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Abstract. The Atlantic meridional overturning circulation
(AMOC) is an important part of our climate system. The
AMOC is predicted to weaken under climate change; how-
ever, theories suggest that it may have a tipping point
beyond which recovery is difficult, hence showing quasi-
irreversibility (hysteresis). Although hysteresis has been seen
in simple models, it has been difficult to demonstrate in com-
prehensive global climate models. Here, we outline a set of
experiments designed to explore AMOC hysteresis and sen-
sitivity to additional freshwater input as part of the North
Atlantic Hosing Model Intercomparison Project (NAHos-
MIP). These experiments include adding additional freshwa-
ter (hosing) for a fixed length of time to examine the rate and
mechanisms of AMOC weakening and whether the AMOC
subsequently recovers once hosing stops.

Initial results are shown from eight climate models partic-
ipating in the Sixth Coupled Model Intercomparison Project
(CMIP6). The AMOC weakens in all models as a result of
the freshening, but once the freshening ceases, the AMOC
recovers in half of the models, and in the other half it stays in
a weakened state. The difference in model behaviour cannot

be explained by the ocean model resolution or type nor by
details of subgrid-scale parameterisations. Likewise, it can-
not be explained by previously proposed properties of the
mean climate state such as the strength of the salinity advec-
tion feedback. Instead, the AMOC recovery is determined by
the climate state reached when hosing stops, with those ex-
periments where the AMOC is weakest not experiencing a
recovery.
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1 Introduction

The Atlantic meridional overturning circulation (AMOC) has
an important role in the climate system in transporting heat
meridionally. There is evidence from changes in the paleo-
climate record, from theories, and from simplified and more
complex models that the AMOC may be able to experience
hysteresis (Clement and Peterson, 2008; McManus et al.,
2004; Hawkins et al., 2011; Hofmann and Rahmstorf, 2009;
Rahmstorf, 2002, 1996; Rahmstorf et al., 2005). Hysteresis
means that a change in forcing (for example, an increase in
surface freshwater input) beyond a critical threshold could
cause the AMOC to weaken to a weak or reversed state and
that the AMOC would not then recover to its original strength
once the forcing was reversed within a human-relevant time
frame. If this new state persists for long enough, the model
can be considered to have two stable AMOC states (bista-
bility). Although in some models it may be difficult to have
a sufficiently long simulation to prove bistability, if the new
state persists for centuries, it could be said to be quasi-stable.

This behaviour has previously been seen in simplified
models, Earth system models of intermediate complexity
(EMICs), and several (mostly very-low-resolution) global
climate models (GCMs) (Rahmstorf, 1996; Rahmstorf et al.,
2005; Hawkins et al., 2011; Hu et al., 2012), although
most previous studies with GCMs found no hysteresis of
the AMOC (Stouffer et al., 2006). However, Mecking et al.
(2016) and Jackson and Wood (2018b) have shown a quasi-
stable weak state in a recent GCM with eddy-permitting
ocean resolution. Their results showed that, if the AMOC in
their GCM was weakened sufficiently by hosing (additional
surface freshwater input) in the North Atlantic, the AMOC
then stayed in a weak state for a few hundred years once the
hosing was stopped. Understanding the conditions resulting
in AMOC hysteresis, and whether they are likely to be met in
the future, is very important because a collapse of the AMOC
to a weak state would have serious impacts on climate (Jack-
son et al., 2015).

There are various factors which could contribute to
whether a model has a bistable AMOC. Previous results
from theories and simplified models have highlighted the
potential importance of the salt advection feedback: if the
AMOC exports freshwater (imports salt) from the Atlantic,
then a weakening of the AMOC would reduce this export
and freshen the Atlantic, resulting in a decrease in buoy-
ancy and potentially a further reduction in AMOC strength
(Stommel, 1961; de Vries and Weber, 2005; Drijthout et al.,
2011). Hence, if the meridional transport of freshwater by the
AMOC (Fov, also known as Mov) is negative, then the feed-
back is positive, potentially accelerating the weakening of
the AMOC. However, if Fov is positive, then the feedback is
negative, stabilising the strong AMOC state. The importance
of the sign of Fov for the AMOC response to freshwater in-
put in GCMs has been shown in several studies (Drijfhout
et al., 2011; Jackson, 2013; Liu et al., 2017); however, there
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are many other feedbacks and processes present in a GCM
compared to in a simple box model, and these could change,
or even remove, the bistability (Jackson, 2013; Weijer et al.,
2019). Although Fov is often considered in the South At-
lantic (30-34° S), where the waters enter the Atlantic from
the Southern and Indian oceans, Mecking et al. (2016) and
Jackson and Wood (2018b) found that an important process
in the AMOC hysteresis in their model was Fov in the sub-
tropical North Atlantic. Mecking et al. (2016) suggested that
this feedback was stronger than in lower-resolution models
because of higher horizontal ocean resolution leading to a
larger magnitude of Fov in the control.

The AMOC response in a GCM may depend on the com-
bination of many different feedbacks (Weijer et al., 2019),
and some of these feedbacks may be affected by biases in
the model. In particular, the value of Fov in the South At-
lantic has been shown to be related to Atlantic salinity biases
(Mecking et al., 2017), and both the position of the Atlantic
intertropical convergence zone (Liu et al., 2013) and the net
Atlantic precipitation (Jackson, 2013) have been shown to af-
fect Fov through changing salinity. Other aspects of the mean
state might also affect the AMOC response. For instance,
Jackson et al. (2020) showed that the AMOC response to
increasing greenhouse gases could be affected by the loca-
tion of wintertime deep convection and water mass transfor-
mation in the North Atlantic; specifically, those models with
more deep convection and transformation in the western sub-
polar gyre in the control were more strongly impacted by
warming. Likewise, since sea ice inhibits surface heat loss
from the ocean, differences in the location and extent of sea
ice could impact the AMOC response.

