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Abstract
Anthropogenic climate change is projected to lead to a weakening of the Atlantic meridional overturning circulation (AMOC). 
One of the mechanisms contributing to this is ice melt leading to a freshening of the North Atlantic Ocean. We use two global 
climate models to investigate the role of temperature and salinity in the weakening of the AMOC resulting from freshwater 
forcing. This study finds that freshwater hosing reduces the strength of the AMOC, but in some situations it is not through 
reduced density from freshening, but a reduction in density from subsurface warming. When the freshwater is mixed down 
it directly reduces the density of the North Atlantic, weakening the strength of the AMOC. As the AMOC weakens, the 
mixed layer depth reduces and surface properties are less effectively mixed down. A buoyant surface cap forms, blocking 
atmospheric fluxes. This leads to the development of a warm anomaly beneath the surface cap, which becomes the primary 
driver of AMOC weakening. We found that the mean North Atlantic salinity anomaly can be used as a proxy for AMOC 
weakening because it describes the extent of this surface cap.
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1  Introduction

Climate change projections suggest that global warming 
will cause ice melt and freshening of the North Atlantic 
Ocean. Paleoclimate research suggests that inputs of large 
quantities of freshwater have in the past greatly weakened 
the strength of the Atlantic meridional overturning circu-
lation (AMOC), resulting in far reaching climatic impacts 
(McManus et al. 2004; Henry et al. 2016). Various simula-
tion studies have shown that forcing the North Atlantic with 
freshwater reduces the strength of the AMOC (Stouffer et al. 
2006; Hawkins et al. 2011). Though freshening is consid-
ered to be of secondary importance to radiative forcing in 
AMOC weakening associated with anthropogenic climate 
change, the inclusion of ice melt in climate scenarios has 

been shown to significantly enhance the AMOC weakening 
response (Swingedouw and Braconnot 2007; Bakker et al. 
2016).

Freshwater forcing studies have been used to investi-
gate the relationship between Atlantic salinity and AMOC 
weakening. The more freshwater that is added to the North 
Atlantic, the more buoyant it becomes in comparison to the 
South Atlantic, reducing overturning by altering the Atlan-
tic meridional density gradient (Cimatoribus et al. 2014; 
Jackson et al. 2017; Jackson and Wood 2018). The theo-
retical arguments that underlay AMOC theory (e.g. Bryan 
1987; Butler et al. 2016; Sévellec and Huck 2016) indicate 
that density changes that are confined to the surface have a 
negligible effect on the AMOC, because thermohaline-led 
changes to the large scale circulation require perturbations to 
horizontal pressure gradients over a substantial depth range 
(Oliver et al. 2005). Therefore it is necessary for the buoy-
ant anomaly to propagate downwards through the water col-
umn; which is assumed to occur through the mixing down of 
freshwater. Questions therefore arise concerning whether the 
freshwater forcing is increasing buoyancy over a sufficient 
depth of the North Atlantic in order to directly reduce the 
strength of overturning, or whether there are intermediate 
mechanisms involved.
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In this study we explore the driving mechanisms of 
AMOC weakening in response to freshwater forcing. We use 
two general circulation models (GCMs) to understand the 
timescales and forcing rates at which different ocean mecha-
nisms become the primary driver of AMOC weakening.

2 � Methods and models

2.1 � Estimating the AMOC from meridional density 
gradients

The AMOC can be estimated from a scaling relationship 
with the meridional density gradient, as discussed in Sijp 
et al. (2012). This is done by firstly finding the meridional 
component of the thermal wind equation by taking the verti-
cal derivative of the meridional velocity, using geostrophic 
balance and the hydrostatic approximation. This gives the 
basin-scale zonally average meridional velocity, ⟨V⟩ , as:

where g is the gravitation constant, f
0
 and �

0
 are reference 

values for the Coriolis parameter and density, respectively, 
Δ�x(z) is the zonal density difference on each depth level, 
and Lx gives the zonal length scale.

