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Abstract 14 

Large uncertainties exist concerning the impact of Greenland ice sheet melting on the Atlantic 15 

meridional overturning circulation (AMOC) in the future, partly due to different sensitivity of 16 

the AMOC to freshwater input in the North Atlantic among climate models. Here we analyse 17 

five projections from different coupled ocean-atmosphere models with an additional 0.1 Sv 18 

(1Sv=106 m3/s) of freshwater released around Greenland between 2050 and 2089. We find on 19 

average a further weakening of the AMOC at 26°N of 1.1 ± 0.6 Sv representing a 27 ± 14% 20 

supplementary weakening in 2080-2089, as compared to the weakening relative to 2006-2015 21 
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due to the effect of the external forcing only. This weakening is lower than what has been 22 

found with the same ensemble of models in an identical experimental set-up but under recent 23 

historical climate conditions. This lower sensitivity in a warmer world is explained by two 24 

main factors. First, a tendency of decoupling is detected between the surface and the deep 25 

ocean caused by an increased thermal stratification in the North Atlantic under the effect of 26 

global warming. This induces a shoaling of ocean deep ventilation through convection hence 27 

ventilating only intermediate levels. The second important effect concerns the so-called 28 

Canary Current freshwater leakage; a process by which additionally released freshwater in the 29 

North Atlantic leaks along the Canary Current and escapes the convection zones towards the 30 

subtropical area. This leakage is increasing in a warming climate, which is a consequence of 31 

decreasing gyres asymmetry due to changes in Ekman pumping. We suggest that these 32 

modifications are related with the northward shift of the jet stream in a warmer world. For 33 

these two reasons the AMOC is less susceptible to freshwater perturbations (near the deep 34 

water formation sides) in the North Atlantic as compared to the recent historical climate 35 

conditions. Finally, we propose a bilinear model that accounts for the two former processes to 36 

give a conceptual explanation about the decreasing AMOC sensitivity due to freshwater input. 37 

Within the limit of this bilinear model, we find that 62 ± 8% of the reduction in sensitivity is 38 

related with the changes in gyre asymmetry and freshwater leakage and 38 ± 8% is due to the 39 

reduction in deep ocean ventilation associated with the increased stratification in the North 40 

Atlantic.  41 

Introduction 42 

Projections from the Coupled Model Intercomparison Project (CMIP) have shown that 43 

the Atlantic Meridional Overturning Circulation (AMOC) might weaken substantially in the 44 

coming century. CMIP3 projected a weakening of around 30% of the AMOC in 2100 45 
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(Schneider et al. 2007) with a considerable spread among models. Within the CMIP5 database, 46 

this estimation remains conclusive with a reduced spread among models and a better 47 

agreement with AMOC estimates (Weaver et al. 2012). Nevertheless, these projections 48 

usually neglect any melt water from continuing intensified melting of the Greenland ice sheet 49 

(GrIS). 50 

Recent observations, on the other hand, show such a melting, and even suggest an 51 

accelerating melt rate during the last decades (Rignot et al. 2011). Bamber et al. (2012) reveal 52 

that most of this melting is released into the Irminger Sea where it might induce a pronounced 53 

change in ocean hydrography by 2025 that could be larger than any observed past Great 54 

Salinity Anomalies (e.g. Belkin et al 1998). For the year 2100, Schrama and Wouters (2011) 55 

project a global sea-level rise of 35 cm due to GrIS melting as compared to present day, 56 

which equals a melting rate rising to 0.08 Sv (1 Sv = 106 m3/s) in 2100. 57 

Using a very large ensemble of models from the CMIP3 or earlier generations, 58 

Stouffer et al. (2006) showed that such a freshwater input in the North Atlantic could induce a 59 

significant weakening of the AMOC. Nevertheless they have also shown that the impact 60 

under preindustrial conditions largely depends on the model considered. Indeed, after 100 61 

years of 0.1 Sv freshwater hosing, they found a weakening of the AMOC intensity ranging 62 

from approximately 1 to 10 Sv. A large spread across models was also identified in a set of 63 

impact simulations to GrIS mass loss under present-day climate conditions in Swingedouw et 64 

al. (2013, S2013 hereafter). This latter study analysed the response of six different models to 65 

identical melt water forcing. The coordinated set-up across both state-of-the-art climate 66 

models and ocean-only models imposed 0.1 Sv of freshwater distributed equally around 67 

Greenland for four decades. 68 
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No consensus has been reached about the impact of GrIS melting on the future AMOC. 69 

Using a single model with different magnitude of freshwater input, Fichefet et al. (2003), 70 

Swingedouw et al. (2006), Hu et al. (2011) and Driesschaert et al. (2007) found a noticeable 71 

impact of GrIS melting in the coming centuries, while Winguth et al. (2005), Ridley et al. 72 

(2005), Jungclaus et al. (2006), Mikolajewicz et al. (2007) and Vizcaíno et al. (2010) found 73 

almost no significant additional AMOC weakening in various projections. Thus, it seems 74 

necessary to consider different models under identical GrIS melting conditions in order to 75 

better evaluate the uncertainties concerning the future of the AMOC due to different model 76 

sensitivities to freshwater input in the North Atlantic. 77 

The sensitivity of models to freshwater release in the North Atlantic depends on the 78 

considered climate state. For instance, Swingedouw et al. (2009) using the IPSLCM4 model 79 

found that AMOC sensitivity to fresh water is larger for LGM climate than for warmer 80 

climate like present day or last interglacial, confirming findings from Ganopolski and 81 