Results from simplified models and EMICs have also
shown a sensitivity of the AMOC hysteresis to subgrid-
scale parameterisations. Several studies have shown that in-
creased vertical diffusivity can enhance the stability of the
AMOC (Schmittner and Weaver, 2001; Prange et al., 2003;
Sijp and England, 2006). It has also been shown that, when
horizontal- or along-isopycnal diffusion or parameterised
eddy mixing is increased, a greater freshwater input is re-
quired to shut down the AMOC (Hofmann and Rahmstorf,
2009; Dijkstra, 2007; Sijp and England, 2009; Sijp et al.,
2006).

Many studies have investigated the potential stability of
the AMOC through idealised experiments with large fresh-
water inputs; however, even in a model with a potentially
bistable AMOC, the threshold might not be crossed in future
scenarios. Hence, several studies have investigated more re-
alistic freshwater inputs into the North Atlantic, representing
increased melting from glaciers, which is not fully included
in current GCMs. These show that projections of additional
freshwater input from melting glaciers would cause a small
additional AMOC weakening before 2100 (Jungclaus et al.,
2006; Hu et al., 2009; Bakker et al., 2016; Lenaerts et al.,
2015; van den Berk and Drijfhout, 2014). Since this fresh-
water input occurs around the coasts of Greenland rather than
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uniformly, it would primarily freshen the boundary currents.
Hence, resolving the eddies by using higher resolutions can
have an impact on the mixing of the fresh boundary wa-
ter into the interior, where it can impact convection (Wei-
jer et al., 2012; den Toom et al., 2014), and thus result in a
stronger AMOC weakening (Swingedouw et al., 2022).

The North Atlantic Hosing Model Intercomparison Project
(NAHosMIP) aims to understand the sensitivity of the
AMOC in current GCMs to hosing. Using the experimen-
tal setup of Jackson and Wood (2018b), in which additional
freshwater input is applied to a larger area of the subpolar
North Atlantic, we designed a set of experiments to under-
stand whether different GCMs show a similar AMOC hys-
teresis, with a particular focus on models participating in the
current Coupled Model Intercomparison Project (CMIP6).
Using a large, idealised hosing allows us to understand the
model sensitivities and how they differ, and from analysing
the similarities and differences between the model responses,
we may be able to understand what controls this AMOC re-
sponse and how the real world may behave. Although the first
set of experiments is very idealised, we also include a set of
similar experiments which are less idealised in that they ap-
ply the freshwater around the coasts of Greenland only and
use a more realistic (though still large) amount of freshwa-
ter input. These experiments help us to understand how to
apply our understanding of the AMOC sensitivity from the
idealised experiments to a less-idealised scenario.

Section 2 describes the experimental design of these ex-
periments in detail, with Sect. 3 describing the models which
have carried out these experiments so far. Section 4 describes
initial results, including how the AMOC responds and how
differences in the climate state may influence the AMOC re-
sponse, and some discussion of what may or may not control
the differences between models. A summary of conclusions
is given in Sect. 5.

2 Experimental design

Experiments here are based on the preindustrial control ex-
periments (where external forcings are fixed at 1850s con-
ditions) which were conducted as part of the core CMIP6
experiments, described in Eyring et al. (2016). The experi-
ments here use a preindustrial control state as an initial con-
dition and are either hosing experiments (where an additional
freshwater flux is applied to the surface ocean) or recovery
experiments (with no hosing but starting from the hosing ex-
periments). External forcings are otherwise the same as in
the preindustrial control. A list of experiments is shown in
Table 1.

2.1 Uniform-hosing experiments

To allow a clean comparison with Jackson and Wood
(2018b), we use the same experimental protocol (uniform
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hosing from 50°N to the Bering Strait) and use a hos-
ing strength of 0.3 Sv (1 Sv=10°m?3s~") for our uniform-
hosing (UH) experiments. This rate of hosing allows us to
compare the sensitivity of the different models and the pro-
cesses and feedbacks involved, and it is strong enough that it
is more likely that there is a significant response that can be
compared.

Tier 1 (highest priority) experiments are a hosing exper-
iment of 0.3 Sv (u03-hos, which should be continued for at
least 50 years) and recovery experiments with no hosing spun
off from years 20 and 50 of the hosing experiment (u03-
120, u03-r50). These recovery experiments should be run for
100 years, unless the AMOC immediately starts recovering,
in which case 50 years is sufficient. Tier 2 is to continue
the hosing experiment to 100 years with a recovery run af-
ter 100 years (u03-r100), although for the results presented
here, one model instead did a recovery run after 70 years
(u03-r70).

Tier 3 experiments are to repeat the UH experiment and
recovery runs for a larger hosing rate of 0.5 Sv (u05-hos).
This might be of interest if the AMOC recovers in all the
previous experiments.

2.2 Greenland-hosing experiments

In addition to the UH experiments, we also propose a more
realistic set of Greenland-hosing (GH) experiments, where
the hosing is applied around Greenland using the method of
Gerdes et al. (2006). For this set of experiments, a hosing of
0.1 Sv is used, which is considered to be a large estimate of
potential freshwater input from melting glaciers in Greenland
(Swingedouw et al., 2007).