The next step is to link Δ�x to the basin-scale meridi-
onal density difference, Δ�y . In order to achieve this an 
assumption of proportionality is made between zonal and 
meridional velocities (Robinson 1960). This approach was 
reasoned by Marotzke (1997) as changes in the meridional 
pressure gradient induce changes in zonal flow, impacting 
zonal pressure gradients, resulting in changes to meridi-
onal flow. The zonal and meridional density differences 
can then be related using a proportionality factor, n, where 
Δ�x ∼ nΔ�y . Grouping the constants in the velocity equa-
tion above together with n as a scaling factor, c� , then gives 
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scale. Others have attempted to mathematically define a scal-
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ents [see discussion in Sijp et al. (2012)]. Approaches which 
take the mean of the density profile may neglect potentially 
significant features in the profile structure, becoming dis-
torted by strong anomalies in the surface region. Using the 
mean of the density profile can yield the qualitatively wrong 
AMOC response in circumstances where using the depth 
dependent pressure gradient gives the qualitatively correct 
response (de Boer et al. 2010). As we are here interested in 
the physical mechanisms of AMOC weakening, we need 
to use a method that retains depth dependence in order to 
be sensitive to processes directly impacting deep pressure 
gradients. In order to retain the depth dependence of Δ�y 
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Butler et al. (2016) (hereafter referred to as B16) derived an 
expression for V:

where h is the bottom depth. The Atlantic stream function, 
Ψ, using the vertically integrated meridional velocity in 
terms of the depth dependent meridional density difference, 
is then given as:

2.2 � Model simulations

Freshwater (hosing) was applied to the surface of the North 
Atlantic and Arctic region from 50°N to the Bering Strait 
through a uniform additional surface flux (via a virtual salt 
flux). We used volume compensation to conserve global 
volume mean salinity by returning the removed salt to the 
model evenly through all ocean cells. The hosing remained 
constant throughout the runs, which continued for between 
150 and 250 years. The same experimental design was 
applied to each simulation, with varying forcing strengths. 
This experimental design has been previously applied in 
both of the models used in this study (Jackson and Wood 
2018; Haskins et al. 2019), and is used to explore the sen-
sitivity of the AMOC to freshening, and not the fate of the 
freshwater itself. The northern and southern densities are 
calculated using full sections of temperature and salinity 
taken at 50°N and 33°S in the Atlantic. The southern sec-
tion was placed to describe the densities at the southern 
limit of the Atlantic Basin while the northern section both 
captures the subpolar densities and retains sufficient ocean 
depth to include deep ocean processes. The calculated model 
AMOC strength is for 30°N. All of these time series are 
given as the maximum of the stream function over a depth 
of 200–3000 m.

In this study we have used two distinct models, with com-
ponent parts of different provenance, in order to avoid model 
dependent conclusions. Firstly, the eddy-permitting GCM 
HadGEM3-GC2 (Williams et al. 2015), that combines the 
Global Ocean v5 model from NEMO (Megann et al. 2014) 
with the Global Atmosphere v6 model of the Met Office UM. 
There are 75 levels in the ocean, with resolution 0.25°, and 
85 levels in the atmosphere with a resolution of ~ 135 km 
at mid-latitudes. We used hosing rates of 0.1, 0.2, 0.3 and 
0.5 Sv [see Jackson and Wood (2018) for more description 
of these experiments]. The HadGEM3-GC2 control run has 
a steady AMOC strength of ~ 14 Sv, with linear drifts in tem-
perature and salinity in the north and south of the Atlantic. 
The control run has constant pre-industrial forcing applied 
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and has been spun up for 146 years (after initialisation from 
a previous present day control run). Although there is little 
drift in the upper ocean and in the AMOC strength, deep 
ocean properties have not had time to reach equilibrium. In 
the control run, the density changes in the south appear to 
strengthen the AMOC and the north appears to weaken it, 
both by 1 Sv per 100 years, Fig. 1. This is due to a basin-
wide negative drift in deep density, which has little effect on 
the reconstructed AMOC, but does affect its decompositions 
into northern and southern components. As the strengths of 
these drifts are dependent upon the state of the ocean we do 
not remove linear trends from the experiments, but instead 
consider the results in the light of these drifts. We would 
expect the ocean state to change more in the North Atlantic 
than in the South Atlantic in response to the freshwater hos-
ing, and therefore, for the density drift to be more strongly 
altered in the north than in the south.

Our second model is the Fast Met Office/UK Universi-
ties Simulator ‘FAMOUS’ (Smith et al. 2008; Smith 2012), 
which is a computationally cheaper version of HadCM3 
(Gordon et  al. 2000). FAMOUS comprises the Hadley 
Ocean model (HadOM3), which is unrelated to the NEMO 
ocean used in HadGEM, and the Hadley Atmosphere model 
(HadAM3). The ocean has 20 levels, with resolution 3.75° 
by 2.5°, and the atmosphere has 11 levels of 7.5° by 5°. 
The model is not eddy-permitting and so uses the Gent-
McWilliams scheme (Gent and McWilliams 1990). Due to 
the lower resolution, we are able to use a 1000-year spin-up 
followed by an ensemble approach with 10 run at each hos-
ing rate. The FAMOUS control run has an AMOC strength 

of 17.5 Sv, and shows no drift in AMOC, salinity, or tem-
perature. As there is a simple relationship between hosing 
and model response in FAMOUS, we will only present runs 
hosed with 0.2 and 0.5 Sv of freshwater. These experiments 
were previously described in Haskins et al. (2019).

