difference across experiments mostly
reflects the difference in global integrals of the forcing: the
unscaled spread is largest for /00pct, the smallest for Opct
and with 50pct in between. In the spread of the absolute
zonal AOHC distributions, the values south of 20 °S are very
similar (not shown).

6 Regional sea-level change

6.1 Connection between AMOC change
and sea-level change

The 100pct heat flux perturbation causes widespread sea-
level change (Fig. 12a), with spatial characteristics similar
to those noted previously in greenhouse-gas forced experi-
ments (Yin et al. 2009; Gregory et al. 2016). Key features
include strong rise in the North Atlantic larger than the
global area mean (i.e. positive A{ values), a North Atlantic
dipole (positive A{ northward of the North Atlantic current,
and neutral values southward), a North Pacific dipole (nega-
tive A¢ northward of the Kuroshio Extension current, and
positive values southward) and a meridional gradient of sea-
level change across the Southern Ocean (positive A at low
latitudes, becoming neutral to negative further southward).

Greenhouse-gas forced sea-level change in the North
Atlantic is closely associated with the weakening AMOC

@ Springer



M. P. Couldrey et al.

(Yin et al. 2009; Sigmond et al. 2020). To investigate
whether the model ensemble spread of A{ is linked to the
spread of AAMOC, the dynamic sea-level change in /00pct
at each gridpoint is correlated with the change in AMOC
strength for each model (Fig. 12b).

The spread of A{ shows a strong anticorrelation with
AAMOOC in the GIN Sea (Fig. 12b). The GIN Sea is an
important site of deepwater formation in coarse-resolution
AOGCMs, and so models that show more AMOC weaken-
ing (more negative AAMOC) also tend to show more posi-
tive A{ here (i.e. an anticorrelation, Fig. 12b). This connec-
tion was noted by Saenko et al. (2017), but unlike in that
work, these models show no correlation between A in the
Labrador Sea and AAMOC. This difference may be because
higher resolution models like the one used by Saenko et al.
(2017) tend to host more vigorous convection and deepwater
formation in the Labrador Sea than coarser AOGCMs like
the ones used here (Hewitt et al. 2020).

Elsewhere, in the Arctic Ocean and near the Northwest
European and Northeast American coasts A and AAMOC
are anticorrelated (Fig. 12b). These areas of anticorrelation
highlight regions where the spread of AMOC weakening
represents a major uncertainty in the projection of future sea
level. In the low-latitude Indian sector of Southern Ocean
(north of the subtropical front), western tropical Pacific and
subtropical Pacific, A{ and AAMOC show a positive correla-
tion. In these locations, the sea-level change is larger in mod-
els with less negative (i.e. nearer zero) AMOC change. Pos-
sible mechanisms behind the correlation in the low latitude
Southern Ocean are explored later in Sect. 6.4 (Table 2).

While Fig. 12 reveals the connections between A and A
AMOLC at the gridpoint scale, the connections at the basin
scale can be found by averaging A{ over each ocean area
(Table 3). The basins are defined according to the standard
CMIP6 basin masks (Griffies et al. 2016). The area-mean
A({ is significantly anticorrelated with AAMOC only in the
Arctic. Even when the Atlantic area average is restricted to
the North Atlantic north of 45 °N, where A{ is strongest, the
anticorrelation is insignificant. The anticorrelations in the
Arctic and Atlantic (even though the latter is insignificant)
likely reflect a similar relationship to the one described ear-
lier: more positive A¢ co-occurs in models with more nega-
tive AAMOC. A{ has a zero global area mean by definition,
so strongly positive values in the Arctic and Atlantic asso-
ciated with strong AMOC decline must be compensated by
negative values elsewhere (note that the Atlantic AAMOC-
A{ anticorrelation is not significant). This property creates
the insignificant weakly positive correlations elsewhere; in
the Pacific, Indian and Southern Oceans where models with
stronger (more negative) AMOC change also more negative
A(¢ in these oceans. The spread of AMOC weakening across
AOGCMs is clearly important for the spread of Arctic sea
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level change and the high latitudes of the North Atlantic, but
elsewhere the association is weaker.

It is useful to consider a metric of the strength of the
global pattern of A{ for each model: A{,;. Regions of strong
positive and negative A are defined using the ensemble
mean field: the positive region is defined where A > 0.05
m (reds in Fig. 12a) and the negative region is where
A¢ < —0.05 m (blues in Fig. 12a). For each model, the dif-
ference between the area mean A{ of the positive region and
the area mean of the negative region reflects the absolute
amplitude of the pattern. The metric A{; anticorrelates with
the AMOC change: models that show more negative AMOC
change are also models with a more intense absolute pattern
of A (r = -0.55, p =0.049, Fig. 12c). Hence, there is a
model independent pattern of A{ whose amplitude is related
to AAMOC. This anticorrelation highlights that differences
in ocean model structure cause diverse patterns of AOHC
and sea-level rise, even when all AOGCMs are forced with
an identical heat flux perturbation. Note that the anticor-
relation does not imply that the spread of AMOC weaken-
ing causes the spread of sea-level rise intensity. Instead, it
is likely that the AMOC correlates with the processes that
cause AOHC and sea-level rise, like a proxy for ocean model
sensitivity generally.

6.2 North Atlantic and neighbouring Arctic

The pattern of dynamic sea-level change in the North Atlan-
tic in /00pct shows that much of the region experiences local
changes that are larger than the global average (i.e. posi-
tive A¢, Fig. 13a). The main features that have been noted
previously are evident, including the dipole in the western
basin between 30-55 °N, positive values around much of
coast north of 40 °N, and the tongue of positive values
extending westward from West Africa (Gregory et al. 2016;
Todd et al. 2020; Couldrey et al. 2021). The thermosteric
component is large along the path of the western boundary
current (Fig. 13b). The steric change due to the combined
redistribution of temperature and salinity causes negative A{
(Fig. 13c), which incompletely opposes the strongly positive
added thermosteric change (Fig. 13d). Water mass redistri-
bution tends to cause opposing thermosteric and halosteric
effects, but the temperature effect is larger (Fig. 13e) and so
the total redistributed steric change resembles a weakened
version of the redistributed thermosteric change (Fig. 13c,e).
Close to the coast, especially around North America, Green-
land and northwestern Europe, the manometric component
is large (Fig. 13f), consistent with increased mass loading on
the continental shelves (Lowe and Gregory 2006; Landerer
et al. 2007; Yin et al. 2010).

The thermosteric part of sea-level change has impor-
tant contributions from both added and redistributed heat
(Fig. 13d,e). The 100pct heat flux perturbation causes large
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amounts of thermosteric rise due to the accumulation of
added heat north of 10 °N, concentrating in the subpolar
latitudes and extending along the path of the deep west-
ern boundary current and eastern side of the subtropical
gyre (Fig. 13d). The input of heat weakens the meridional
overturning, inhibiting the northward movement of warm
waters from low latitudes. This redistribution of heat causes
a warming (and thermosteric rise) in the tropics, the Gulf
of Mexico and along the western boundary current path,
while simultaneously cooling the subpolar and subtropical
gyres (causing negative thermosteric A{, Fig. 13e). There
is relatively little thermosteric change in the Atlantic-Arctic
interface, owing to a lack of both added and redistributed
change.