Since the surface freshwater will be exported across 50° N
and the Bering Strait in different ways due to the different
distributions of hosing in the two sets of experiments, using
the same magnitude of hosing would not allow for a clean
comparison. Hence, we prefer to pick the rate of hosing most
appropriate for each set of experiments.

Tier 1 experiments involve applying a hosing of 0.1 Sv
over a region defined around Greenland (see below) for at
least 50 years (g01-hos), as well as a recovery experiment
with no hosing spun off from year 50 of the hosing exper-
iment (g01-r50). The recovery experiment should again be
run for 100 years, unless the AMOC immediately starts re-
covering, in which case 50 years is sufficient.

Tier 3 experiments are to continue the hosing experiment
to 100 years, with a recovery experiment spun off after
100 years (g01-r100).

2.3 Hosing fields
2.3.1 Uniform-hosing field

To create the hosing field i for the UH experiments, we
firstly define the region R1, which is the region north of
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Table 1. Experiments.

L. C. Jackson et al.: NAHosMIP

Experiment set  Experiment name  Description Tier
Control piControl CMIP6 preindustrial control 1
0.3Sv UH u03-hos Uniform hosing of 0.3 Sv 1
u03-r20 No hosing spun off from year 20 of u03-hos 1
u03-r50 No hosing spun off from year 50 of u03-hos 1
u03-r70 No hosing spun off from year 70 of u03-hos 2
u03-r100 No hosing spun off from year 100 of u03-hos 2
0.5Sv UH u05-hos Uniform hosing of 0.5 Sv 3
u05-r20 No hosing spun off fSom year 20 of u05-hos 3
u05-r50 No hosing spun off from year 50 of u05-hos 3
u05-r100 No hosing spun off from year 100 of u05-hos 3
0.1Sv GH g01-hos Greenland hosing of 0.1 Sv 1
g01-r50 No hosing spun off from year 50 of g01-hos 1
g01-r100 No hosing spun off from year 100 of g01-hos 3
50° N in the Atlantic to the Bering Strait at 66° N (includ-
ing the Arctic).
For a given hosing of H (in m®s™!), a hosing field can
@) Uniform hosing 0.3 Sv le-g then be created:
h(j,i) = H for j,i € R1
1.2 (1) Jr1dxdy J
= otherwise,
1.0
where dx and dy are the zonal and meridional grid spacings,
0-8 and 7 and j are the zonal and meridional grid coordinates.
os  Hence, fglobalhdxdy = H. This hosing field is shown in the
top panel of Fig. 1.
0.4
02 2.3.2 Greenland-hosing field
: 0.0 Following the protocol defined on http://www.clivar.org/

-150 -100 -50 0 50
long

(b) Greenland hosing 0.1 Sv

-80 -70 -60 -50 -—40

long

100 150

-30 -20 -10 0

le-8

Figure 1. Hosing fields: (a) shows the hosing field used for u03-hos,

and (b) shows the hosing field used for g01-hos. Units are ms™ .

Geosci. Model Dev., 16, 1975-1995, 2023
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clivar-panels/omdp/core-3 (last access: 29 March 2023) and
in Gerdes et al. (2006), we define the region R2 as being
around the coasts of Greenland from 76° N on the west side
(Nares Strait) down to the tip of Greenland and up to 81° N
on the east side (Fram Strait). See Fig. 3 of Gerdes et al.
(2006). The hosing field is then given by

h(j,i) =oaexp(—r/rmax) forr <rmax
=0 otherwise,

where r is the distance perpendicular to the coast, ryax =
300 km, and « is given by

H
o= )
SR> €XP (=1 /rmax) dxdy

This hosing field is shown in the bottom panel of Fig. 1.
2.3.3 Applying hosing fields

In the past, most models have used rigid lids or linear free
surfaces and have applied freshwater fluxes as virtual salinity

https://doi.org/10.5194/gmd-16-1975-2023
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fluxes (i.e. they do not add volume to the ocean); however,
some models now use a nonlinear free surface, which means
precipitation adds volume to the ocean. When applying the
hosing flux &, we do not want to change the volume (which
would cause difficulties when applying the compensation),
so we apply it as a virtual salinity flux f;:

~h(j,DSo(, j. D)
dzo(J, 1)

where Sy is the local salinity in the top model layer, and dzg
is the top-layer thickness (Roullet and Madec, 2000). Note
the negative sign, since hosing reduces the salinity. Since &
has units of ms™!, f; has units of PSUs™! and is applied to
the salinity budget calculation.

fS(tvjvi):

ds .. ..
E(Lk:O’J,Z)‘i‘:fs(t»Jal)

Note that, in the results shown below, the CESM?2 model used
a reference salinity rather than the local surface salinity.

2.3.4 Compensation

To stop the global salinity from drifting, we apply a volume
compensation designed to conserve salt. Firstly, we calculate
the total flux added,

Ftot(t)=/h(j,i)So(t,j,i)dxdy,

and the total ocean volume,

V= /dxdydz.
global

Then the hosing correction applied is

ds .
E(l‘vka jvl)+ == F[Ot(t)/v'

This correction is calculated at each time step (since Sp
varies) and is applied at all grid points in the ocean volume
(including the hosing region). The implied salinity change
of the correction at any grid point is much smaller than that
of the hosing — for instance, in a model with a top-layer
thickness of 1 m, the salinity change for the compensation
is ~0.001 % of that for the hosing.