Rahmstorf (2001) using a simplified model. Van Meerbeck et al. (2011) using LOVECLIM 82 

model found that during glacial time the AMOC was more sensitive during milder climate for 83 

Marine Isotope Stage 3 (MIS3, between around 28 to 60 kyr BP) than during the last glacial 84 

maximum. This result offers an explanation why Dansgaard-Oeschger instabilities were more 85 

clearly expressed during MIS3. 86 

In this study, we address specifically the following question: what is the effect of melt water 87 

input from Greenland on the AMOC under strong warming conditions in a multi-model 88 

ensemble? In terms of experimental design, this work is the direct continuation of the impact 89 

study performed under present-day climate conditions in S2013. 90 

Experimental design 91 
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We consider projections performed using five different coupled climate models 92 

participating in CMIP5 and/or CMIP3, namely EC-Earth, MPI-ESM, HadCM3, IPSL-CM5A-93 

LR and BCM2. For a description of the different models used, the reader is referred to S2013. 94 

All the simulations start from spin-up simulations followed by historical simulations from 95 

1850 up to 2006. Afterwards, they have been forced by the RCP8.5 scenario (RCP stands for 96 

representative concentration pathway, the number 8.5 represents an estimate of the top of the 97 

atmosphere radiative forcing at the year 2100 in W/m2, cf. Moss et al. 2010) over the period 98 

2006-2100. BCM2 is an exception, because the historical forcings are imposed until 2000 99 

only and afterwards the A1B scenario (based on a balanced emphasis on all energy sources, cf. 100 

Morita et al. 2011) is imposed until 2100. From these projections (here called FutCon), 101 

impact experiments (FutHos) have been launched in 2050, when additional runoff is released 102 

homogenously along Greenland’s coast with a constant rate of 0.1 Sv for 40 years. In 2090 103 

this corresponds to a global sea-level rise of 35 cm as compared to present day, consistent 104 

with projections of Schrama and Wouters (2011). These different 21st century sensitivity 105 

experiments are also evaluated against the 20th century reference simulations discussed in 106 

S2013. The compilation of experiments is summarized in Table 1. 107 

The tailored GrIS mass loss model projections represent a high-end impact scenario in 108 

terms of the excess melt considered. This experimental set up constitutes, to our knowledge, 109 

the first multi-model ensemble aimed at evaluating the impact of a large GrIS melting on the 110 

AMOC at the end of the 21st century. In addition, the identical freshwater release design here 111 

and in S2013 allows evaluating the AMOC sensitivity to freshwater input under different 112 

transient climates. Ultimately it sheds light on the question about the susceptibility of the 113 

ocean and the interconnected climate system to fresh water disturbances under the current and 114 

future warming climates. This study is complementary to what has been done in Stouffer et al. 115 

(2006) for the pre-industrial conditions. 116 
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Results 117 

Response to increase in greenhouse gases 118 

We first compare the response among the models to the increase in external forcing 119 

alone (FutCon experiments). Simulated global climate averaged over the years 2091-2100 has 120 

warmed in the different models by 1.9 to 4.1°C as compared to 2006-2015 (Fig. 1.a, solid 121 

lines) with a mean of 3.4 ± 0.9°C (3.5 to 4.1°C with a mean of 3.8 ± 0.3°C if only the four 122 

RCP8.5 simulations are considered). During this time period, the AMOC maximum at 26°N 123 

has weakened in all the models by 4.1 ± 1.7 Sv (Fig. 1.b, solid lines) or a 29 ± 8% decrease, 124 

in line with results from Schneider et al. (2007) for CMIP3 models and Weaver et al. (2012) 125 

for CMIP5 models.  126 

This weakening of the AMOC is related with an increased North Atlantic stratification 127 

(Fig. 2). Comparing convection in FutCon against HisCon shows reduced areas of ventilation 128 

by convection (Fig. 3). Thus, the volume of water ventilated in winter by convection 129 

decreases (Fig. 4) and so the formation rate of North Atlantic deep water (NADW) feeding 130 

the lower limb of the AMOC.  The density evolution of spatially averaged water column in 131 

the North Atlantic (70°E-20°W; 45°N-80°N) above and below 1000 m supports this 132 

interpretation. In the upper 1000 meters, the density decreases by 0.21 ± 0.05 kg/m3 in 133 

FutCon while the density of water masses below are marginally lighter (0.03 ± 0.01 kg/m3, 134 

Fig. 2). In order to disentangle the role of salinity and temperature to the increased 135 

stratification, we linearize the density and computed separately the haline and thermal 136 

contributions. This approach (Fig. 5) highlights clearly that the increased stratification is 137 

predominantly driven by the changing temperature and, in particular, the warming of the 138 

surface ocean. In contrast, the simulated salinity does not even show a consistent response 139 

across models. The thermal changes increase the stratification by 0.17 ± 0.09 kg/m3 while the 140 
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haline changes the density only by 0.01 ± 0.05 kg/m3 on average. Note that the haline 141 

contribution is largest in BCM2, where the warming is markedly lower than the rest of the 142 

models, which is partly explained by the use of a different forcing protocol. Considering 143 

positive feedbacks, whereby enhanced thermal stratification, for instance, may result in 144 

reduced vertical mixing favouring increased haline stratification in net precipitative regions, a 145 

weakening of the overturning circulation may also enhance the haline stratification 146 