In contrast to /00pct, there is very little sea-level response
in the North Atlantic and Eurasian Arctic under Opct forc-
ing, Fig. 13h-m. The multi model mean ensemble mean
(MEM) dynamic sea-level absolute change does not exceed
0.15 m and in most parts of the region is smaller than 0.05 m
(Fig. 13h). This reveals that almost all the local changes
in /00pct (i.e. Figure 13a) result from the forcing directed
into the NA box. Note that because each component of A{
is calculated relative to its global-area mean, the weakly
negative values of A{ due to added heat signify regions
where there is less added heat than average, not necessar-
ily absolute sea-level fall (Fig. 13k). For a similar reason,
the redistributed thermosteric A{ is weakly negative in the
subpolar North Atlantic: since there is no forcing here, there
is less sea-level change due to redistribution than the global
average (Fig. 131). The manometric term is weakly positive
on the North Atlantic shelves in Opct (Fig. 13m) because
the nonzero forcing elsewhere causes global mean thermos-
teric sea-level rise, which drives ocean mass onto shelves
everywhere.

There is substantial spread across the model ensemble
in spatial pattern of dynamic sea-level change in /00pct
(Fig. 14a). Across much of the North Atlantic, the ensem-
ble standard deviation is greater than 0.05 m, which rep-
resents a spread of at least 50% of the ensemble mean
change (Fig. 13a). The standard deviation exceeds 0.1 m
in the subpolar gyre east of Greenland, which is of the
same order as the ensemble mean change. The spread is
not attributable to a single component of sea level. Rather,
both steric (Fig. 14b, ¢) and manometric effects (Fig. 14f)
are uncertain across models. Further, there is much more
spread in the individual components (Fig. 14b—f) than
in the total dynamic change (Fig. 14a). In other words,
the models disagree more on how the spatial pattern of
sea-level change is produced than on the pattern of total
dynamic sea-level change itself. Nevertheless, the redis-
tribution of heat and salt by perturbed transports stands
out as especially uncertain (Fig. 14e, c).

The models tend to agree that the total dynamic change
in response to Opct forcing is small (Fig. 13h and Fig. 14h).
Since there is very little added heat in the region, the
small spread in A{ arises due to redistributed steric spread
(Fig. 14j).

To summarise, the /00pct and Opct experiments highlight
that in the North Atlantic and neighbouring Arctic,

e The heat flux directed into the NA box region (80 °W-10
°E, 30-65 °N) is responsible for local changes to ocean
transports of heat and salt that are highly uncertain across
models.

e While the transport of added heat contributes part of the
ensemble uncertainty, the diversity across models of the
patterns of redistribution of climatological heat and salt
is a major driver of uncertainty in the projection of sea-
level change.

e The uncertainty in the model response to forcing outside
the 80 °W-10 °E, 30-65 °N box (i.e. in Opct) is smaller
than the uncertainty in the response to heat fluxes within
the box.

e The North Atlantic and Arctic are therefore especially
sensitive to the heat fluxes supplied locally, and the next
sections will explore the extent to which other parts of
the ocean are remotely affected.

6.3 North Pacific and Amerasian Arctic

The dynamic sea-level change in the North Pacific and
Arctic is smaller in magnitude than in the North Atlantic
(note that the scale bar in Fig 15 is half that in Fig. 13). The
main characteristic in the North Pacific is a dipole switching
sign from positive south of 40 °N to negative further north
(Fig. 15a). It is thought that the perturbed heat fluxes steepen
the across-current sea-level slope and intensify the Kuroshio
extension current (Chen et al. 2019b) as well as the Kuroshio
Extension recirculation gyre (Suzuki and Tatebe 2020).

The North Pacific pattern is mostly a result of added heat
accumulating more in the subtropical than the subpolar gyre
(Fig. 15d) particularly within the subtropical mode water
(Suzuki and Tatebe 2020). The redistribution of salt and heat
by the intensified Kuroshio extension and recirculation gyre
partly weakens the pattern set by the added heat (Fig. 15c,e).
Evidently, these perturbed transports of heat and salt are not
density compensated, as the redistributed steric pattern is
mostly thermosteric (Fig. 15c,e).

Although the manometric change is positive along the
entire western coastal margin of the Pacific (Fig. 15f), there
are also clear steric changes that contribute to the total pat-
tern (Fig. 15b,c). The North Pacific coastal changes are
therefore unlike the changes in the coastal North Atlantic,
where the manometric component is the largest (Fig. 13f).
Finer scale modelling would be necessary to properly resolve
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the details of coastal sea-level change, but even these rela-
tively coarse AOGCMs highlight the importance of different
sea-level components in different regions.

In the Arctic, A is positive near the Eurasian and North
American coasts and negative toward the pole. The regions
of positive dynamic sea-level change have a strong mano-
metric component (Fig. 15f) that is modified to second order
by steric effects (Fig. 15b,¢). The redistributed steric pattern
is quite different from the thermosteric (Fig. 15c,e), indicat-
ing that freshening dominates. The thermosteric effects are
dominated by widespread redistributive cooling (Fig. 15b,e)
and a relative deficit of added heat around the Bering Strait
and the Russian Far East (Fig. 15d).

Showing the difference between the /00pct and
Opct experiments reveals the remote effects of the heat
flux into the NA box on the North Pacific and Arctic.
Note that Fig. 15h-m shows the pattern of /00pct with
the pattern of Opct removed, unlike Fig. 13h-m which

simply shows the pattern of Opct. Part of the negativ-
ity of the subpolar North Pacific dipole is a remote
response to the forcing in the Atlantic (Fig. 15h). The
forcing into the NA box causes a small redistributed
cooling north of 45 °N (Fig. 15]) that is mostly density-
compensated by the salinity change, giving very little
steric redistribution (Fig. 15j). This response may be a
rapid adjustment of the pycnocline in response to the
changes in the North Atlantic (but we have not studied
the mechanism).