2.4 Other experimental data

We also make use of other experiments conducted as part
of CMIP6. The preindustrial control (piControl) experiments
(documented in Eyring et al., 2016) are used as the initial
conditions for hosing experiments and are used for compar-
ing model mean states. References for data from the piCon-
trol experiments are Danabasoglu et al. (2019), Swart et al.
(2019a), EC-Earth-Consortium (2019b), Ridley et al. (2018),
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Ridley et al. (2019c¢), Boucher et al. (2018b), Wieners et al.
(2019a), and Jungclaus et al. (2019a). Where there is more
than one ensemble member for a model, the rlilp1fl mem-
ber is used, except in the CanESMS5 model, where ensemble
member rlilp2f1 is used.

The abrupt 4 x CO, experiments quadrupled the CO; con-
centrations at the start of the experiment (branching out from
the CMIP6 preindustrial controls) and are documented in
Eyring et al. (2016). These experiments were conducted by
all the models participating in this study (Swart et al., 2019b;
EC-Earth-Consortium, 2019¢; Boucher et al., 2018c; Ridley
et al., 2019d, 2020; Jungclaus et al., 2019b; Wieners et al.,
2019b; Danabasoglu, 2019b).

We also use the CMIP6 historical experiments (also docu-
mented in Eyring et al. (2016)) to compare AMOC strengths
with observed values. For each model, an ensemble of his-
torical experiments from 1850-2014 were run, with the en-
sembles having been generated by perturbations of the ini-
tial conditions. We calculate the AMOC strength and its un-
certainty by using the mean and standard deviation across
the available ensemble members. References for the data
used are Danabasoglu (2019a), Swart et al. (2019¢c), EC-
Earth-Consortium (2019a), Ridley et al. (2019a), Ridley et al.
(2019b), Boucher et al. (2018a), Wieners et al. (2019¢), and
Jungclaus et al. (2019c).

3 Models and diagnostics
3.1 Model description

The experimental protocol described in the previous section
has been carried out by several GCMs which have previously
participated in CMIP6. These are all fully coupled climate
models. There are eight GCMs from six modelling centres,
with two modelling centres (Met Office and Max Planck In-
stitute, MPI) submitting two models with differing resolu-
tions (Table 2). Most use the NEMO ocean model but with
different atmosphere models; however, there are also GCMs
based on the POP (CESM2) and MPIOM (MPI-ESM-LR and
HR) ocean models. Most of the GCMs have a 1° horizontal
ocean resolution, though HadGEM3-GC3-1MM has a higher
resolution of 1/4°. Although the two MPI models nominally
have very different resolutions, the resolution in the subpolar
North Atlantic is actually similar in both (Jungclaus et al.,
2013).

Since previous studies have shown that model representa-
tions of eddy mixing and diffusivity can have an impact on
AMOC hysteresis, we include some of these details in Ta-
ble 3. This includes details of mesoscale and submesoscale
parameterisations and typical values, as well as parameteri-
sations and typical values for background vertical diffusivity.
It should be noted that models can have a much larger verti-
cal diffusivity in the boundary layer and in certain regions as
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Table 2. Models used in this study. First column lists the models. Second column shows the AMOC strength in the historical experiments
over the years 2005-2014, with the mean and twice the standard deviation of the ensemble values. Subsequent columns list the component
atmosphere, ocean and sea ice models, the nominal ocean resolution number of vertical levels, and references. Those models which have
demonstrated an AMOC hysteresis in this study are in bold.

Model AMOC (Sv)  Atm model Ocean model  Ice model Ocean resolution,  Reference

levels
HadGEM3-GC3-1LL 164+1.6 UM GA7 NEMO3.6 CICE GSI8.1 1°,75 Williams et al. (2018)
HadGEM3-GC3-1MM 16.0+£0.8 UM GA7 NEMO?3.6 CICE GSI8.1  0.25°,75 Williams et al. (2018)
CanESM5 123+£0.6 CanAMS NEMO3.4.1 LIM2 1°, 45 Swart et al. (2019d)
EC-Earth3 17.3+£2.0 [IFS 36r4 NEMO3.6 LIM3 1°,75 Déoscher et al. (2022)
CESM2 1834+0.6 CAMO6 POP2 CICES 1°, 60 Danabasoglu et al. (2020)
IPSL-CM6A-LR 124+12 LMDZ6 NEMO3.6 LIM3 1°,75 Boucher et al. (2020)
MPI-ESM-LR 178+ 1.2 ECHAM6.3 MPIOM MPIOM 1.5°,40 Mauritsen et al. (2019)
MPI-ESM-HR 16.8+1.2 ECHAM6.3 MPIOM MPIOM 0.4°, 40 Miiller et al. (2018)

Table 3. Parameterisations of mixing with typical values in m? s~ L. For mesoscale advection and diffusion the models use the formulations
in Gent and McWilliams (1990, GM90) and Redi (1982, R82) or the formulation in Griffies (1998, G98). Those models with a submesoscale
parameterisation use Fox-Kemper et al. (2011). For vertical diffusivity the models use the turbulent kinetic energy scheme described in
Madec et al. (2012, TKE12) or in Madec et al. (2016, TKE16) or the schemes in Pacanowski and Philander (1981, PP) and Large et al. (1994,
KPP). Those models which have demonstrated an AMOC hysteresis in this study are in bold.

Model Mesoscale adv Mesoscale diff ~ Submesoscale  Background vert diff
HadGEM3-GC3-1LL GM90, < 1000 R82, 1000 No TKE, 1.2 x 1070212 x 107
HadGEM3-GC3-1IMM  No R82, 150 No TKE, 1.2 x 1070-1.2 x 107>

CanESM5 GM90, 100-2000 R82, < 1000 No TKE, 5 x 1070

EC-Earth3 GM90, < 1000 RS2, < 1000 Yes TKE, 1 x 1070-1.2 x 107
CESM2 G98, 300-3000 G98, 300-3000  Yes KPP, 1 x 1070-3 x 107
IPSL-CM6A-LR GM90, < 1000 G98, < 1000 Yes TKE, 1 x 1070-1.2 x 107
MPI-ESM-LR G98, < 250 G98, < 1000 No PP, 1.1 x 1073
MPI-ESM-HR G98, < 250 G98, <250 No PP, 1.1 x 1073

a result of the parameterisations of processes such as shear
mixing, convection, double diffusion, and tidal mixing.