(Mikolajewicz and Voss 2000).  The present result therefore emphasizes the fact that the 147 

warming regulates the AMOC response in projections.  148 

This chain of processes and its interpretation is consistent with the study of Gregory et 149 

al. (2005), for instance, who identified a dominant role of heat flux changes in explaining the 150 

AMOC weakening in CMIP3 projections. The differences between the models concerning the 151 

haline contribution to density changes are regulated by the opposing effects of the enhanced 152 

evaporation in the tropics, which tends to make the surface water masses flowing towards the 153 

deep water formation sites saltier in the Northern Atlantic on the one hand (Fig. 6) and a 154 

strengthened freshwater continental runoff supplied by enhanced precipitation in the high 155 

latitudes on the other hand. These effects compete in the North Atlantic when the 156 

hydrological cycle intensifies in a warming world (Durack et al. 2012). 157 

Effect of GrIS melting in a warming world 158 

After up to 40 years of on-going 0.1 Sv freshwater hosing around Greenland’s coasts, the 159 

AMOC reduces additionally by 1.1 ± 0.6 Sv over the period 2080-2089 at 26°N (Fig. 1.c, 1.3 160 

± 1 Sv for the maximum AMOC value in the North Atlantic).  This represents a further 161 

weakening of 27 ± 14% in FutHos as compared to the reduction in FutCon between 2089-162 

2100 and 2006-2015. If we restrict the focus only on the period when the additional runoff is 163 

applied (time frame 2080-2089 minus 2050-2059), the AMOC reduction at 26°N by the 164 
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freshwater even reaches 122 ± 67% of greenhouse warming effect (0.9 ± 0.6 Sv), which 165 

means that the additional AMOC weakening due to the hosing in the ensemble mean is even 166 

slightly larger than the AMOC weakening in response to increasing radiative forcing.  167 

This additional weakening is consistent with previous water hosing experiments (see 168 

introduction) and is attributed to the spreading of the freshwater to affect the upper water 169 

column in large parts of the North Atlantic (Fig. 7). The freshwater anomaly flows initially 170 

with the Greenland boundary current systems and only gradually entrains central parts of the 171 

subpolar gyre and the cyclonic gyres of the Nordic Seas. Thereby the additional freshwater 172 

eventually impacts the convective activity in winter in the North Atlantic (Fig. 3) as the 173 

ventilated water masses. Note that part of the freshwater anomaly does not remain in the 174 

subpolar area but rather leaks toward the subtropical gyre along the Canary Current (Fig. 7) 175 

and hence represents an important sink for the freshwater out of the subpolar gyre (S2013). 176 

This point will be further discussed below. 177 

Comparison with present-day sensitivity 178 

The average AMOC weakening at 26°N after 40 years of hosing in the FutHos 179 

experiments is smaller by 58 ± 23% than the reported averaged AMOC weakening at 26°N of 180 

2.6 ± 1.7 Sv in the historical experiments of S2013 (HisHos-HisCon, cf. Table 1 and Fig. 8). 181 

This result is not affected by the AMOC index chosen since the reduction concerns 182 

predominately the whole northern limb of the AMOC (not shown). The spread among the 183 

models is also reduced in the future experiments (FutHos-FutCon) as compared to historical 184 

experiments (HisHos-HisCon); with a standard deviation among the models almost three 185 

times lower (Fig. 8). 186 

On decadal timescales, changes in density in the North Atlantic are related to AMOC 187 

changes (e.g. Swingedouw et al. 2007).  Indeed, the water hosing induced AMOC changes are 188 
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highly correlated (r=0.92) in our multi-model ensemble with density changes in the North 189 

Atlantic averaged over the entire water column (Fig. 9). To uncover the contribution of 190 

different processes we decompose these density changes over the North Atlantic into its 191 

haline and thermal components. This decomposition (Fig. 10) clearly reveals the importance 192 

of the salinity changes on the AMOC sensitivity to freshwater input in the North Atlantic 193 

across all models and under all analysed climate scenarios.  194 

Indeed, when comparing hosing and control experiments in both climatic conditions, 195 

most of the density changes are related with the salinity component changes, the thermal 196 

component being of second order (Fig. 10). At first sight, we can explain this fact by the 197 

impact of freshwater released around Greenland on the North Atlantic salinity. Nevertheless, 198 

we also notice that the decrease of AMOC sensitivity to freshwater input in a warmer world 199 