3 � AMOC behaviour and reconstruction

In both models the freshwater input collects at the surface of 
the hosing region, with changes in ocean transports unable 
to dissipate the anomaly at the rate of input. In both mod-
els, freshwater hosing leads to a reduction in the strength 
of the AMOC, Fig. 2, left axis. The total extent of AMOC 
weakening in FAMOUS is larger with greater hosing rates, 
while all hosing rates in HadGEM3-GC2 ended within a 
couple of Sverdrup of each other [< 4 Sv, see Jackson and 
Wood (2018)]. Unlike HadGEM3-GC2, FAMOUS saw a 
strengthening of the Antarctic Bottom Water (AABW) cell 
(not shown). HadGEM3-GC2 shows greater interannual 
variability than FAMOUS. Due to the differences in con-
trol strength between the two models, we cannot directly 
compare their behaviour in terms of magnitude of deviation.

The B16 method is able to reconstruct the primary 
form of AMOC weakening for all runs Fig. 2. However, as 
the output is scaled to match the model mean control run 
strength, the method does not capture the extent of AMOC 
weakening. For our purposes this is not important, as we are 
interested in the underlying mechanisms and not the magni-
tudes of AMOC strength.

Fig. 1   Perturbation in AMOC strength (Sv) due to model drift in 
northern and southern temperature and salinity, as reconstructed 
using the Butler et al. (2016) method. The panels split the influence 
on AMOC perturbation between that from a changes in north–south 

difference in salinity and temperature, b density changes occurring 
in the north and south of the Atlantic, and c each of these four com-
ponents (southern salinity, northern salinity, southern temperature, 
northern temperature)
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4 � Role of temperature and salinity in AMOC 
changes

We want to understand the relative influence of temperature 
and salinity in the north and south of the Atlantic on the 
weakening of the AMOC. We use the same method to recon-
struct the AMOC, while isolating the AMOC perturbation 
resulting from each component by holding all other profiles 
constant at the first timestep. This is first split between the 
AMOC perturbation resulting from density changes at 50°N 
and 33°S, Fig. 3a. In all simulations the AMOC weakens due 
to changes in density in the north. The density changes in 
the south modulated the overall weakening. These roles in 
the north and south were identified in FAMOUS by Haskins 
et al. (2019), and the present study shows similar behaviour 
in an eddy-permitting model.

The density in the north and south is then split into 
the AMOC perturbation driven by changes in tempera-
ture and salinity, Fig. 3b. In all runs northern tempera-
ture ultimately gives the greatest contribution to weak-
ening the AMOC, even though the weakening is driven 
by freshwater hosing. In the HadGEM3-GC2 runs, with 
modest hosing the initial AMOC weakening is driven by 
changes in northern salinity, but the salinity driven per-
turbation then diminished and is overcome by the effect 
of the northern temperature. The greater the hosing rate 
the sooner temperature dominates the AMOC weakening. 
The relationship between the AMOC perturbations from 

temperature and salinity changes shows a progression with 
increasing hosing rates. The first 200 years of hosing at 
0.1 Sv shows a similar pattern to the first 75 years of hos-
ing at 0.2 Sv. In the 0.3 and 0.5 Sv runs weakening from 
temperature exceeds salinity after the first 30 and 20 years, 
respectively. If the control run model drifts were removed 
from these results, the AMOC perturbations from northern 
temperature and salinity on weakening the AMOC would 
have been weaker and stronger, respectively (see Supple-
mentary Materials), reducing the extent of temperature 
domination.

In FAMOUS, northern temperature changes weaken the 
AMOC, while the northern salinity changes enhance the 
AMOC. This dynamic is consistent from the beginning, at 
both hosing rates. With stronger hosing, the magnitude of 
AMOC perturbation is greater, and levels off as the AMOC 
becomes very weak (~ 3 Sv in Fig. 2).