3.2 Diagnostics

We make use of the standard diagnostics used for CMIP6, as
defined by Griffies et al. (2016). These include the following:
the Atlantic meridional overturning circulation in depth coor-
dinates, the barotropic stream function, sea surface tempera-
ture and salinity, and the March mean mixed-layer depth (the
depth at which the buoyancy difference from the surface is
0.0003 m s’z). From the latter, we also use the mixed volume
as an alternative metric for deep convection that takes ac-
count of the area of deep convection (Brodeau and Koenigk,
2016; Koenigk et al., 2021). This is calculated here as the vol-
ume of water above the mixed-layer depth and below 100 m.

We also use diagnostics of the overturning component of
the Atlantic freshwater transport (Fov). This is calculated as
Fyy = —Slo [ [9(S — So)dxdz, where v is the zonal mean of

the meridional velocity, S is the zonal mean of the salinity,
and Sy is a reference salinity (Rahmstorf, 1996; Hawkins
et al.,, 2011; Weaver et al., 2012). This is calculated with

Geosci. Model Dev., 16, 1975-1995, 2023

monthly mean velocity and salinity fields, which ignores the
impacts of the higher-frequency covariances of v and S; how-
ever, previous studies have found these to be small (Mecking
et al., 2016; Jackson and Wood, 2018a). We use a reference
salinity of 35 PSU, except in the case of CESM2, for which a
reference salinity of 34.7PSU is used, although the implied
difference in transports from these different reference salini-
ties is again very small (Mecking et al., 2017).

4 Results
4.1 AMOC response
4.1.1 Uniform-hosing experiments

The AMOC consists of an Atlantic overturning cell, with
waters in the upper 1000 m travelling northwards on aver-
age, sinking in the North Atlantic, and returning southwards
with a flow between 1000 and 3000 m (Fig. 2). Time series
of the AMOC strength (defined as the maximum in depth at
26.5° N) for the set of UH experiments are shown in Fig. 3.
During hosing, all models show an AMOC weakening, with

https://doi.org/10.5194/gmd-16-1975-2023
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Figure 2. Time mean stream functions (Sv). Each row shows AMOC stream functions from different models. The first column shows the
control, the second column shows years 40-50 of u03-hos, and the third column shows years 50—100 of the recovery experiments where the
AMOC stays weak. For HaddGEM3-GC3-1MM and CESM2, this is experiment u03-r50; for IPSL-CM6A-LR, this is experiment u03-r100;

and for CanESMS5, this is experiment u03-r70.

a weakening and shallowing of the full AMOC cell (Fig. 2,
middle column). In all models except CanESM5, a strength-
ening of the deep reversed Antarctic Bottom Water cell is
also found.

Although many previous studies have found a relationship
between AMOC control strength and AMOC weakening as
a result of increased greenhouse gases (Gregory et al., 2005;
Weaver et al., 2007; Winton et al., 2014; Weijer et al., 2020;
Bellomo et al., 2021), this conclusion cannot be made for
weakening as a result of hosing. The correlation between the
weakening after 100 years of hosing and the control AMOC
strength is not significant (—0.40, p = 0.33), although the
models with the strongest weakening are generally those with
the strongest control strengths (Fig. 4a). The correlation with
percentage AMOC weakening is also not significant (not
shown). We also compare the AMOC weakening as a result
of hosing in the u03-hos experiment with the AMOC weak-
ening as a result of quadrupling CO; in the 4 x CO; experi-
ment (Fig. 4c). Although there is a significant correlation be-
tween the AMOC weakening in the two experiments (0.73,
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p = 0.04), this high correlation is caused by the two models,
HadGEM3-GC3-1MM and CESM2, which have very large
weakening in both experiments. It is possible that the pro-
cesses responsible for the large AMOC sensitivity in these
two models are the same in both scenarios. We note that
the AMOC response to increased CO, appears to be much
stronger in some CMIP6 models in comparison to the previ-
ous CMIP5 models (Bellomo et al., 2021) and that the large
weakening in HaddGEM3-GC3-1MM and CESM2 is unusual
for CMIP5 models but is found in other CMIP6 models.
There is also a significant correlation (0.82, p =0.01) be-
tween the absolute strength reached after 100 years of hosing
and the absolute strength reached after 150 years of quadru-
pled CO» levels (Fig. 4d); we note that this correlation is not
caused by outliers. In both experiments, the AMOC initially
weakens quickly because of a large change in forcing, and
then it weakens more gradually as the climate state adjusts.
It may be that the feedbacks which oppose AMOC weak-
ening are similar in the two different scenarios, as a result
of which there is a statistical relationship between the equi-

Geosci. Model Dev., 16, 1975-1995, 2023
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Figure 3. AMOC strength (maximum in depth at 26.5° N) for UH experiments. Each panel shows experiments conducted with different
models. Experiments are the control (black), u03-hos (grey), u03-r20 (blue), u03-r50 (cyan), u03-r70 (light green), and u03-r100 (green).
MPI-ESM1-2-LR also shows the same experiment with a stronger hosing rate of 0.5 Sv (dashed lines).

librium AMOC strengths. Data from Bellomo et al. (2021)
show that the models in this study with weak AMOC states
are unusually weak but within the range of other CMIP5 and
CMIP6 models forced with an abrupt quadrupling of CO;.
Given that the AMOC weakenings compared in Fig. 4c are
defined as the differences between the final AMOC states
(compared in Fig. 4d) and the control strengths, it is likely
that a strong correlation in one would affect the other com-
parison. To conclude whether either of these conjectures (that
the rate of weakening is similar between the two scenarios or
that the final AMOC state is similar between the two scenar-
ios) is true would require a greater number of model results
or an improved understanding.