(comparison of FutHos-FutCon and HisHos-HisCon) is mainly due to salinity changes as 200 

well, although the freshwater input is the same between the two climatic conditions. Indeed 201 

the salinity component decrease is of 17.6 g/m3 in HisHos-HisCon and halved to only 8.3 202 

g/m3 in FutHos-FutCon, while the changes in thermal component remains smaller. The total 203 

surface freshwater changes in the North Atlantic in the hosing simulations cannot explain 204 

such a difference since the totally released fresh water amount is identical under the two 205 

climatic conditions (not shown). Therefore, we argue that the salinity changes between the 206 

two climate configurations is due to salinity redistribution processes, either barotropic or 207 

baroclinic advection. On the southern border, the barotropic salinity transport can be related 208 

with the gyre circulation, while the baroclinic transport is associated with the overturning 209 

itself, which can be considered as an internal feedback of the AMOC system (Swingedouw et 210 

al. 2007). Unfortunately, not enough data from all the models are available to compute a 211 

proper budget of the salinity changes in the North Atlantic and of the former two components 212 

(although we do apply this kind of analysis for IPSL-CM5 model, see below). 213 
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Nevertheless, we hypothesize two main processes that may cause the weaker 214 

sensitivity of the AMOC to enhanced fresh water discharge by elevated GrIS melting under a 215 

warmer climate. The first one is linked to the thermal effect of global warming on the oceanic 216 

stratification in the subpolar area, which reduces ventilation of the deep ocean affecting the 217 

AMOC internal feedback of salinity transport. The second is the consequence of a modified 218 

mean state in the North Atlantic in a warmer world, which may favour the subtropical leakage 219 

of the imposed freshwater forcing and can be related with the gyre salinity transport from the 220 

former decomposition. 221 

Reduction of deep ventilation in a warmer world 222 

The differences of the oceanographic conditions between FutCon and HisCon may explain 223 

the changes in mixed layer depth and deep ventilation in the North Atlantic. Indeed, the links 224 

between the surface and the deep ocean are considerably weaker in FutCon compared to 225 

HisCon, because newly formed dense water masses reach henceforth intermediate levels in 226 

FutCon (Fig. 3) and overflow water masses, which are formed in the Nordic Seas, passing the 227 

Greenland-Iceland-Scotland Ridge ventilate less of the deep North Atlantic. The volume of 228 

ventilated water in winter (defined as the volume of water where the mixed layer depth 229 

exceeds 300 meters) averaged over the North Atlantic declines by three-quarters from 3.44 ± 230 

1.86 x 1015 m3 in the HisCon experiments (averaged over years 1965-2004) to 0.87 ± 0.85 x 231 

1015 m3 in the FutCon experiments (averaged over years 2050-2089). In all the models this 232 

decline is driven by a shallower convection, in particular in the Labrador Sea (Fig. 3). 233 

Ultimately this is reflected by the stronger stratified ocean under a warmer climate (Fig. 2), 234 

which is predominately driven by rising surface layer temperatures as discussed above. Such 235 

an increase of stratification probably enhances the time residence of surface waters where the 236 

atmosphere freshens them, which may further decrease their salinity and strengthen the 237 

stratification. Nevertheless, the increase in stratification diminishes the amount of ventilated 238 
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waters that can be affected by the freshening and therefore the impact of the latter on 239 

convection. This second process can be viewed as a kind of saturation of the hosing effect due 240 

to large decrease in convection under the dominant effect of global warming, and therefore 241 

convection sites can be less affected. This process can be viewed as opposing the first effect 242 

of global warming on haline stratification, described e.g. in Mikolajewicz and Voss (2000). In 243 

other words since the ties between the deep and surface ocean are weakened, this effect 244 

results in a lower sensitivity of the AMOC to freshwater perturbations. This is particularly 245 

pronounced in IPSLCM5, which exhibits the largest decrease in ventilation under future 246 

global warming conditions. However a bolstered fresh water cap formed by the additional 247 

fresh water further decreases the linkage between the surface and deep ocean, because under 248 

the FutHos simulations the ventilated volume drops by an additional 25 ± 6% (0.17 ± 0.04 x 249 

1015 m3) over the last decade (2080-2089). This distinct reduction under the projections is less 250 

than the reduction of 39 ± 13% (1.35 ± 0.46 x 1015 m3) during the historical period (HisHos 251 

versus HisCon). Nevertheless, we note that the changes in the AMOC are not simply linearly 252 

related with deep-water ventilation changes (Fig. 11), indicating that it is possible that other 253 

processes play a role. 254 

In the projections, we also note that the shallower persisting convection is aligned 255 

along the receding sea-ice edge. This is particularly striking in the EC-Earth model, where 256 

convection moves northward out of the Barents Sea with the retreating sea-ice edge (Fig. 3). 257 

The Barents Sea is less affected by the freshening around Greenland compared to S2013, 258 

which may also explain less entrainment into the dense water sphere and mediate the 259 

moderate impact of GrIS melting.  260 

When looking at Fig. 9, it is clear that the models showing the largest changes in 261 