Density changes in the south strengthened the AMOC 
in all runs. However, this was achieved by different mecha-
nisms in the two models. In all of the HadGEM3-GC2 runs 
the southern temperature gave a near linearly increasing 
AMOC enhancement, this is likely significantly contrib-
uted to by the South Atlantic warming temperature drift 
in the model. In FAMOUS, the southern AMOC enhance-
ment was driven by different components for the two hos-
ing rates. With stronger hosing rates (0.3 Sv and above) it 
is driven by reduced salinity.

Fig. 2   Left Y-axis AMOC 
as calculated from the model 
velocities. Right Y-axis AMOC 
as reconstructed using the 
Butler et al. (2016) method. All 
panels show annual data for a 
single run, with the HadGEM3-
GC2 (labelled GC2) data having 
greater variability. The magni-
tude of weakening is underes-
timated by the reconstruction. 
Note that different left and right 
Y-axis scales have been used
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5 � Mechanisms of AMOC weakening 
in the North Atlantic

The AMOC reconstructions by component suggest that to 
understand the primary mechanisms of AMOC weakening 
it is sufficient to understand the behaviour of tempera-
ture and salinity at 50°N, and their impacts on density. 
We will first explore the relatively simple mechanisms in 
FAMOUS and then examine the more complex response 
in HadGEM3-GC2.

5.1 � Mechanisms in FAMOUS

AMOC weakening in response to freshwater hosing in 
FAMOUS is invariably driven by warming at 50°N, Fig. 3. 
In order to understand why this is, we will consider the 
temporal variations in the profiles of temperature and 
salinity at 50°N, Fig. 4. In this description, the first values 
stated are for the 0.5 Sv 10-member ensemble mean, with 
the 0.2 Sv ensemble mean value in brackets.

Fig. 3   a Reconstruction of 
AMOC strength, presented in 
terms of AMOC perturbation 
resultant from changes in the 
density profiles at 50°N (red), 
33°S (blue) and total (black). 
b Reconstruction of AMOC 
perturbation from changes in 
density profiles due to changes 
in temperature and salinity at 
50°N and 33°S. The Y-axes 
vary by model. The HadGEM3-
GC2 (labelled GC2) results 
are for single model runs. The 
FAMOUS panels show the 
10-member ensemble mean, 
with standard deviation shaded
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As a result of hosing a 100 m deep fresh cap is estab-
lished at the surface Fig. 4a, with a final salinity anomaly of 
− 5 PSU (− 2.5 PSU). The surface cap shows strong cooling, 
by − 4 °C (− 3 °C). Below the surface cap (200–2000 m) 
Fig. 4b, the ensembles have warm, saline, anomalies reach-
ing 4.5 °C (2.5 °C) and 0.8 PSU (0.5 PSU). These warm 
waters are isolated from the atmosphere by the surface 
cap, which reduces heat loss to the atmosphere and traps 
in the heat transported into the region by the ocean (see 
Haskins et al. 2019 for more detail). Below 2000 m a cold 
fresh anomaly develops more slowly, reaching a maximum 
magnitude of − 2.5 °C (in both ensembles) and − 0.6 PSU 
(−0.5 PSU) at greatest depth. This signal results from the 
intrusion of the strengthened AABW (not shown).

To understand the net impact of these changes we look 
at the resultant changes in density at 50°N. Both ensemble 
means develop a low-density cap within the surface 100 m 
(− 3 kg m−3 for the 0.5 Sv ensemble), with the impact of 
freshening outweighing the impact of cooling. However, 
a more dynamically important change in density comes 
from subsurface warming. The warming reduces densi-
ties through ~ 2000 m of the water column, giving a par-
ticularly strong low-density anomaly to a depth of 500 m. 

With increasing depth, warm saline anomalies give way to 
cool fresh anomalies, associated with the extension of the 
AABW, giving little change to the net density.

In FAMOUS the AMOC is weakened by the high 
temperature anomaly that develops under the buoy-
ant surface cap, due to the reduction in the surface heat 
flux. The reconstruction shows that the salinity at 50°N 
enhanced the AMOC despite the freshwater hosing. This 
has been shown to result from an increased ocean salin-
ity convergence in FAMOUS, with an increase in salinity 
in the waters transported into the region (Haskins et al. 
2019). The increased northward salinity transport at 50°N 
is caused by changes in the low latitude North Atlantic 
surface freshwater fluxes (see Fig. 8). These arise from 
changes in atmospheric circulation patterns, notably the 
southward shift of the Intertropical Convergence Zone, 
during weak AMOC (Wu et  al. 2011; Jackson 2013; 
Bouttes et al. 2015; Haskins et al. 2019). While there is 
surface freshening, the major influence from salinity is 
the high salinity anomaly from 200 to 2000 m, increasing 
North Atlantic density and thereby enhancing the strength 
of the AMOC.

