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Abstract 

Contemporary observations show an increase in the melting of the Greenland Ice 

Sheet (GrIS) since the early 21st century. Located near the critical sites of oceanic deep 

convection and deep water formation, the melting of the GrIS has the potential to directly 

impact the Atlantic Meridional Overturning Circulation (AMOC) by freshening ocean surface 

waters in these regions. The majority of the Coupled Model Intercomparison Project Phase 

5 (CMIP5) models project a decline in AMOC strength by 10–50% during the 21st century, in 

response to the increase in atmospheric greenhouse gas (GHG) concentrations. However, 

due to the simple treatment of polar ice sheets and the lack of a dynamical ice sheet 

component in these models, these projections likely underestimated the impacts of the GrIS 

melt, leading to uncertainty in projecting future AMOC evolution and climate change around 

Greenland.  

To better understand the impact of the GrIS melt on the AMOC, we perform a series 

of 21st century projection runs with a state-of-the-art Earth System Model – GFDL ESM2Mb.  

We consider a medium and a high Representative Concentration Pathway (RCP) scenario 

(RCP4.5 and RCP8.5, respectively). Unlike the CMIP5-standard RCP runs which included only 

radiative forcing, the new model experiments are also forced with additional and potentially 

more realistic meltwater discharge from the GrIS. This meltwater discharge is estimated 

based on a model-based relationship between the GrIS surface melt and the 500hPa 

atmospheric temperature anomalies over Greenland. 

The model simulations indicate that compared to the RCP4.5-only and RCP8.5-only 

projections, the additional melt water from the GrIS can further weaken the AMOC, but with 

a relatively small magnitude. The reason is that radiative forcing already weakens the deep 
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convection and deep water formation in the North Atlantic, therefore limiting the magnitude 

of further weakening of AMOC due to the additional meltwater. The modeling results suggest 

that the AMOC’s sensitivity to freshwater forcing due to the GrIS melt is highly dependent on 

the location and strength of oceanic deep convection sites in ESM2Mb as well as the 

pathways of the meltwater towards these regions. The additional meltwater contributes to 

the minimum surface warming (so-called “warming hole”) south of Greenland. These 

simulations with ESM2Mb contribute to the Atlantic Meridional Overturning Circulation 

Model Intercomparison Project (AMOCMIP), a community effort between international 

modeling centers to investigate the impacts of the melting of the GrIS on the AMOC and 

quantify the associated uncertainty. 
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Chapter 1 
 

Introduction 

The Atlantic Meridional Overturning Circulation (AMOC) plays a critical role in 

Earth’s climate system. This giant ocean circulation transports warm and salty waters in the 

upper ocean from low latitudes to the Labrador and Greenland–Iceland–Norwegian (GIN) 

Seas where the waters are cooled through atmosphere–ocean interactions, become dense, 

and sink to great depths. The deep convection in the Labrador and GIN Seas results in the 

formation of North Atlantic Deep Water (NADW) which flows southward toward the 

Southern Ocean at depth. The northward heat transport by the AMOC of up to 1.3PW (1PW 

= 1015 watts) of heat is responsible for the relatively mild winters experienced in northwest 

Europe.1-4 The AMOC influences the surface temperature in the subpolar North Atlantic and 

surrounding regions. Changes in its strength have been linked to significant deviations in 

regional sea level rise along the North American coast from the global mean, as well as 

alterations in monsoonal rainfall and carbon storage in the American Tropics.5,6  

Continuous observations of the AMOC at 26°N as part of the United Kingdom and 

United States led Rapid Climate Change / Meridional Overturning Circulation and Heat Flux 

Array (RAPID–MOCHA) project have revealed a decline in strength of the AMOC of 

approximately 0.5Sv yr-1 (1Sv = 106m3 s-1) since monitoring began in 2004, although it is 

unclear about the relative contributions of internal variability and external forcing to this 

decline.1,4 A significant 30% downturn of AMOC observed in 2009 – 2010 has been linked to 

an extreme interannual sea level change event along the East Coast of the United States, 
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resulting in some minor coastal flooding.6 This significant slowdown event also played a role 

in the severe winter weather conditions experienced over northwestern Europe and a quite 

active Atlantic hurricane season in 2010.3 While direct and continuous observations of the 