The Arctic south of about 80°N is profoundly affected
by the heat input into the NA box (Fig. 15h). Much of the
added heat that accumulates in Arctic originates from the
North Atlantic (Fig. 15k). The total thermosteric change
(Fig. 15i) is smaller than the added part alone, because of
the redistributive cooling that results from the weakened
AMOC (Fig. 15]).
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Fig.3 AMOC strength relative to the time mean control strength for
15 models (a—o) for different perturbations: wind stress only (black),
freshwater only (blue), heat /00pct only (red solid), all three pertur-
bations applied simultaneously (thick purple), heat 50pct only (red

Most of the manometric change (which is respon-
sible for the positive A{ on the Eurasian and North
American Arctic coasts) is a result of the North
Atlantic heat flux (Fig. 15m) and so is the Arctic
freshening and halosteric rise (visible as redistrib-
uted steric change, Fig. 15j). The redistributed steric
and manometric changes are of opposite sign because
the sea-level gradient between coast and open ocean
caused by the reduced salinity of the open ocean is
opposed by movement of mass onto the shelf. Note
that the pronounced halosteric changes (inferred
from the difference between Fig. 15j and 1) must be
the result of a redistribution of ocean salinity due to
AMOC weakening, because the freshwater input into
the ocean is not perturbed in these simulations. Arc-
tic sea-level rise can be caused by increased fresh-
water input from precipitation, reduced evaporation,
river runoff or melting glacial; these processes, apart

dashed) and heat Opct (red dotted). Grey envelope indicates +2SD
where SD is the temporal standard deviation of annual mean AMOC
strength from the control

from the last, are represented by the freshwater flux
perturbation of faf-water, but not in the faf-heat
simulations.

Added thermosteric A{ in the Amerasian Arctic is more
positive in Opct than 100pct (Fig. 15k). This is not because
there is more heat added in the Pacific sector in Opct, but
because there is no heat added in the NA box. Hence the
global mean is less positive in Opct, and anywhere outside
the NA box is more positive with respect to the global mean.

The across-ensemble standard deviation of A{ in the
North Pacific in /00pct is mostly in the range 0.025-0.05 m
(Fig. 16a), and sizable compared with A{, which is locally
within +0.075 m (Fig. 15a). This uncertainty mostly arises
via the redistribution of salt and heat (Fig. 16c,e) whereas
the distribution of added heat is relatively consistent across
the models (Fig. 16d). In the Arctic, the uncertainty is much
larger, especially away from the coast (Fig. 16a) mostly
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from the opposed halosteric and manometric contributions e Part of the North Pacific A{ is remotely forced by the heat

(Fig. 16c¢,f). flux in the 80 °W-10°E, 30-65 °N North Atlantic box.
The patterns of the spread in the North Pacific Opct are e The remote forcing causes a small redistributed cooling
quite similar to those of 100pct, (i.e. comparing Fig. 16a—f in the subpolar North Pacific. Since this cooling is not
with h-m). Just as the halosteric and manometric compo- density compensated by salinity redistribution, it causes
nents contribute the most to the Arctic mean change, these a small negative A(.
components also show the most spread across models o The Eurasian Arctic dynamic sea-level change is largely
(Fig. 16¢,f) although the thermosteric component is also a product of the heat flux into the NA box, which results
uncertain (Fig. 16b). In the Arctic, the spread in /00pct is from all of the sea-level components: added thermosteric,
larger than that of Opct. Therefore part of the uncertainty redistributed thermosteric, halosteric, and manometric.
in the dynamic change is due to the forcing in the North e The redistribution of heat and salt contributes markedly
Atlantic box via the halosteric and manometric components to the overall uncertainty in local A{; the uncertainty in
(Fig. 16c,f), with the rest attributable to forcing directed A{ due to added heat is secondary.
elsewhere (Fig. 16j,m). e The across-ensemble uncertainty in the Eurasian Arctic
To summarise, in the North Pacific and Eurasian Arctic, is especially large, and is due in a large part to the diverse
the 100pct and Opct experiments show that: patterns of salinity redistribution and manometric change

resulting from the North Atlantic heat input.
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Fig.5 Total heat flux into the North Atlantic box (perturbation plus
atmosphere-ocean heat-flux change, F + AQ) versus the change in
AMOC across the three heat flux experiments where AQ is averaged
over the full 70 years. a Each +, X and ¢ denotes an AOGCM, and
different symbols denote experiments (/00pct, 50pct, Opct respec-
tively). Bold magenta symbols show the multi-model ensemble mean
for each experiment. Comparison of control AMOC strength and the

6.4 Southern Ocean

The 100pct sea-level change in the Southern Ocean is char-
acterised by a strong meridional gradient, with positive A¢
in the north (especially around the South African coast),
switching to neutral values in the mid-latitudes (40-50
°S), with negative values further south (Fig. 17a). To first
order, the A{ meridional gradient is set by the thermosteric
change (Fig. 17b) where more added heat accumulates at
lower latitudes than higher (Fig. 17d). Perturbed transports
cause heat from the low-latitude Atlantic and Indian sectors
to be redistributed southward into a band at approximately
45 °S (Fig. 17e). The neutrality of the redistributed steric
change in the Atlantic sector north of 45 °S reflects that the
halosteric change completely compensates the thermosteric
redistribution (Fig. 17c), and so A{ is neutral in this sector.
The manometric component is unimportant except on the
continental shelf, which is only a small fraction of the ocean
area (Fig. 171).

ABCDEGI J KLMNO
Model

slope of linear regression of AAMOC versus F + AQ from a, calcu-
lated for each model, b (left axis). Correlation between F + AQ and A
AMOC for each model with insignificant correlations (p > 0.05) cir-
cled in red, b (right axis). Ratio of AQ from /00pct and 50pct, hori-
zontal dashed line indicates a ratio of 2, ¢. Ratio of AQs, and Fj,,
horizontal dashed line indicates AQs, = F5,. Horizontal dotted lines
in ¢ and d show the Model Ensemble Mean (MEM)

The remote effects of heat input into the NA box are
revealed by subtracting the Opct pattern from the 100pct
(Fig. 17h). The perturbed transports redistribute the
unperturbed heat and salt content differently in /00pct and
Opct. The heat flux into the NA box causes the redistribu-
tive warming around 30—45 °S (Fig. 171). This redistribu-
tion enhances the band of low-latitude warming by added
heat (Fig. 17d). At the same time, the redistribution of
salinity that compensates the redistributed thermosteric
change in the Atlantic sector is also caused by the North
Atlantic heat input (inferred from the difference between
Fig. 17j and 1). The correlation between A and AAMOC
(Fig. 12b) north of 40 °S in the Indian sector (north of
the subtropical front) corresponds to a region of nega-
tive redistributive A{ (Fig. 17e,l). The correlation may
arise because models with stronger AMOC weakening also
show more redistributive cooling here. As noted earlier,
the AMOC weakening itself may not be the sole cause of
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the correlation; it may be a proxy for more sensitive ocean
transports generally.

The pattern of A{ is more positive in Opct than
100pct across much of the region because there is a
larger change due added heat relative to the global-area
mean across the Southern Ocean (Fig. 17k). This is the
same kind of reason as for the widespread, weak nega-
tive values of 100pct-minus-Opct in the North Pacific
(Fig. 15k).