In the recovery experiments where the hosing is stopped
after 20 years, the AMOC recovers towards its control
state in all experiments. However, in some experiments, the
AMOC demonstrates hysteresis by remaining in a weak state
for at least 100 years after hosing stops. This occurs for
HadGEM3-GC3-1MM and CESM2 after 50 years of hos-
ing, for CanESMS5 after 70 years of hosing, and for IPSL-
CMO6A-LR after 100 years of hosing. The stream functions

Geosci. Model Dev., 16, 1975-1995, 2023

of these weak states in the recovery experiments are shown
in Fig. 2 (right column). There are a couple of experiments
(IPSL-CM6A-LR and CanESMS5 after 50 years of hosing)
where the AMOC appears to stay in a weak state; however,
a slight strengthening trend combined with short time series
makes this conclusion uncertain. We cannot know whether
the AMOC weak states are stable, since continuing the ex-
periments for hundreds to thousands of years is prohibitive;
however, they remain in the weak state for at least 100 years
and so are quasi-stable weak states. It should be noted that
these states differ from those in other studies that show re-
versed or completely collapsed states which are thought to be
stable (Marotzke and Willebrand, 1991; Manabe and Stouf-
fer, 1999; Gregory et al., 2003).

4.1.2 Greenland-hosing experiments
The second set of experiments performed examine the re-
sponse of the AMOC to a more realistic freshwater input of

0.1 Sv around Greenland. Time series of AMOC strength are
shown in Fig. 5. The AMOC reduction in all experiments

https://doi.org/10.5194/gmd-16-1975-2023
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is smaller than that in the previous experiments, likely be-
cause the rate of freshwater input is smaller. We note that,
in additional experiments with MPI-ESM1-2-LR which use
0.3 Sv of hosing around Greenland, the AMOC weakening
is slightly smaller than when applying the same amount uni-
formly.

The location of the freshwater input around Greenland
rather than spread uniformly over the subpolar Atlantic and
Arctic could potentially be important, since the fresh anoma-
lies can be easily exported from the subpolar North At-
lantic by boundary currents and require resolved or param-
eterised eddies to mix the freshwater into the interior, where
it impacts deep convection (Weijer et al., 2012; Swinge-
douw et al., 2022). Recent research has suggested that hosing
around Greenland might be more effective in ocean models
with a higher horizontal resolution, since the eddy mixing
of the freshwater from boundary currents around Greenland
into the interior might be stronger, resulting in a stronger in-
hibition of deep convection (Swingedouw et al., 2022). Al-
though HadGEM3-GC3-1MM (which has the highest hor-
izontal ocean resolution) has a strong AMOC weakening,
there is a stronger AMOC weakening in CESM2, which has
a lower resolution (Table 2).
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A comparison of the AMOC weakening from both UH
and GH experiments shows that those models with a stronger
weakening as a result of one hosing scenario have a stronger
weakening as a result of the other hosing scenario (Fig. 4b).
Although the correlation is significant (0.90, p < 0.01), there
is a large difference in AMOC weakening in the g01-hos ex-
periment in CESM2 and HadGEM3-GC3-1MM despite sim-
ilar weakening in the u03-hos experiment. This suggests that
the geographical distribution of hosing might impact differ-
ent models differently.

4.2 Exploration of the AMOC threshold

The experiments where the AMOC does not recover are the
experiments where the AMOC reaches the weakest values
(see Figs. 6 and 7). Although there is a clear separation at
26.5° N between the experiments where the AMOC recovers
and where it does not when considering the first decade after
hosing stops (Fig. 6), there is some overlap when consider-
ing the AMOC strength in the decade before the hosing stops
(Fig. 7). Decadal means are used here to limit the impact of
internal variability. There is a clearer separation when con-
sidering the AMOC at 45° N, with those experiments where
the AMOC weakens to less than 5 Sv not showing a recov-
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Figure 5. AMOC strength (maximum in depth at 26.5° N) for GH experiments. Each panel shows experiments conducted with different
models. Experiments are the control (black), g01-hos (grey), and g01-r50 (cyan). MPI-ESM1-2-LR also shows the same experiment with a

stronger hosing rate of 0.3 Sv (dashed lines).

ery (although for CanESMS5, after 50 years of hosing, the
results are uncertain). We note that, in the previous ensemble
of HaddGEM3-GC2 (a forerunner of HadGEM3-GC3-1MM)
experiments, a threshold of 8 Sv (for AMOC at 26.5°N)
was found (Jackson and Wood, 2018b). The clear separa-
tion seen between the experiments where the AMOC recov-
ers and those where it does not is not found if we instead use
AMOC anomalies or fractional changes rather than absolute
values. Although the absolute values that the AMOC reaches
during hosing appear to determine whether the AMOC sub-
sequently recovers or remains in a weak state, it should be
noted that, in experiments with HadGEM3-GC2 where the
AMOC is weakened to 4 Sv by increasing CO», the AMOC
subsequently recovers when CO; increases are reversed (not
shown). Hence, it is likely that the weak AMOC state is in-
dicative of other changes to the climate during hosing which
sustain the weak state but also that these changes differ when
the weakening is a result of increased COs.