AMOC sensitivity to freshwater input are BCM2, EC-Earth and IPSL-CM5. These three 262 

models also have the main characteristic of loosing most of their convective activity in or 263 
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close to the Labrador Sea. Indeed, Fig. 3 shows that convection was very active in HisCon in 264 

the Labrador Sea and almost vanished in FutCon in the three models. Indeed, this convection 265 

site is known to be quite sensitive to climate change (cf. Wood et al. 1999), which may 266 

explain why the decrease is larger in this sea than in the Nordic Seas. The Labrador Sea is 267 

also very sensitive to freshwater input around Greenland as shown in S2013, so that the loss 268 

of convective activity in the projections may explain the decrease of sensitivity to freshwater 269 

input in the three most sensitive models and thus in our ensemble. 270 

Reduction of gyre asymmetry in a warmer world 271 

Under historical climate conditions, S2013 have shown that the fresh water leakage 272 

from the subpolar gyre along the Canary Current is decisive for the AMOC quantitative 273 

response in our impact simulations. This new set of simulations is still in agreement with this 274 

finding as shown in Fig. 12. An animation available in supplementary materials shows the 275 

evolution of ensemble mean salinity anomalies with time and clearly the advective process by 276 

which salinity anomalies goes from the subpolar gyre towards the subtropical along the 277 

Canary Current, with a subduction towards deeper levels all along this path. Furthermore, as 278 

illustrated in the ensemble mean response (Fig. 7, bottom row), this freshwater leakage is 279 

associated with a negative sea surface temperature (SST) anomaly (Fig. 7.l). S2013 had found 280 

that the intensity of this leakage could be linked to the latitudinal orientation of the subpolar 281 

and subtropical boundary, which is related with the gyre asymmetry. Here again, strong 282 

leakage (negative values in Fig 12.a) is obtained by weak asymmetry (near-zonal gyre-gyre 283 

boundary), yielding a weaker AMOC sensitivity to imposed freshwater. In the projections 284 

however, we find an increase in this leakage (Fig. 12.a) and a decrease in the gyre asymmetry 285 

(Fig. 12.b) compared to present-day simulations (HisCon). This is especially pronounced in 286 

BCM2. As hypothesized in S2013, these interlinked changes serve to reduce the AMOC 287 

sensitivity. A partial explanation for the changes in gyre asymmetry can be derived from a 288 
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northward shift of the storm track paths in the projections. Such an atmospheric response is a 289 

known feature already outlined in CMIP3 models (Yin 2005). This northward shift may 290 

explain the observed changes in the Ekman pumping (Fig. 13) patterns and shapes, thereby, 291 

the gyres structure. The northward shift of the boundary between the subpolar and subtropical 292 

gyres is the oceanic response to the atmospheric changes and it is highlighted by the tripole 293 

anomaly in the barotropic stream function (Fig. 14). Under the working hypothesis that the 294 

gyre symmetry determines leakage strength which influences the amount fresh water that 295 

stifles the deep convection, we find a weaker AMOC sensitivity to freshwater input and a 296 

reduced multi-model uncertainty in the response under future warming climate conditions 297 

(Fig. 7). The impact of gyre asymmetry and freshwater leakage is particularly clear for the 298 

BCM2 simulations and also to a smaller extent for HadCM3, IPSLCM5A and EC-Earth. 299 

Given that BCM2 experiences a smaller warming compared to the other models, we argue 300 

that this increase in leakage in a warmer world could be even larger for a RCP85 scenario, 301 

and may further decrease the AMOC sensitivity to freshwater input in this model. 302 

To further test the link between freshwater leakage and advective processes, we use 303 

the IPSLCM5 model that shows a reaction in gyre asymmetry changes (Fig. 12) and where 304 

the necessary fields are available to properly compute salinity transport. We follow the 305 

Swingedouw et al. (2007) approach for the decomposition of the salinity transport. Both 306 

current velocity and salinity in the hosing simulations are decomposed into their mean value 307 

in the control simulation and the anomalies with respect to these mean values. This allows 308 

evaluating the role of the change of mean state between control and hosing experiments. We 309 

focus here on the transport of salinity anomalies by velocity from the control simulation (cf. 310 

equation 5 from Swingedouw et al. 2007), which is related to the freshwater leakage process 311 

described earlier. When computed at 30°N between 50°W and 10°W and down to 1000m 312 

(corresponding to the location of the Canary Current), this transport increases in the 313 
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IPSLCM5 model from 1.5 x 106 kg/s for HisHos-HisCon to 1.8 x 106 kg/s for FutHos-FutCon. 314 

Such an increase illustrates the intensification of the freshwater leakage in the IPSLCM5 315 

projections and can be related with a strong intensification of the Canary Current of 45% 316 

when computed at 30°N between the coast and 25°W in the first 1000m. This confirms what 317 

has been found in Fig. 12b. Nevertheless, it still remain unclear why the asymmetry of the 318 

gyre is related with the intensity of the leakage through the Canary Current, a topic which 319 

deserves a specific study focused on this process. 320 

To explain the increase in the Canary Current, we notice on Fig. 13 that the Ekman-321 

driven subduction is increased along the coast of Africa within the projection, which may 322 

increase the current along the coast as well as the upwelling. Such an increase in Ekman 323 

suction is pronounced in the IPSLCM5 model and is also consistent in all the other models, 324 

indicating that the increase in Canary Current and freshwater leakage may be a robust feature 325 

in all the models considered here. 326 

Bilinear model 327 

In order to disentangle the two processes that seem to explain the weaker sensitivity of 328 

the AMOC to freshwater release in a warmer world, we propose a very simple bilinear model. 329 

In this model, the AMOC variations are a function of decreasing deep ocean ventilation and 330 

gyre asymmetry in the control simulation (slightly affected by hosing, cf. S2013) 331 