The spread of A in the Southern Ocean (Fig. 18a) is
mostly due to the redistribution of heat (Fig. 18e). The
similarity of patterns in /00pct and Opct indicates that
model spread of redistribution forced by the heat flux
outside the NA box (included in both /00pct and Opct,
Fig. 18e,l) has similar patterns to the model spread of
redistribution in heat flux forced by heat flux within NA
box (included only in /00pct, Fig. 18e). While the pat-
terns of spread are similar in the two experiments, the
intensity is slightly larger in /00pct (e.g. in the low lati-
tude Atlantic sector) indicating that the forcing in the NA
box causes part of the spread.

In summary, the Southern Ocean responses to /00pct and
Opct forcing reveal that:
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e The heat flux into the NA box causes a redistribution of
heat around 30 — 45 °S in the Atlantic and Indian sec-
tors which contributes part of the band of positive A{.
The opposing redistribution of salinity is large enough to
compensate the effect of heat in the Atlantic sector, but
not in the Indian.

The spread of A mostly corresponds to the spread due to redis-
tribution, which is partly attributed mostly to the local forcing
and partly to the remote forcing from the North Atlantic. To
probe the heat redistribution in more detail, heat content change
in the Southern Ocean will be explored in the next section.

6.5 Heatredistribution and addition
in the Southern Ocean

The models tend to agree that the low latitude, Atlantic- and
Indian-sector band of redistributed warming in /00pct cor-
responds to a southward translation of warm surface waters
from further north (Fig. 17e). This redistributive warming
occurs within the upper 1.5 km (Fig. 19, above the horizon-
tal grey dotted line). At the same time, the cooling imme-
diately north (in the Indian Sector) is caused by shoaling
(rising) isotherms (Fig. 19, north of the right vertical grey
dotted line at 40 °S). The overall intensity and details of
the spatial structure of this redistribution pattern centred



Greenhouse-gas forced changes in the Atlantic meridional overturning circulation and related...
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on 40 °S vary across models, but the ensemble mean pic-
ture highlights the common features (Fig. 19a). When the
Opct pattern is removed from /00pct, a similar pattern of
warming exists, indicating that heat input into the NA box
is the dominant cause (Fig. 19b). However, in some models
(CanESM2, CAS-ESM2-0, HadCM3, HadGEM3-GC31-LL,
MRI-ESM2-0) the warming pattern is clearer and stronger in
100pct-minus-Opct, indicating that the local forcing causes
changes in transports that partly dampen the remote warm-
ing effect of the weakened AMOC (Fig. 19b, 1, j, p, t, X).
The AMOC weakening causes a southward redistribution
of warm, low latitude waters in the uppermost 1.5 km (Mor-
rison et al. 2016) which shifts the subtropical front south-
wards. This response has been described before (Winton
et al. 2013; Marshall et al. 2015; Dias et al. 2020b; Shi et al.
2020), and we now show that it is reproduced in all the mod-
els of our ensemble partly because of the forcing in the NA
box. Dias et al. (2020b) describe how an intensified Brazil
current alongside a positive poleward heat transport anomaly
due to reduced southward transport of cold water by the deep
western boundary current, cause heat to converge north of

the subtropical front. The /00pct and Opct experiments now
clearly demonstrate this link across several models.

Chen et al. (2019a) describe an atmospheric mechanism
that causes enhanced heat storage north of 50 °S and reduced
storage further south. In that work, a weakened AMOC was
shown to reduce northward heat transport, which caused
tropospheric cooling in the northern hemisphere and tropo-
spheric warming centred on 50 °S. The southern hemisphere
warming enhances the poleward temperature gradient south
of 50 °S and weakens the gradient to the north. This dis-
places the westerlies further southward and creates a wind
stress curl anomaly that causes anomalous downwelling
(heat convergence) north of 50 °S and anomalous upwelling
of cold waters further south. The effects of the weakened
AMOC on Southern Ocean sea level in 100pct and Opct
are consistent with those described by Chen et al. (2019a)
(even though different methods of forcing the AMOC are
used in the two studies). The broad similarity between the
Southern Ocean patterns of A in /00pct, Opct and their
weakened AMOC experiment (their Fig. 3a) implies that
these patterns are caused by the surface heat and momentum
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Fig.9 Full depth AOHC for /00pct (a) for 12 models. Maps of AOHC for 50pct (b) and Opct (¢) with the pattern of /00pct subtracted

flux anomalies associated with the atmospheric adjustment
to AMOC weakening. The present work shows how that
pattern arises mostly due to the addition of heat via the per-
turbed surface flux (Fig. 17d), but also secondarily through
oceanic heat redistribution caused directly by the AMOC
weakening (Fig. 171).
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South of 55 °S (southward of the left vertical dotted line in
Fig. 19), the models disagree on the pattern of redistributed
warming in both /00pct and Opct. Four models (CanESM2,
CAS-ESM2-0, HadGEM3-GC31-LL and MPI-ESM-LR)
show warming extending down below 1.5 km depth (below
the horizontal dotted grey line), corresponding to south-
ward shifts of sloped isotherms (rather than deepening of
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Fig. 10 Depth distribution of

AOHC from /00pct, show-

ing the model ensemble mean
(MEM) of 12 models (solid
black line) and ensemble spread
(MES, #+ 2 standard deviations,
dashed black lines), a. MEM
depth distribution of AOHC in
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Fig. 11 AOHC per latitude in the final decade of /00pct relative to
faf-passiveheat showing the model ensemble mean (MEM) of 12
models (solid black line) and ensemble spread (MES, + 2 stand-
ard deviations, dashed black lines), (a). MEM zonal distribution of
AOHC in 100pct (solid black), 50pct (dashed red) and Opct (dot-
ted cyan) respectively, (b). Zonal distributions of AOHC as in (b),
except 50pct and Opct are rescaled to give the same global integral
as /00pct, (c). Ensemble standard deviation of rescaled zonal AOHC
(i.e. ensemble spread of ¢), (d)

flat isotherms) in /00pct. These differences between model
responses are quite substantial, and we have not further
investigated them. The encroachment of warm circumpolar

0.0 1.0 20
OHC Z) m~1

3.0 0.0 0.1 0.2 0.3 0.4 0.5
oZ)m1

deep waters onto the Antarctic continental slope has the
potential to enhance the melt of ice shelves (Kusahara and
Hasumi 2013) and can warm descending plumes of newly
formed bottom waters (Couldrey et al. 2013). The cause for
these diverse model responses is not clear, and yet it is a key
uncertainty for future sea-level projection.

To see the effect of changes in Atlantic heat transport,
we compare the full-depth AOHC south of 30 °S between
the 100pct and Opct experiments, and its contribution
from added and redistributed heat (Fig. 20). The multi-
model ensemble mean total AOHC in 100pct is 447 ZJ
(1ZJ = 10?']), with a spread (standard deviation) of 32 ZJ.
The vast majority of this heat is added via the perturba-
tion flux (MEM = 406 ZJ, Fig. 20a—c), while redistribu-
tion increases the AOHC (MEM = 445 7J) in most models
(Fig. 20d). The added AOHC is similar in /00pct and Opct
for most models except CESM2 (Fig. 20c). The differences
in added AOHC between experiments for CESM2 have
not been explored, but may relate to the sea-ice coupling
(see Appendix A.1). In the Southern Ocean, AOHC can
be compared directly between /100pct and Opct without
accounting for the different global integrals by rescaling
(as in Figs. 10, 11). Heat added in the North Atlantic is
not able to reach the Southern Ocean within the 70 years
simulated.