Geosci. Model Dev., 16, 1975-1995, 2023

Those experiments where the AMOC does not recover
also tend to have the weakest March mixed-layer depths
(MLD) and the smallest March mixed volume (measured as
the volume of water between the MLD and 100 m), both of
which are measures of deep convection (Fig. 7). In particular,
the MLD in the Greenland-Irminger—Norwegian (GIN) seas
appears to be indicative of whether the AMOC will subse-
quently recover when hosing stops.

If we consider all the states that initialise the recovery ex-
periments (taken as decadal means before the hosing stops),
we can group these into states from which the AMOC sub-
sequently recovers when hosing stops (named Sgr) and those
states from which the AMOC stays weak (named Sy ). These
states are characterised by the model and the number of years
of hosing (using the UH 0.3 Sv hosing scenario) and are
shown in Table 4. Examination of these states reveals dif-
ferences in the sea surface temperatures (SST) and salini-
ties (SSS) between these two groups. The decadal mean SST
and SSS of all the states in Sg and Sw are shown in the top
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Table 4. Length of hosing, which determines whether the AMOC stays weak or recovers after 0.3 Sv UH. States where the AMOC subse-
quently recovers when hosing stops (SR) are listed in the middle column, and those states where the AMOC stays weak (Sy) are listed in

the right column.

Model Length of hosing Length of hosing
for AMOC recovery for AMOC staying weak

CanESM5 20 70

CESM2 20 50

EC-Earth3 20, 50

HadGEM3-GC3-1MM 20 50

HadGEM3-GC3-1LL 20, 50, 100

IPSL-CM6A-LR 20 100

MPI-ESM1-2-HR 20, 50, 100

MPI-ESM1-2-LR 20, 50, 100
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and middle panels of Fig. 8. These are calculated as decadal
means of each group for the decade before hosing stops.
Those states where the AMOC does not recover are, on av-
erage, colder and fresher than those states where the AMOC
does recover. However, if SST or SSS were to be used to
indicate which states had an AMOC which would recover
or not, then all the states in Sw would have to be colder or
fresher than all the states in Sg. To assess this we calculate
for each grid point the coldest SST (or freshest SSS) from the
states in Sg and subtract the warmest SST (or saltiest SSS)
from the states in Syw. These metrics are plotted in the bottom
panels of Fig. 8 and show that, in the Northeast Atlantic and
the eastern Greenland—Irminger—Norwegian (GIN) seas, all
states where the AMOC subsequently recovers are warmer
and saltier (and denser — not shown) than all the states where
the AMOC stays weak. In the states the AMOC recovers
from, there is also generally less winter sea ice in the North-
east Atlantic (see contours, top panels of Fig. 8). States with
denser surface waters and less winter sea ice would be more
susceptible to the initiation of deep convection, which is con-
sistent with the AMOC recovery.

Geosci. Model Dev., 16, 1975-1995, 2023

4.3 Are there intrinsic model differences affecting the
AMOC threshold?

One fundamental question is why the AMOC recovers af-
ter hosing in some models but not in others. We note that
we find AMOC hysteresis in half the CMIP6 models tested
(Table 4) and that this is not dependent on the ocean model
used or the horizontal ocean resolution (Table 2). Since sev-
eral studies have shown that increased vertical diffusivity can
make the AMOC more stable (Schmittner and Weaver, 2001;
Prange et al., 2003; Sijp and England, 2006), we examine the
parameterisations and values of background vertical diffu-
sivity in Table 3. There is no clear relationship between the
models showing AMOC hysteresis; however, we note that
GCMs have other parameterisations which enhance the ver-
tical diffusivity near the surface and in particular locations
(i.e. convection) — these enhanced diffusivities are not cap-
tured by the background values. Studies have also shown that
increased mesoscale eddy advection and horizontal or isopy-
cnal diffusion can also stabilise the AMOC (Hofmann and
Rahmstorf, 2009; Dijkstra, 2007; Sijp and England, 2009;
Sijp et al., 2006); however, Table 3 also shows no obvious re-
lationship of the typical values or parameterisation schemes

https://doi.org/10.5194/gmd-16-1975-2023
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Figure 8. Top panels show the mean SST (°C) of (a) all the states in SR and (b) in Sy (see Table 4). Black lines show winter sea ice extent
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shows the equivalent to panel (e) but for SSS (PSU).

of mesoscale advection or diffusion with those models where
the AMOC shows hysteresis.

Previous studies have suggested that the freshwater trans-
port by the AMOC (Fov) in the South Atlantic is important
for AMOC stability; if the AMOC exports freshwater, then
weakening the AMOC would result in less freshwater being
exported and hence a freshening and further weakening of the
AMOC (Rahmstorf, 1996; Hawkins et al., 2011; Drijfhout
etal.,2011). Mecking et al. (2016) argued that the greater ex-
port of freshwater in their model at 30° N was responsible for
the AMOC not recovering after hosing and suggested that in-
creased horizontal ocean resolution in their model increased
Fov in the North Atlantic subtropics and strengthened this
feedback. However, in the experiments in this study, it can
be seen that there are models with a lower horizontal reso-
lution (1° as opposed to 0.25°) where the AMOC also does
not recover, so this is not a feature of higher-resolution ocean
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models only. We also do not find any systematic difference
in the control values of Fov at any latitude between those
models where the AMOC recovers and those where it does
not (Fig. 9), suggesting that this advective feedback does not
determine which models show hysteresis.