Δ𝐴𝑀𝑂𝐶 = 𝜆𝒱 + 𝜇𝒜 

  Where Δ stands for the difference between hosing and control simulation, 𝒱 is the ventilated 332 

volume in the North Atlantic defined as the volume of water in the winter mixed layer depth, 333 

when deeper than 300m. 𝒜 is the gyre asymmetry in the control experiment. 𝜆 and 𝜇 are the 334 

two parameters determined following a bilinear regression. This simple statistical model 335 

implicitly assumes that the two proposed processes are independent, which seems reasonable 336 
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given the different locations and processes involved. The regression gives the following 337 

values for the two parameters: 𝜆 = 0.4± 0.032 nHz and 𝜇 = 1.8± 0.14 Sv/°Lat, with an 338 

r2=0.83 (significant at the 99% threshold using a two-sided t-test), which is larger than for the 339 

two individual linear models related with each parameter (Fig. 15). Since the unit of 𝜆 is a bit 340 

unusual, we notice that it corresponds to the inverse of time constant τ equals to around 80 341 

years. 342 

Although the number of points used to construct this model is small, this model gives 343 

an interesting conceptual framework to help discriminating the importance of the two selected 344 

parameters. Indeed, the sensitivity difference between the two sets of historical and future 345 

projections simulations is about 1.5 Sv. Following our bilinear model, we compute the part 346 

due to gyre asymmetry and the part due to decrease in ventilated volume. For this purpose, we 347 

compute the difference of changes in gyre asymmetry between HisCon and FutCon and 348 

multiply it by   µμ  to obtain 0.8 Sv. Similarly, we compute the difference in ventilated water in 349 

winter between HisHos-HisCon and FutHos-FutCon and multiply it by   λ . We obtain 0.5 Sv 350 

in this second case. The residual of 0.2 Sv, due to not accounted processes by our simple 351 

bilinear model, remains moderate (around 13% of error). Thus, we obtain that around 62 ± 352 

8% of the differences between historical and projection sensitivity is due to gyre asymmetry 353 

and 38 ± 8% to decrease in deep ventilation.  354 

Moreover, according to all the former analyses, we notice that the impact of each 355 

process is model dependent. Indeed, we can say that the reduction of sensitivity of the AMOC 356 

is mainly lead by ventilation saturation process in IPSLCM5 while changes in freshwater 357 

leakage may have played a large role in BCM2, HadCM3 and EC-Earth. Changes in 358 

sensitivity remain very modest in MPI-ESM.   359 



 16 

Nevertheless, the limits of the present bilinear model should be kept in mind, notably 360 

associated with the small sample size (only 11 points). For instance, removing ORCA05, an 361 

ocean-only model that has been applied only under historical climate conditions, from the 362 

bilinear model affects the results slightly. In that case we found 𝜆 = 0.34 nHz and 𝜇 = 1.77 363 

Sv/°Lat, with an r2=0.75. Nevertheless, this does not change much the main conclusions (the 364 

proportions are in that case of 65% and 35% for the asymmetry and ventilation changes 365 

respectively) from this approach, which still relies on strong hypotheses (linearity, link 366 

between AMOC and ventilation and gyre asymmetry, independence of the two processes…) 367 

and small sampling. Removing other models one by one also leads to very similar coefficients 368 

and correlation (standard deviation lower than 20% for both coefficients).  369 

Impact on SST 370 

The impact of freshwater input on SST is shown in Fig. 7 (right panels). The dominant 371 

fingerprints in the different models, represented by the multi-model mean (Fig. 7.l), exhibit a 372 

similar pattern as under present-day conditions (S2013), with a pronounced cooling of the 373 

Atlantic between 0 and 60°N and slight warming in the Nordic Seas and in some parts of the 374 

Arctic Ocean. The large-scale cooling of the Atlantic is related to two factors: (i) the decrease 375 

in northward heat transport (by more than 0.05 PW at 26°N) associated with the AMOC 376 

decline to the imposed GIS melt water as described above, as well as (ii) changes in the local 377 

stratification due to the decrease in SSS related to the freshwater release (cf. Swingedouw et 378 

al. 2009). The latter is the case along the Canary Current, which shallows the mixed layer 379 

depth and lowers the vertical heat exchanges.   380 

The continuing advection of subsurface warm Atlantic water masses emerges as warm 381 

anomalies in the Nordic Seas, while the fresh water cap isolates the subsurface Atlantic flow 382 

from surface conditions. These Atlantic waters are neither ventilated nor cooled in the 383 
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subpolar gyre, since the freshwater hinders exchange with the surface, which would deliver 384 

the heat into the atmosphere. Hence the heat excess re-emerges as a heat anomaly in the 385 

Nordic Seas during winter when the mixed layer reaches this Atlantic waters layer. This 386 

process already noted in historical conditions (S2013) is still at play in the projections as 387 

illustrated in Fig. 6. 388 

Conclusions 389 

In this study we have assessed the impact of a strong Greenland ice sheet (GrIS) melting of 390 