Fig. 4   Hovmoller anomaly 
(from first time-step) plots 
showing the FAMOUS 
10-member ensemble mean for 
temperature (°C) salinity (PSU) 
and calculated density (kg m−3) 
at 50°N in the Atlantic. a shows 
the formation of the surface cap 
in the top 200 m, b shows the 
full depth. Note different colour 
scale in a and b 
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5.2 � Impact of salinity and temperature on density 
at 50°N in HadGEM3‑GC2

HadGEM3-GC2 had a more complex response to hosing, 
with initial AMOC weakening dominated by North Atlan-
tic freshening. However, with greater quantities of hosing, 
temperature eventually dominated AMOC weakening, show-
ing similar behaviour to that seen in FAMOUS. In order 
to understand the behaviour of HadGEM3-GC2, we will 
again begin by considering the temporal variations in the 
profiles of temperature, salinity and calculated density at 
50°N, Figs. 5 and 6.

The model responds to relatively modest hosing with sur-
face freshening Fig. 5, which extends its vertical distribution 
with time, and a reduction in subsurface temperatures, con-
sistent with reduced northward heat transport. However, as 
the quantity of freshwater hosing increases, we again see the 
development of a fresh surface cap (with a salinity anomaly 
of − 3.5 PSU for the 0.5 Sv run). This anomaly takes longer 
to establish for lower hosing rates, forming in 30 years in 
the 0.5 Sv run and 200 years in the 0.1 Sv run. All runs 
develop a strong cold anomaly within the surface cap, which 
is stronger for the 0.5 Sv run in HadGEM3-GC2 than it was 
in FAMOUS (− 5 °C compared to − 4 °C).

Below the surface cap we see a warm anomaly develop 
in all runs Fig. 6, which is weaker (2.5 °C for the 0.5 Sv 
run) in HadGEM3-GC2 than it was in FAMOUS. The 
temperature anomaly reaches greater depths, and extends 
downwards faster in HadGEM3-GC2 than in FAMOUS. 
There is a double-dip in subsurface salinity, where the 
initial freshening partly recovers, and later again fresh-
ens (not seen in the 0.1 Sv experiment, where only one 
dip is present within the experiment duration). The initial 
freshening is deeper, and longer lasting, for weaker hosing 
rates. There is a weak cool anomaly, with some freshening, 
between 2500 and 3000 m (− 0.7 °C for the 0.5 Sv run) 
consistent with AMOC shoaling.

All net density changes at 50°N are negative, with 
stronger hosing giving greater reductions in density. While 
freshening does reduce subsurface North Atlantic density 
during times of salinity domination in HadGEM3-GC2, 
the density anomaly is much weaker than that present dur-
ing times of temperature domination. All runs eventually 
develop a low-density cap within the surface 100 m, with 
the impact of freshening outweighing the impact of cool-
ing Fig. 5. Below this density is reduced by subsurface 
warming between depths of 200 and 1500 m, developing 
under the surface cap Fig. 6. The deep (~ 3000 m) cooling 
is balanced by freshening, giving no significant change in 
net density.

Fig. 5   Hovmoller anomaly 
(from first time-step) plots 
showing the temperature (°C) 
salinity (PSU) and calculated 
density (kg m−3) of the top 
200 m at 50°N in the Atlan-
tic for each hosing rate in 
HadGEM3-GC2. The same col-
our bar limits have been applied 
throughout. Black vertical 
marks the end of simulation
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5.3 � Ocean mechanisms and feedbacks on density 
in HadGEM3‑GC2

The time taken for temperature at 50°N to dominate 
AMOC weakening is related to the time taken to establish 
a surface cap, trapping in a heat anomaly. In HadGEM3-
GC2, as the AMOC weakens the depth of the March Lab-
rador Sea mixed layer depth (MLD) reduces and becomes 
steady at ~ 140 m, reducing convection, Fig. 7. Within the 
mixed layer there are low-density highly buoyant waters, 
with the cool fresh anomaly becoming isolated at the sur-
face. The surface fluxes over a 10° band centred on 50°N, 
Fig. 7, show that the ocean ceases to release net warmth 
to the atmosphere. The net freshwater surface flux into 
the same region of the ocean increases during hosing, as 
reduced northward ocean heat transport leads to surface 
cooling and reduced evaporation. Therefore, the change 
in both heat and freshwater surface fluxes act to increase 

the buoyancy of the surface cap and feed the buoyancy 
reservoir.