Crucially, in every model (except CESM2) the
redistribution is more positive (or less negative)
in 100pct than in Opct, indicating that AMOC
decline increases the AOHC of the Southern Ocean
(Fig. 20d) although the size of Southern Ocean A
OHC by heat redistribution does not correlate with
the strength of AMOC weakening (not shown). In
CESM2, the difference in redistribution AOHC is
similar between /00pct and Opct, given the inter-
nal variability. Evidently, the effect of Southern
Ocean warming via redistribution in response to a
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Fig. 12 Ensemble mean
dynamic sea level change (A{)
in /00pct for 13 models, (a).
Correlation between gridpoint
A¢ and the AMOC change of
each model for /00pct, where
insignificant correlations

(p > 0.05) have been masked
out, (b). Relationship between
the amplitude of the global
pattern of dynamic sea level
change, A{; (defined in the
text), and AAMOC, (¢)

Table2 AOGCM output
availability

weakened AMOC described earlier imprints on the
AOHC of the entire basin.

However, the models do not all have positive redis-
tribution in /00pct; it is weakly negative in MRI-
ESM2-0 (-13 ZJ) and GFDL-ESM2M (-21 ZJ). In
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these models, although the weakened AMOC causes

the low latitude redistributed warming (Fig. 19j, t),

there are other redistributive effects of opposite sign.
The spread of redistribution (34 ZJ) is slightly smaller
than the spread in added heat (41 ZJ) or total AOHC
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Table 3 Correlations between regional sea-level change and AMOC
change in 100pct for 12 models. Significant correlations (p < 0.05)
are shown in bold

Region r value p value Note

Arctic —0.68 0.01

Atlantic —0.34 0.23 North of 45 °N
Pacific 0.35 0.24 only: r = ~0.48,
Indian 0.28 0.36 p=0.10
Southern 0.47 0.11

(32 ZJ). That the spread in each of the two components
is larger than in the total indicates some degree of com-
pensation between, i.e. that models with larger added
AOHC have less redistribution, but the anticorrelation
between heat addition and redistribution insignificant
in 100pct (r = —0.53, p = 0.09) and significant in Opct:
(r=-0.67, p=0.02). Removing CESM2 as an outlier
(given its unique sea ice coupling, see Appendix A.l)
makes the anticorrelation for Opct become insignifi-
cant. Like Morrison et al. (2016), we also note that the
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Fig. 13 Multi model ensemble mean North Atlantic dynamic sea-
level change and its components for 11 models for /00pct, a—f and
Opct, h—-m. The total change (a) and thermosteric (b), redistributed
steric (¢) and manometric (f) parts. The thermosteric part is further
partitioned into added (d) and redistributed (e) parts. The total (a) is
the sum of ¢, d and f. Redistributed steric is the sum of redistributed
thermosteric and halosteric parts

balance of passive and perturbed transport processes is
spatially variable, making spatially integrated results
sensitive to the choice of domain.

7 Discussion and conclusions

The FAFMIP protocol provides a consistent way to force
AOGCMs with common perturbations to the atmosphere-
ocean fluxes of heat, freshwater and momentum (wind
stress). The FAFMIP experiments are designed to repro-
duce typical ocean climate change after about 100 years of
atmospheric CO, increasing at 1% year~!. In this paper we
have presented new results from existing FAFMIP simula-
tions with an enlarged set of AOGCMs, as well as two new
FAFMIP experiments. The new results from the original
FAFMIP experiments with an ensemble of 15 AOGCMs
show that:

e The AMOC weakening under CO, increase is almost

entirely the result of the perturbed heat fluxes, rather than
the changes in freshwater flux or wind stress; there are
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Fig. 14 Multi model ensemble standard deviation of North Atlan-
tic dynamic sea-level change and its components for 11 models for
100pct, a—f and Opct, h-m. The spread of the total change (a) and
spread of various parts: thermosteric (b), redistributed steric, (c)
added thermosteric (d), redistributed thermosteric (e) and manomet-

ric (f)
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Fig. 15 Multi model ensemble mean North Pacific dynamic sea-
level change and its components for 11 models for /00pct, a—f and
for 100pct with Opct subtracted out, h—-m. The total change (a) and
thermosteric (b), redistributed steric (¢) and manometric (f) parts.
The thermosteric part is further partitioned into added (d) and redis-
tributed (e) parts. The total (a) is the sum of ¢, d and f. Redistributed
steric is the sum of redistributed thermosteric and halosteric parts

no non-linear interactions between forcings when applied
simultaneously.

e The AMOC responses to freshwater and wind stress
perturbation are inconsistent across models, with
most showing no significant change, some show-
ing weak strengthening and some showing weak
decline.

e An unintended consequence of the experimental
design means that the ‘redistribution feedback’ is
double-counted in FAFMIP experiments, which
increases the total heat flux into the North Atlantic
beyond what was intended by the perturbation. The
strength of this feedback differs across models, but
it is not the cause of the diversity in AMOC weaken-
ing.

e The spread of AMOC weakening is a major source of
uncertainty for projections of future sea level in the North
Atlantic and Arctic. This spread is associated mainly
with diverse patterns of heat redistribution, although
added heat also plays a role.

e The spread of AMOC weakening across models and its
correlation with control AMOC strength remain unac-
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dynamic sea-level change and its components for 11 models for
100pct, a—f and Opct, h-m. The spread of the total change (a) and
spread of various parts: thermosteric (b), redistributed steric (c),
added thermosteric (d), redistributed thermosteric (e) and manomet-

ric (f)

counted for; further process-based analyses of model heat
and salt budgets with FAFMIP experiments might shed
more light.