Jackson et al. (2020) found that the AMOC response to
increased greenhouse gases was sensitive to the amount of
present-day water mass transformation (WMT) and mixed
layer depth (MLD) in the west subpolar North Atlantic
in a set of climate models. Here, comparisons of March
MLD in the control experiments reveal no systematic dif-
ference between the models where the AMOC recovers and
those where it remains weak (Fig. 10). Also, a comparison
of WMT in some of the models considered here (Jackson
and Petit, 2022) shows no systematic differences between
models, with CanESMS5 having little WMT in the Labrador
and Iceland-Irminger seas and HadGEM3-GC3-1MM hav-

Geosci. Model Dev., 16, 1975-1995, 2023
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ing strong WMT compared to other models. Likewise, there
is no systematic difference between the two sets of models
in terms of control AMOC strength (Fig. 3) or control SST,
SSS, or ice extent (not shown).

Another model bias that might affect the AMOC response
to hosing is the boundary between the subpolar and subtropi-
cal gyres. Swingedouw et al. (2013) proposed that, in models
where the boundary is more zonal, freshwater that is added
to the subpolar gyre is more easily exported to the subtrop-
ical gyre via the Canary Current in the eastern subtropical
Atlantic. Inspection of the barotropic stream function for the
models in this study (Fig. 11) reveals no systematic differ-
ences in the strengths of the subpolar or subtropical gyres
or in the gradient of the intergyre boundary between the two
sets of models in their control experiments. This might be
due to the fact that uniform hosing has been used here, while
Swingedouw et al. (2013) were analysing freshwater input
around Greenland and the way it spread in the North Atlantic.

Given that whether the AMOC recovers after hosing is de-
pendent on the strength it reaches during hosing, the AMOC
recovery could be dependent on both the AMOC strength
in the control and its sensitivity to hosing (the amount
of weakening it experiences). We note that IPSL-CM6A-
LR and CanESMS start from a state with a weak AMOC
(11-12Sv) and experience a small weakening of 5-6Sv,
whereas HadGEM3-GC3-1MM and CESM2 have a rela-
tively strong AMOC in the control (16-18 Sv) and experi-
ence a large weakening (10—11 Sv). Present-day observations
of the AMOC (Frajka-Williams et al., 2021) suggest a value
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of 16.8 Sv over the period 2005-2014. The strength of the
AMOC in these models over this period is shown in Ta-
ble 2. While the observational value lies within model un-
certainty for most models, CanESMS5 and IPSL-CM6A-LR
have very weak AMOC strengths. Hence, of those models
with a reasonable AMOC strength, only those with a strong
AMOC weakening as a result of hosing reach a state where
the AMOC does not recover.

5 Conclusions

We have presented the experimental protocol for the NAHos-
MIP project, which aims to understand the sensitivity of the
AMOC to additional freshwater in the North Atlantic. We
show that about half the CMIP6 models which run this pro-
tocol find states where the AMOC does not recover after hos-
ing of 0.3 Sv. The difference in model behaviour cannot be
explained by the ocean model resolution or type, by details
of subgrid-scale parameterisations, or by aspects of the mean
climate state such as the strength of the salinity advection
feedback, the location or depth of deep convection, or the
position of the intergyre boundary.

Instead, the AMOC behaviour appears to be related to the
state the model reaches after hosing finishes; specifically,
those experiments where the AMOC has reached the weak-
est states, where March mixed-layer depths are the shallow-
est, and where the eastern subpolar gyre and Nordic seas are
the coldest and freshest with the greatest sea ice extent are
those where the AMOC subsequently does not recover. An
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important question for further analysis is why different mod-
els reach different states during hosing.

Given that AMOC strength after hosing is a good indica-
tor of AMOC recovery, it may be possible to relate AMOC
recovery to the combination of AMOC control strength, sen-
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sitivity of the AMOC to freshwater forcing, and the duration
of the freshwater input.
These results are all from experiments which apply an
unrealistically large, idealised freshwater input and do not
include warming from increasing greenhouse gases. So, al-
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though they are useful for understanding the model sensitiv-
ity, they should not be regarded as future scenarios. Results
are also shown from an additional set of experiments where
a large (but not unrealistic) freshwater flux is applied around
Greenland to simulate freshwater from melting ice sheets.
These results show AMOC weakening which varies a lot
across models, with some models showing no weakening and
others showing a weakening of several Sv in 50 years. While
the AMOC shows no hysteresis from this less-idealised forc-
ing, a sustained weakening would still have large impacts on
climate.

Future studies will examine the mechanisms involved in
the AMOC recovery to improve our understanding of the
important feedbacks involved, as well as to examine the im-
pacts of a sustained AMOC weakening. We also hope to use
this protocol for future experiments with higher-resolution
climate models, which improve the resolution of eddies and
boundary currents in the subpolar North Atlantic. Under-
standing how the models’ responses to freshwater forcing
evolve in the presence of warming is also a future research
direction.

Code and data availability. Code and data used to do the anal-
ysis (including the annual mean AMOC stream function for all
models) and code to plot figures in this paper are available from
https://doi.org/10.5281/zenodo.7643437 (Jackson et al., 2022a).
Other data from preindustrial control experiments are available via
the Earth System Grid Federation (ESGF) servers, with informa-
tion on obtaining data available from https://pcmdi.llnl.gov/CMIP6/
Guide/dataUsers.html (last access: 5 May 2022). Code for creating
hosing files and compensation and sample files are available from
https://doi.org/10.5281/zenodo.7225014 (Jackson et al., 2022b).
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