The surface freshwater fluxes over the North Atlantic 
and Arctic are broadly intensified, Fig. 8. Initially, the 
region north of the tropics in the Atlantic net received 
freshwater from the atmosphere, while the Arctic net 
exported freshwater at the ocean surface—primarily to 
the formation of high-latitude ice. In the final decade of 
the 0.5 Sv hosed run both of these fluxes had become 
stronger. The North Atlantic, into the Greenland, Iceland 
and Norwegian (GIN) seas, usually gives off heat to the 
atmosphere. As the AMOC weakens, the surface heat flux 
is strongly reduced from 30°N to high latitudes, including 
a horseshoe shaped reduction in ocean heat loss in the 
North Atlantic, associated with periods of weak AMOC. 
Hence the surface flux changes we see at 50°N in Fig. 7 
are representative of wider changes to the surface fluxes 
in the sub-polar region.

Fig. 6   Hovmoller anomaly 
(from first time-step) plots 
showing the full depth tem-
perature (°C) salinity (PSU) and 
calculated density (kg m−3) at 
50°N in the Atlantic for each 
hosing rate in HadGEM3-GC2. 
The same colour bar limits 
have been applied throughout. 
Black vertical marks the end of 
simulation
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Changes in northward transport of heat and salinity both 
act to increase the density at 50°N, Fig. 9. As the AMOC 
weakens, salinity convergence from 45 to 55°N due to ocean 
transport is increased, leading to the temporary reduction of 
subsurface salinity anomalies seen in Fig. 6 (years 80–120 

and 50–100 in the 0.2 Sv and 0.3 Sv runs, respectively). 
The heat convergence over the same area reduces as the 
AMOC weakens. This is lead by reduced northward heat 
transport at 45°N (not shown), and is seen in the early 
cooling Fig. 6. However with further hosing, the warmth 

Fig. 7   March Labrador Sea 
MLD (m), upward surface 
freshwater flux (including 
net evaporation and sea ice 
processes) (kg s−1), and the 
upward surface heat flux (W). 
Both surface fluxes are 10-year 
rolling means integrated over a 
Section 45–55°N, over the full 
width of the North Atlantic. 
All data is for HadGEM3-GC2. 
Hosing is not included in the 
freshwater flux. The legend 
applies to all panels

Fig. 8   Decadal mean upward surface freshwater flux (including net evaporation and sea ice processes) (kg m−2 s−1) and upward surface heat flux 
(W m−2) for the control run (top) and the anomaly at the end of the 0.5 Sv hosed run (lower)
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previously exported to the atmosphere is trapped below the 
surface cap, causing subsurface warming. If surface fluxes 
had remained constant, then changes in ocean heat conver-
gence alone would have given further cooling. Changes in 
both salt and heat advection therefore act to increase the 
density and oppose AMOC weakening.

5.4 � Attributing dominance in HadGEM3‑GC2

The pattern in reconstructed AMOC strength due to changes 
in northern salinity and temperature in HadGEM3-GC2 is 
simpler when considered in terms of the total freshwater 
added, Fig. 10a, b. The AMOC changes little during the 
first 2.5 Sv yrs of hosing (e.g. 25 years at 0.1 Sv or 5 years 
at 0.5 Sv), but after this it is weakened by salinity changes. 
This is due to the early freshwater input being mixed down-
wards by the continuing overturning, reducing the densities 
down through the water column. The initial AMOC strength-
ening by temperature, Fig. 10b, in the HadGEM3-GC2 0.1 
and 0.2 Sv runs is due to the reduced northward transport 
of heat throughout the AMOC depth, which leads to a cool-
ing up to years 150 and 70, respectively, Fig. 6. This is not 
seen in the heavier hosed runs as they have less time to be 
impacted by this cooling mechanism before reductions in 
the surface heat flux cause a more significant warming. The 
weaker hosing rates have larger anomalies in temperature 
and salinity, however these largely compensate giving rela-
tively weak net AMOC change.

Both the AMOC enhancement by the temperature contri-
bution and AMOC weakening by the salinity contribution 
start to decline after ~ 10 Sv yrs of hosing—with the transi-
tion occurring earlier for more heavily hosed runs. In the 
0.5 Sv run, the AMOC weakening due to subsurface warm-
ing is partly moderated by increased salinity. The AMOC 
enhancement from salinity is caused by the subsurface salin-
ity increasing, in the middle of the freshening double-dip, as 

the AMOC is strengthened by increased salinity convergence 
by ocean transports at 50°N, Fig. 9. Note that changes in the 
behaviour and influence of temperature and salinity are not 
apparent in the linear relationship between AMOC strength 
and total freshwater added Fig. 10c—suggesting that the 
AMOC is not sensitive to whether the salinity or temperature 
dominates the weakening.