The new experiments are modified versions of the heat flux
experiment, wherein the perturbation is reduced to 50% and
0% in the North Atlantic between 80 °W-10 °E, 30-65 °N
while remaining unchanged elsewhere. The new experi-
ments, performed using 13 models, demonstrate that

e The AMOC weakening is approximately linearly related
to the magnitude of the anomalous heat flux directed into
the North Atlantic.

e The AMOC is primarily sensitive to the heat input in the North
Atlantic; it is relatively insensitive to heat input elsewhere.

e Reducing the perturbation in the North Atlantic 50pct
experiment may provide a total forcing (the sum of the
perturbation and the redistribution feedback) that is
more similar to the perturbation intended by the original
100pct. However, since the strength of the redistribution
feedback varies across models, the total heat input varies
across models.
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Fig. 17 Multi model ensemble
mean Southern Ocean dynamic
sea-level change and its
components for 11 models for
100pct, a—f and for 100pct with
Opct subtracted out, h—-m. The
total change (a) and thermos-
teric (b), redistributed steric

(¢) and manometric (f) parts.
The thermosteric part is further
partitioned into added (d) and
redistributed (e) parts. The total
(a) is the sum of ¢, d and f.
Redistributed steric is the sum
of redistributed thermosteric
and halosteric parts

Fig. 18 Multi model ensemble
standard deviation Southern
Ocean dynamic sea-level
change and its components for
11 models for 100pct, a—f and
for 100pct with Opct subtracted
out, h-m. The spread of the
total change (a) and spread of
various parts: thermosteric (b),
redistributed steric (c), added
thermosteric (d), redistributed
thermosteric (e) and manomet-

ric (f)
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e To first order, the vertical distribution of the global-area
integral heat content change is unaffected by the AMOC
decline, highlighting that this pattern is mostly set by the
Southern Ocean (which is the other region of deep heat

storage).

o The heat content of the North Pacific and Southern
Ocean are remotely affected by the heat input into the
North Atlantic. The AMOC decline causes a weak but

quantifiable global redistribution of ocean heat.

e In particular, the weakening of the AMOC causes
warming at the interface of the Southern Ocean and
South Atlantic, due to reduced northward heat trans-
port.

Differences in the fluxes of heat, freshwater and momentum
have been invoked to explain the diverse AMOC responses
forcing noted in the literature (e.g. Huber and Zanna 2017;
Cael and Jansen 2020; Jochum and Eden 2015). Here, we
demonstrate that even when consistent forcing is applied,
our large ensemble of 15 AOGCMs produces inconsistent
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Fig. 19 Depth-Latitude sections of redistributed temperature change
in the Atlantic and Indian Sector Southern Ocean (longitudinally
averaged 60 °W-180 °E) between 0-3 km depth. Pairs of plots for
each model compare /00pct (left and inner right panels) and /00pct
with the Opct pattern (inner left and right panels). Multi-model
ensemble mean (MEM) for 11 models (a, b) and individual models
(c—x). Solid black lines in a and b show climatological mean posi-

AMOC responses. For freshwater and momentum, most
AMOC changes are small or insignificant. For heat, the
ensemble shows a large spread of AMOC weakening. These
results suggest that differences in ocean model structure
or control state give each AOGCM a unique sensitivity to
forcing.

Differences in the distributions of temperature and
salinity (i.e. model state biases) may be a cause of the
diverse responses. While it is understood that ocean buoy-
ancy contrasts underpin the AMOC, it is unclear exactly
which buoyancy contrasts are relevant; whether between
the NADW and the low latitude thermocline waters or
Southern Ocean intermediate waters (Gnanadesikan 1999;
Nikurashin and Vallis 2012). Temperature and salinity
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tions of the 1, 3, 5, 10 °C isotherms from faf-passiveheat and dashed
lines show the perturbed T} isotherms in /00pct (a) and 100pct-Opct
(b). Horizontal dotted grey line indicates 1.5 km depth, above which
most of the redistributed temperature changes occur. Vertical left and
right dotted grey line indicate 55 and 40 °S respectively, which dis-
tinguish zones with different characteristic redistributed temperature
change

play different roles in setting buoyancy contrasts that sup-
port the AMOC (Wolfe and Cessi 2014), and the rela-
tive importance of the two tracers is likely to differ across
models. Further, details of the surface balance between
evaporation and precipitation are also likely to be key
determinants of the overturning (Wolfe and Cessi 2014).
It is possible that the buoyancy contrasts that drive the
AMOC are specific to each model, and so perturbations
to those contrasts may produce diverse responses. The
FAFMIP common forcing framework will be useful to
probe these diverse responses in future investigation.
Unlike in ocean-only studies, our study permits cou-
pled feedbacks to influence the AMOC response, which
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may explain the apparent inconsistencies between the Appendix A

AOGCMs studies here and the OGCM responses stud-
ied previously (Garuba and Klinger 2018; Todd et al.
2020). In particular, further studies examining ocean-
only models alongside their coupled AOGCM configu-
rations would be insightful to eliminate the redistribu-
tion feedback and identify other feedbacks (Todd et al.
2020).

This work adds to others in finding that the processes
that cause heat content change differ markedly across
models, and the reasons are unclear (Exarchou et al.
2015; Todd et al. 2020; Saenko et al. 2021). The ocean
process diagnostics likely contain a wealth of insight that
has yet to be fully realised. In particular, a detailed inter-
comparison of AOGCMs’ salinity and buoyancy budgets
using these diagnostics has yet to be undertaken, but is
highly warranted. Previous work has shown that salinity
biases and diverse freshwater transports in AOGCMs can
have important consequences for the representation of the
AMOC (Mecking et al. 2017).

Treatment of surface flux perturbations and extra
tracers

The heat flux perturbation F is applied like a surface heat
flux; it does not penetrate below the surface like shortwave
radiation does. The /00pct heat flux perturbation supplies
about 196 TW (ITW = 1 x 10'2W) of heat into the North
Atlantic between 80 °W-10 °E, 30-65 °N (the ‘NA box’,
enclosed by black dashed lines in Fig. 1a—c), or about 208
TW into the wider region including the Greenland-Iceland-
Norwegian (GIN) Sea and Barents-Kara (BK) Sea between
80 °W-100 °E and 30-85 °N.

Note that because the perturbation in 50pct and Opct out-
side the NA box is the same as in the /00pct experiment,
there is still some forcing applied to the high latitude North
Atlantic: about 23 TW into the GIN Sea and 11 TW out of
the BK sea (Fig. 1c), for a total of 12 TW or about 5.7%
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of the /100pct experiment. A more complex rescaling region
could have been devised, but the simplicity of a square lati-
tude-longitude box was appealing and found to be sufficient
to capture > 90% of the North Atlantic perturbation heat flux
in preliminary testing of the experimental design.

If the atmosphere were coupled to the surface field of T
in the typical way, then an opposing air-sea heat flux would
tend to remove the SST anomaly created by F. Similarly,
if the sea-ice were coupled to T as usual, the added heat
would tend to melt the sea-ice. To prevent such effects, the
atmosphere and sea-ice are decoupled from 7 and instead
coupled to the surface field of another passive tracer, called
the redistributed temperature, T. T} is initialised equal to
T at the start, is transported in the ocean using the same
schemes as 7, receives the air-sea heat flux Q like T, but is
not forced by the surface heat flux perturbation.