0.1 Sv during 40 years on the AMOC under the strong warming scenario RCP8.5 with a multi-391 

model ensemble. None of the models used here simulates a complete shutdown of the AMOC 392 

by the applied freshwater discharge, which mimics a high-end melt scenario of the Greenland 393 

ice sheet (GrIS). Instead, we uncovered a moderate additional decrease of the AMOC at 26°N 394 

of 1.1 ± 0.6 Sv after 40 years of 0.1 Sv hosing between 2050 and 2089 (FutHos) as compared 395 

to the experiments with no additional hosing (FutCon). This impact is however reduced 396 

compared to identical hosing simulations under recent historical climate conditions. In 397 

addition we have identified a reduced model ensemble spread in the response.  398 

We explain this reduced sensitivity compared to recent historical climate conditions by 399 

two main processes. The first one is the decoupling between the surface and the deeper ocean 400 

that occurs in the projections across all models. Stratification increases because the surface 401 

temperature warms faster than in the layers below. This mitigates the potential effect of any 402 

additional freshwater input. Nevertheless, this further weakening of the AMOC related to 403 

GrIS melting is associated to a decreasing oceanic heat transport. This impacts the meridional 404 

temperature gradient and potentially the localisation of the large-scale climatic structures, in 405 

the tropical Atlantic in particular. The second process is related with changes in the mean 406 

barotropic circulation in the North Atlantic in the projections compared to historical 407 
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conditions. This induces a weakening in the freshwater leakage; a process by which the fresh 408 

water released around Greenland is removed from the subpolar gyre through the southward 409 

flowing Canary Current. Using a very simple conceptual bilinear model calibrated over the 410 

whole pool of simulations, we find that around 62 ± 8% of the lower AMOC sensitivity is 411 

related with changes in gyre asymmetry and 38 ± 8% is due to the reduced ventilation in 412 

projections as compared to historical simulations. 413 

We argue that more realistic simulations in term of GrIS melting, including iceberg 414 

melting location, will help to better estimate its future impact on the AMOC. Here we have 415 

shown that this impact in projections may be weaker than anticipated from historical (and 416 

potentially preindustrial) climate simulations. 417 
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 S2013 This paper 

 Control Hosing Control Hosing 
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forcings 1850-

2005 

Historical 
forcings plus 0.1 
Sv hosing 1965-

2004 

RCP8.5 (A1B for 
BCM2) forcings – 

2006-2100 

RCP8.5 forcings 
plus 0.1 Sv hosing 

2050-2089 

Designation HisCon HisHos FutCon FutHos 

 520 

Table 1: Description of the main simulations discussed in this paper and in S2013 (Swingedouw et al 521 
2013) 522 

  523 
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 610 

Figure 1: Temporal evolution of a) global mean 2-meter air temperature and b) AMOC maximum at 611 
26°N in the different models for the FutCon (solid) and FutHos (dashed) simulations. c) Differences in 612 
AMOC maximum at 26°N between melt water impact and control simulations (FutHos - FutCon) over 613 
the period 2050-2089. A 10-year running mean filter has been applied to all the time series. The 614 
AMOC estimate at 26°N from Kanzow et al. (2010) for the period 2004-2008 is represented as grey 615 
cross in panel b). Error bars in panel c) represent two standard deviations of the AMOC computed 616 
from the HisCon simulations (Swingedouw et al., 2013: S2013).  617 

 618 
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 619 

Figure 2: Density profiles in the historical (HisCon) and projection simulations (FutCon) in standard 620 
configuration (i.e. without additional FW hosing) averaged over 40 years of simulations (1965-2004 621 
for historical and 2050-2089 for projection simulations) and for the Levitus (1998) climatology for the 622 
North Atlantic region (70°E-20°W; 45°N-80°N). a) HadCM3, b) IPSLCM5, c) MPI-ESM, d) EC-623 
Earth and e) BCM2.  624 
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 625 

Figure 3: Differences in the annual maximum of the mixed layer depth between FutHos and FutCon 626 
experiments averaged over the 4th decade (2080-2089) for the different models (unit: meter). Black 627 
contoured lines are annual maximum of the mixed layer depth over the period 2050–2089 in the 628 
FutCon experiments and the green contour lines in the HisCon simulations over the period 1965–2004. 629 
The colour interval is 200 m and the contour line interval is 500 m. The red line represents the annual 630 
mean sea-ice edge (defined as the 50 % coverage) averaged over the years 2050-2089 of the FutCon 631 
experiments.  632 
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 633 

 634 

Figure 4: Volume of water ventilated in the North Atlantic (in 1015 m3) defined as the volume of water 635 
included in the mixed layer in winter when this layer is deeper than 300 m (running mean of 10 years). 636 
a) historical simulations with HisCon in solid lines and HisHos in dashed lines. And b) projections 637 
with FutCon in solid lines and FutHos in dashed lines. 638 
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 639 

Figure 5: Density differences between historical and RCP8.5 for the top 1000 meters minus density 640 
below 1000 meters averaged over the North Atlantic region (70°E-20°W; 45°N-80°N) as represent in 641 
Fig. 2 for the different models and the ensemble mean (column total). A linearization of density with 642 
respect to salinity and temperature has been done. The blue and red bars correspond to the haline and 643 
thermal components respectively, while the black line is the total density changes . All these 644 
contributions are expressed in kg/m3.  645 