After 20 Sv years, the linear relationship between model 
AMOC weakening and total freshwater input breaks down, 
Fig. 10c. The impact of northern temperature change on 
AMOC strength largely levels off while there is still some 
weakening from salinity change at 50°N.

6 � How does using the volume mean density 
method compare?

Previous studies (i.e. Jackson and Wood 2018) have esti-
mated AMOC strength using the difference in the volume 
mean density between the north and south of the Atlantic, 
and found AMOC weakening to be dominated by the buoy-
ancy impact of the salinity in the North Atlantic. In order to 
compare the two approaches, we have estimated the AMOC 
from the difference in the vertical mean of the density pro-
files at 50°N and 33°S for the HadGEM3-GC2 runs, and 
repeated the above component analysis, Fig. 11. Here the 
‘volume’ used is the full depth and width of the basin, taken 
over 1 latitudinal cell, which we consider representative of 
densities local to 50°N and 33°S, while allowing us to use 
the same temperature and salinity time series as in the previ-
ous method.

In our experiments, the estimated AMOC from the 
vertical mean density gives a good approximation to the 
form of the model AMOC. The breakdown by compo-
nent suggests domination by northern salinity, with a later 
contribution by temperature. The higher the hosing rate, 

Fig. 9   Convergences in 
northward ocean transports of 
salinity (kg s−1) and heat (W), 
for a 10° region over 50°N in 
the Atlantic in HadGEM3-GC2. 
A 10-year rolling mean has 
been applied. Legend applies to 
both panels
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the faster and greater the contribution from northern tem-
perature change becomes to AMOC weakening, becoming 
temporarily comparable with the salinity contribution for 
the 0.5 Sv experiment through years 40–100. Using the 
volume mean approach, the northern salinity contribution 
includes time series features that are qualitatively simi-
lar to those seen in the B16 method’s analysis. Here the 
salinity has an additional weakening trend on the AMOC 
strength due to the volume mean method’s greater sensitiv-
ity to surface freshening. The AMOC perturbation from 
the northern temperature has similar form, with a weaker 
signal, to the results found using the B16 method. The 

role of density in the South Atlantic is similar between 
methods.

To understand why the two methods give different results 
we consider the weighting each gives to different processes 
in the density profile. The volume mean density approach 
takes the vertical mean value of the profiles, and so changes 
may be dominated by the very strong surface salinity anoma-
lies within the surface cap. The B16 method uses a dou-
ble integration up the water column, and so places greater 
emphasis on changes at deeper levels within the ocean.

The impact of changes in northern salinity on AMOC 
strength using the volume mean approach, Fig. 11, appears 
to primarily represent the development of a fresh surface 
cap. We can approximately recreate the form of the northern 
salinity contribution from the mean salinity of the top 60 m 
at 50°N, Fig. 12a. However, the form of the salinity contri-
butions using the B16 method, Fig. 3b, show a closer cor-
relation to the mean salinity through 180–4700 m, Fig. 12b. 
This can be understood as the full depth mean salinity being 
disproportionately impacted by strong surface anomalies, 
Fig. 12c, which cannot drive large transport anomalies with-
out being propagated to a greater depth.

We are postulating that the mean North Atlantic salin-
ity anomaly acts as a proxy for AMOC weakening because 
it describes the extent of the surface cap. However, once 
the cap is formed the AMOC is not reduced directly by the 
buoyancy of this freshwater. We find that AMOC weakening 
is instead driven by increases in subsurface temperature as 
a consequence of reduced surface heat loss. This is caused 
by the freshwater cap limiting convection and isolating the 
subsurface water from the atmosphere.

7 � Discussion

At the onset of hosing in the HadGEM3-GC2 hosing simu-
lations, the freshwater is transported downwards by the 
AMOC, reducing the density through a significant depth of 
the water column and thereby reducing the strength of the 
AMOC. The mixed layer shoals, which reduces the mix-
ing down of surface properties, enabling the formation of a 
fresh surface cap. The surface cap acts as a barrier between 
the subsurface ocean and atmosphere, preventing the warm 
northward ocean transports from being able to release their 
heat, causing a warm temperature anomaly to develop 
beneath the cap. The heat anomaly further reduces the den-
sity of the ocean. In all of our simulations, the temperature 
contribution eventually dominates over salinity in driving 
AMOC decline in response to freshwater hosing.