In the case of CESM2 only, technical difficulties meant
that it was not possible to run any heat flux experiments
(faf-all, 100pct, 50pct, Opct) with the sea ice heat flux
coupled to Ty. Instead, the sea ice heat flux is computed
using 7. In this case, this deviation from the FAFMIP
protocol was deemed acceptable, since the model’s forced
responses are qualitatively similar to the other AOGCMs’,

Table 4 Descriptions of AOGCMs. Advection scheme names are
abbreviated: (Cox 1984) Bryan-Cox Finite Difference (BC84), (Hol-
land et al. 1998) Third Order Upwind (H98), Multidimensional
Piecewise Parabolic Method (MDPPM), Linear Upstream Scheme
(LUS), Pseudo-Fourth Order (PO4), (Marsland et al. 2003) Sec-
ond Order Total Variation Diminishing scheme (M03), (Colella and
Woodward 1984) Piecewise Parabolic Method (CW84), Second
Ordered Moments Centred Total Variance Dissipation (TVD), (Yu

especially in terms of AMOC weakening and sea-level
change. As a result of the unique coupling, it is possible
for added heat to be removed from the ocean in the melt-
ing of sea-ice. This may be the cause of the unusually
small accumulation of added heat in the Southern Ocean
(Fig 20c), but the details of the mechanism have not been
explored fully.

Calculation of the correlation coefficient

The correlation between r pairs of paired data x and y, is cal-
culated using the sample correlation coefficient, r, defined as

,= Y =00 =)
\/Z:’:I(xi - X)? \/2?:1()71‘ -y)?

where i is the index and an overline indicates the mean.

12)

Descriptions of AOGCMS

See Table 4 and Fig. 21.

1994) Two-Step Shape Preserving (R94), (Prather 1986) Second
Order Moments (P86). Mescoscale Advection options are abbrevi-
ated: (Gent and McWilliams 1990) (GM90), (Griffies 1998) Skew
Flux (G98). (Ferreira et al. 2005) Buoyancy frequency dependent
eddy coefficients (FO5). Mesoscale Diffusion options are abbreviated:
(Redi 1982) (R82), (Griffies 1998) Skew Flux (G98). Fixed values (F)
or ranges of variable (V) diffusivity are shown in m?s — 1. Submeso:
Inclusion of submesoscale scheme

Name Adv. Scheme Meso. Advection Meso Diffusion Submeso References

Pre CMIP5-era

HadCM3 BC84 GM90 V 350-2000 G98 F 1000 No (Gordon et al. 2000)

CMIP5-era

CanESM2 HO98 GM90 V 100-2000 R82 1000 No (Yang and Saenko 2012)
GFDL-ESM2M MDPPM G98 V 100-800 G98 F 600 Yes (Dunne et al. 2012)

GISS-E2-R-CC LUS G98 G98 No (Schmidt et al. 2014)
HadGEM2-ES PO4 G98 V > 150 G98 F 500 No (Martin et al. 2011)

MPI-ESM-LR MO03 GM90 < 250 R82 V <1000 No (Giorgetta et al. 2013)

CMIP6-era

ACCESS-CM2 CWwWg4 G98 V 100-1200 G98, F, 300 Yes (Bi et al. 2020), (Kiss et al. 2020)
CanESM5 TVD GM90 V 100-2000 R82 V < 1000 No (Swart et al. 2019)

CAS-ESM2-0 R9%4 GM90 F 1000 R82 F 1000 No (Zhang et al. 2020; Jin et al. 2021b)
CESM2 G98, V, 3002000 G98,V, 3002000 No (Danabasoglu et al. 2020)
FGOALS-g3 R9%4 GM90 FO5 R82 FO5 No (Li et al. 2020)
HadGEM3-GC31-LL TVD GM90 HL96 V < 1000 R82 F 1000 No (Kuhlbrodt et al. 2018)

MIROC6 P86 GM90 F 300 G95 F 1000 No (Tatebe et al. 2019)
MPI-ESM1-2-HR MO03 GM90 < 250 R82 V < 1000 No (Mauritsen et al. 2019), (Gutjahr et al. 2019)
MRI-ESM2-0 P86 GM90 V 300-1500 R82 F 1500 No (Yukimoto et al. 2019)
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Fig.21 Ensemble mean

dynamic sea level change (A_C)
in /00pct for the 6 pre-CMIP6
AOGCMs, (a), and the 9
CMIP6 AOGCMS, (b). Ensem-
ble spread (standard deviation)
dynamic sea level change
(6(A¢)) in 100pct for the 6 pre-
CMIP6 AOGCMs, (c¢), and the
9 CMIP6 AOGCMS, (d)
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Notes on the use of AOGCMs from different CMIP
eras

The full ensemble of AOGCMs that have performed
FAFMIP simulations to date comprises 15 members: 9 of
which are the latest generation CMIP6 models, 5 are previ-
ous generation CMIP5 models, and one is from the CMIP3-
era. (Tables 2, 4). Some of the AOGCMs have undergone
considerable structural changes between the fifth and sixth
CMIP era. In addition to developments of their other sub-
models, the ocean components of CanESM2 and HadGEM?2-
ES were replaced with the NEMO ocean to create their
CMIP6 counterparts, CanESM5 and HadGEM3-GC31-LL.
These two models are therefore substantially different across
the two generations. Nevertheless, we have included these
older AOGCMs (CanESM2, HadCM3 and HadGEM2-ES)
because they constitute part of the ensemble that FAFMIP
was intended to probe. On the other hand, the two other
models CMIP5-era models (MPI-ESM-LR and GFDL-
ESM2M) are still in use performing CMIP6 experiments,
reflecting their continued utility and relevance as tools for
climate study. In what follows, we investigate whether there
are substantial differences in the ocean responses to forcing
between the AOGCMs of different eras.

In the analyses described in the main body, all of the
AOGCMs are analysed together as a single ensemble.
Aggregating the AOGCM s into a single ensemble is jus-
tified by the similarity of the spatial patterns of the sea
level responses between the CMIP6 and pre-CMIP6 eras.
Here, the main ensemble is subdivided into a pre-CMIP6
ensemble and a CMIP6 ensemble, and the dynamic sea-level

0.15 0.2

0.25 0.3
o(AC), m

change Model Ensemble Mean (MEM, A_Zj) and Spread
(MES, 6(A{)) are compared. The same qualitative features
are apparent (the dipoles in the North Atlantic and North
Pacific, the gradient across the Southern Ocean) (Fig. 21a,
b). The patterns of AC are highly correlated between the
two sub-ensembles: » = 0.757,p < 0.05. The ‘intensity’ of
the spatial pattern can be quantified as the spatial standard
deviation of AZ. This metric reveals that the spatial pattern
of AL is stronger (i.e. the highs are higher, the lows lower)
for the CMIP6 ensemble than the pre-CMIP6 ensemble
(0.0896 m and 0.0652 m respectively).

The Model Ensemble Spread (MES) of A{ is similar for
both the CMIP6 and the pre-CMIP6 AOGCMs (Fig. 21c, d).
The main regions showing large ensemble spread are similar
for the two eras: the North Atlantic, the Arctic, the South-
ern Ocean and the North Pacific. Indeed, the patterns of
o(A{) are highly correlated between the two sub-ensembles:
r=0.722,p < 0.05. The area means of the maps of o¢(A()
are similar for the two eras: 0.0383 m and 0.0354 m for
pre-CMIP6 and CMIP6 respectively. The similarity of the
sub-ensembles’ means and spreads therefore justifies treat-
ing them together as a single ensemble.