!0,05%

0%

0,05%

0,1%

0,15%

0,2%

0,25%

0,3%

HadCM3% IPSLCM5% MPI!ESM% EC!Earth% BCM2% Total%

Density%difference%

Haline%contribuDon%

Thermal%contribuDon%

kg
/m

3%

Change%in%straDficaDon%in%the%North%AtlanDc:%FutCon!HisCon%



 32 

 646 

Figure 6: Sea surface salinity (SSS) changes in the different projections without GrIS melting 647 
averaged over the years 2050-2089 as compared to SSS in historical simulations averaged over years 648 
1965-2004 (cf. S2012). a) HadCM3, b) IPSLCM5, c) MPI-ESM, d) EC-Earth and e) BCM2. The 649 
colour interval is 0.2 psu. These changes reflect the influence of the enhanced hydrological cycle.  650 
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 651 

Figure 7: Sea surface salinity (SSS) (left) and sea surface temperature (SST) (right) difference 652 
between FutHos and FutCon experiments averaged over the 4th decade (2080-2089) for the different 653 
models (a-e and g-k). Only the 95% significant anomalies following a student t-test are shown. The 654 
colour interval is 0.2 PSU for SSS and 0.2°C for SST. The ensemble mean is shown in f) for SSS and 655 
in l) for SST. 656 
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 657 

Figure 8: Time evolution of the ensemble mean of differences in the AMOC maximum at 26°N 658 
between hosing and control simulations for the 5 coupled models considered here. The overlap 659 
represents the two-sigma uncertainty or spread among the models. In red is the ensemble mean for the 660 
FutHos-FutCon and in black is HisHos-HisCon. 661 
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 662 

Figure 9: AMOC changes versus density changes in the North Atlantic (70°E-20°W; 45°N-80°N)  663 
averaged from the top to the bottom; 4th decade mean. The AMOC changes are defined as the 664 
difference between the melt water impact and control projections for the AMOC maximum at 26°N. 665 
The black lines are a least squares linear regression made with the 11 couples of simulations (r2=0.85, 666 
p<0.01).  667 
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 674 

Figure 10: North Atlantic density changes averaged over the whole column for the last decade a) 675 
HisHos-HisCon and b (FutHos-FutCon). A linearization of density with respect to salinity and 676 
temperature has been done. The blue and red bars correspond to the haline and thermal components 677 
respectively, while the black line is the total density changes while the grey line is the linearized 678 
density changes (sum of haline and thermal component) . All these contributions are expressed in 679 
kg/m3. The columns total stands for the ensemble mean of all the coupled simulations (excluding 680 
ORCA05 for a). 681 
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 687 

Figure 11: Same as Fig. 9 but between deep-water ventilation and AMOC changes at 26°N. 688 
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 689 

Figure 12: Figure updated from S2013 with projections and impact simulations (FutCon and FutHos) 690 
presented in this paper. a) AMOC changes versus ‘‘freshwater leakage’’ (FW leakage) averaged over 691 
the 4th decade. The AMOC changes are defined as the difference between the melt water impact and 692 
control projections for the AMOC maximum at 26°N. FW leakage is defined as the averaged salinity 693 
anomaly over the region 20°S–50°N, 50°W–20°E up to 1,000 m depth for the 4 decade. The black 694 
lines are a least squares linear regression made with the 11 couples of simulations (r2 = 0.47, p<0.05). 695 
b) same as a) but for the AMOC changes at 26°N versus the slope of the gyres (r2 = 0.77, p<0.01) 696 
computed from a linear regression of the zero line of the barotropic stream function between 45°W–697 
15°W and 40°N–50°N expressed in degrees of latitude for 10° of longitude. The x and y error bars at 698 
the end of each time series represent two standard deviations computed in the control simulations. The 699 
horizontal squares stand for the new simulations presented in this paper, while the diamonds are the 700 
simulations points from S2013 (cf. their Fig. 8).  701 
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 702 

Figure 13: Difference in wind stress curl (related to Ekman pumping) between control projection 703 
(FutCon, 2050-2089) and control historical (HisCon, 1965-2004) experiments averaged over the four 704 
decades for the different models (unit: m/yr). Contoured lines are the wind stress curl averaged over 705 
the period 1964–2004 in the control historical simulations (HisCon, convention for the lines as above). 706 
a) HadCM3, b) IPSLCM5, c) MPI-ESM, d) EC-Earth and e) BCM2. The colour interval is 2 m/yr and 707 
the contour line interval is 10 m/yr. 708 
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 709 

Figure 14: Difference in barotropic stream function between control projection (FutCon, 2050-2089) 710 
and control historical (HisCon, 1965-2004) experiments averaged over the four decades for the 711 
different models (unit: Sv). Contoured lines are the barotropic stream function averaged over the 712 
period 1964–2004 in the control historical simulations (HisCon, convention for the lines as above). a) 713 
HadCM3, b) IPSLCM5, c) MPI-ESM, d) EC-Earth and e) BCM2. The colour interval is 1 Sv and the 714 
contour line interval is 5 Sv. 715 
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 716 

Figure 15: Similar to Fig. 9 but here the changes in AMOC at 26°N are plotted versus the results of the 717 
bilinear model including changes in ventilation and gyre asymmetry. 718 