Both the depth-dependent method and the volume mean 
density approach were able to reconstruct the strength of 
the AMOC. However, the volume mean density approach 
gave greater perturbation to AMOC strength from changes 

Fig. 10   a AMOC perturbation (Sv) from changes in salinity at 50°N 
(green line on Fig. 3b) against cumulative freshwater input. b AMOC 
perturbation (Sv) from changes in temperature at 50°N (black line 
on Fig.  3b) against cumulative freshwater input. c Model AMOC 
strength (Sv) against total freshwater hosed (Sv year). All data is for 
HadGEM3-GC2, up to a maximum of 50 Sv years. Legend applies to 
all panels
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in North Atlantic salinity, since the volume mean values 
give equal weightings to density changes at the surface 
and at depth and hence were dominated by strong surface 
anomalies. The depth-dependent method showed greater 
temperature dominance of AMOC weakening, as it was 
more responsive to dynamically important variations in 
pressure gradients at depth, where temperature changes 
dominate. AMOC theory suggests that surface anomalies 
are not directly dynamically significant in determining 
the strength of the AMOC and that the depth-dependent 
method is a more theoretically sound technique for identi-
fying the physical mechanisms of AMOC weakening (Oli-
ver et al. 2005; de Boer et al. 2010). In our experiments 
the volume mean approach acts as a proxy by indicating 

the extent of the fresh surface cap, which is well correlated 
with AMOC decline. This suggests that while the volume 
mean approach can be used to reconstruct the AMOC and 
can be used alongside density budget analysis, understand-
ing the vertical distribution of density changes is also 
important.

Previous freshwater forcing studies have also found high 
latitude subsurface temperature increase to result from 
suppression of ventilation, destabilising the water column 
(Mignot et al. 2007; Krebs and Timmermann 2007). Our 
work indicates that this temperature anomaly is not merely 
a by-product of the hosing, but is the dominant mechanism 
by which the AMOC is weakened in response to strong and/
or long-term hosing.

Fig. 11   a Comparison of model 
AMOC strength (Sv) and the 
estimated form of AMOC 
change from the anomaly in 
meridional density difference 
(kg m−3) calculated from the 
volume mean density at 50°N 
and 33°S in the Atlantic. Here, 
the ‘volume’ is the full depth 
and width of the basin, taken 
over 1 latitudinal cell. b Anom-
aly in meridional density differ-
ence (kg m−3) from changes in 
temperature and salinity at 50°N 
and 33°S
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For the weakest hosing rates examined, which are more 
relevant for past and future climate change, this study sug-
gests that salinity would initially dominate AMOC weaken-
ing, and that tracking the depth of the MLD could be used as 
an indicator of mechanistic change, after which heat would 
dominate. In climate change scenarios forced with radia-
tive forcing, which allow for Greenland ice mass loss, the 
weakening of the AMOC has been suggested to be domi-
nated 60% by changes in North Atlantic temperature, 40% 
by salinity (Thorpe et al. 2001). In such simulations the 
AMOC is primarily weakened by thermally stratifying the 
upper ocean. This study has suggested that the formation 
of a surface cap in response to surface freshening may also 
contribute to North Atlantic subsurface warming. This sug-
gests that both hosing and radiative forcing ultimately act in 
the same way, by preventing heat loss from the subsurface 
North Atlantic. It is unclear how these two forcing mecha-
nisms would interact, whether later local surface heating 
would be mixed down to the upper ocean, impacting AMOC 
strength, or whether it would remain above the shallow MLD 
reinforcing the isolation of a warm and fresh surface cap, 
and preventing AMOC recovery. Either way, in terms of 
AMOC weakening they may be expected to reinforce rather 
than mitigate each other.

An interesting result of this study is that freshwater forc-
ing can result in a weakening of the AMOC whether or not 
the freshwater propagates down the water column. When 
the freshwater does mix downwards, the increased buoyancy 

of the freshened region leads to AMOC weakening. While 
freshwater that does not mix downwards collects to form a 
barrier to surface fluxes, causing the development of a tem-
perature anomaly below, which in turn reduces the buoyancy 
and weakens the AMOC. The formation of a surface cap 
does not qualitatively alter the rate of AMOC weakening, 
and the AMOC weakening was not found to be sensitive to 
whether the weakening is dominated by salinity or tempera-
ture changes.
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