The differences of the AMOC strength and its weakening
are compared between the full ensemble and the CMIP6-
only subset. Alternate version of Figs. 2 and 4 using only
CMIP6-era AOGCMs reveal that similar AMOC-vs-A
AMOC relationships exist using only the latest generation
ensemble, although the relationships are less robust (Fig. 22
and 23). While the /00pct and 50pct forcing is sufficient to
produce AMOC weakening in all 8§ CMIP6 AOGCMs, the
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AMOC-vs-AAMOC relationships are insignificant, given a
threshold of p < 0.05 (Fig. 22a and 23a). For 100pct, the
AMOC-vs-AAMOC gradient (Full: m = —0.539, CMIP6:
m = —0.638) and correlation (Full: r = —0.653, CMIP6:
r = —0.640) are similar, in spite of the CMIP6-only rela-
tionships being formally insignificant. The standard error of
the regression is also poorer for the CMIP6-only ensemble
(e = 0.313 versus e = 0.188 for the full ensemble).

The faf-stress and faf-water perturbations did not pro-
duce significant AMOC change in most CMIP6 AOGCMs
(Fig. 22b, c). Only 2 of the 9 CMIP6 AOGCMs showed
significant change in response to momentum and water flux
perturbation. This finding is qualitatively consistent with
the larger ensemble: a majority of models show no signfi-
cant AMOC change. Further, of the CMIP6 models show-
ing significant change, the AOGCMs disagree on the sign
of the change. Finally, the weakening in faf-all-vs-100pct
plot very close to a 1-to-1 line, indicating strong similarity
between the weakening of the two experiments, and a lack
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of non-linear effects of the perturbations on AMOC weaken-
ing (Fig. 22d). This regression gradient is closer to 1 for the
CMIP6-only ensemble (m = 1.04) than the full (m = 1.12).

The effect of restricting the ensemble to only CMIP6
AOGCMs does not strongly affect the ratio of AMOC weaken-
ing between /00pct and 50pct, although the relationship between
the two is rendered insignificant (Fig. 4b). The slope itself is
relatively little changed (m = 0.479 for CMIP6, m = 0.539
for the full ensemble), but the correlation is weaker (r = 0.670
for CMIP6, r = 0.762 for the full ensemble), and the p value
rises above 0.05 when the ensemble is restricted. The Opct
AMOC-vs-AAMOC relationship is insignificant using either the
restricted CMIP6 ensemble or the full. The relationship between
the control AMOC strength and control AMOC variability for
the CMIP6 ensemble is very similar to the full ensemble, both
in terms of the gradient (m = 0.051 for CMIP6 only, m = 0.055
for the full ensemble) and the correlation (r = 0.819 for CMIP6
only, r = 0.779 for the full ensemble).
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In summary, the dynamic sea level responses of the
CMIP6 and pre-CMIP6 AOGCMs are quantitatively and
qualitatively similar, both in terms of ensemble mean and
spread. The responses of the CMIP6-only subset to the
faf-stress and faf-water forcing are qualitatively similar to
the full ensemble. The main consideration in using the full
ensemble or restricting the analysis to only CMIP6 mod-
els using the small subset degrades the significance of the
AMOC-vs-AAMOC anticorrelations. This may be due to
the considerable random error of this type of relationship,
requiring many members to generate robust statistics. The
more usual and robust method of averaging random tempo-
ral variability involves performing multiple realisations of
each experiment, but this incurs computational costs that
were prohibitive for FAFMIP. Instead, the decadal averaging
approach of this study will likely leave some random tem-
poral noise. Another possibility could be that the AMOC-
vs-AAMOC relationship noted in previous generations of

HadGEM3-GC31-LL N MPI-ESM1-2-HR
MIROC6 0 MRI-ESM2-0

E CESM2 K
F FGOALS-g3 L

AOGCMs (e.g. Gregory et al. 2005) no longer applies to
the sixth generation. The latter explanation seems unlikely,
given that Weijer et al. (2020) also note that AMOC-vs-A
AMOC anticorrelation exists for the majority of CMIP6
models under projected 21% Century climate forcing. There-
fore, we include all available FAFMIP AOGCMs, regardless
of their era, to maximise the ensemble size.

Temperature tendency diagnostics

Heat budget tendency terms (described in Sect. 4) can be
found by calculating the heat convergence (i.e. the volume
integrated heating rate per horizontal area, in Wm™2) of each
model grid cell that results from the various advective or
diffusive processes. The total temperature time tendency of
an ocean grid cell is
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Total = = =V - [pdz(uT + P)], 13)

o(T pdz)

t
where T is the model temperature, the product of seawater
density and gridcell thickness pdz is the seawater mass per
horizontal area, u is the three-dimensional resolved veloc-
ity field and P is the parameterised subgrid-scale transport
processes. This tendency is the variable called ‘opottemp-
tend’ in CMIP6 terminology (Griffies et al. 2016), for mod-
els which use potential temperature (the variable is ‘ocon-
temptend’, for models which use conservative temperature).
The tendency due to the parameterised eddy advection (the
CMIP6 variable called ‘opottemppadvect’) is

EddyAdv. = -V - [pdz(v *T)], 14)

where v* is the parameterised eddy-induced velocity (e.g.
Gent and McWilliams 1990; Griffies 1998).
The tendency due to the resolved advection is

Resolved = =V - [pdz(uT)]. (15)

There is no specific CMIP6 variable for this tendency, but it
is calculated by subtracting the tendency due to parameter-
ised eddy advection (‘opottemppadvect’) from the tendency
due to residual mean advection (‘opottemprmadvect’). The
tendency due to the parameterised along-isopycnal diffusion
(the CMIP6 variable called ‘opottemppmdift’) is

Iso.Diff. = =V - [pdz(P))], (16)

where P, is the parameterised diffusive heat transport caused
the mixing action of mesoscale eddies (e.g. Redi 1982; Grif-
fies 1998). The tendency due to the parameterised dianeutral
or diapycnal fluxes (i.e. acting vertically, across neutral or
density surfaces, the CMIP6 variable called ‘opottempdift’)
is

Vert.&Dia. = =V - [pdz(P)], 17

where Py, is the parameterised diffusive heat transport asso-
ciated with all vertical and dianeutral processes. The precise
composition of this term depends on the schemes used in
each model and may include convection, boundary layer
mixing, interior shear-driven mixing, gravity wave-induced
mixing, background diffusion and others.

Depending on model formulation, P may include other
parameterisation schemes that affect the ocean model heat
flux, such that

P =P, +P, +v xT + other. (18)

These other processes are neglected in this study, since the
main terms are the ones described above.
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