AMOC only extend back to 2004, a recent proxy based reconstruction suggests that there has 

been a long-term slowdown of the AMOC during the 20th century, resulting in a notable 

“warming hole” south of Greenland.7 

Furthermore, abrupt climate change events in the past known as Dansgaard–

Oeschger (D/O) and Heinrich events have been linked to changes in the strength of the AMOC 

as a response to freshwater forcing in the high northern latitudes.8,9 It is well known from 

paleo proxy evidence as well as from the results of various modeling studies that the AMOC 

is sensitive to freshwater input in the subpolar North Atlantic – particularly in the Labrador 

and GIN seas where oceanic deep convection occurs.8,10. Freshwater input in these regions 

has the potential to reduce surface water density, inhibit deep convection and thus reduce 

the formation of NADW. Being located in close proximity to the Labrador and GIN seas, the 

addition of meltwater from the GrIS has the potential to impact AMOC strength in the future. 

The GrIS holds up to 7 meters sea level equivalent of freshwater and has been losing 

mass at an accelerating rate since the mid-1990s.11-14 According to the latest IPCC report, the 

average rate of ice loss has increased from 34 [-6 to 74]Gt yr-1 (1Gt = 109 tons) over the period 

1992 to 2001 to 215 [157 to 274]Gt yr-1 between 2002 – 2011. This mass loss is partitioned 

in similar amounts between increases in surface melt as well as ice discharge across the 

grounding line.11 As the Arctic continues to warm, mass loss from the GrIS is projected to 

increase, yet how this additional freshwater will impact AMOC in the future is highly 

uncertain.11  
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This is due in part to the limited knowledge of the processes controlling the observed 

GrIS mass loss, with high resolution ice discharge observations only extending back to 

2000.15 The estimates of runoff from the entire ice sheet are generally derived from the 

output of high resolution regional climate models.14-18 The lack of a fully coupled dynamical 

ice sheet component in global climate models (GCMs) prevents the investigation of this 

relationship in future projections. Previous modeling studies have attempted to address this 

uncertainty by carrying out the so-called “hosing” experiments, in which a region in the 

subpolar North Atlantic is flooded with a prescribed flux of freshwater under a future 

warming scenario.10,19-30 Most of these are highly idealized studies with  results ranging from 

no impact to a significant additional decline in AMOC strength by the end of the 21st century, 

in response to the additional freshwater forcing on top of the increasing GHG concentrations. 

These studies differ in terms of the region, magnitude and timing of the freshwater forcing, 

as well as the models used.  

In order to fully assess the role that additional meltwater from the GrIS may play in 

future AMOC strength, it is necessary to include more realistic estimates of freshwater fluxes 

from the GrIS in climate model simulations. This study applies a recent method to estimate 

future meltwater fluxes from the GrIS. This method is based on a significant correlation 

between GrIS surface runoff and the 500hPa summer atmospheric temperature anomalies 

over Greenland. Using this method, the present study differs from previous idealized 

“hosing” experiments, by inclusion of spatially and temporally varying meltwater fluxes from 

the GrIS. The freshwater fluxes estimated using this method are used to force a state-of-the-

art Earth system model – GFDL ESM2Mb. The goal is to investigate the future impact of this 

additional meltwater from the GrIS on AMOC strength under a medium (RCP4.5) and a high 
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(RCP8.5) emissions scenario. The results presented here investigate the potential 

mechanisms at play in determining the model simulated response to this additional 

meltwater forcing. These results contribute to the Atlantic Meridional Overturning 

Circulation Model Intercomparison Project (AMOCMIP); a community effort between 

international modeling centers to investigate the impacts of the melting of the GrIS on the 

AMOC and quantify the associated uncertainty. 
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Chapter 2 
 

Methods 

2.1 Model Description 

 The model used in this study is the Geophysical Fluid Dynamics Laboratory’s (GFDL) 

Earth system model - ESM2Mb.31 This model consists of atmosphere, ocean, sea ice and land 

component models, and is very similar to ESM2M described in Dunne et al. 2012.31 The land 

component in ESM2Mb is the Land Model Version 3.0 (LM3.0). The only difference between 

ESM2M and ESM2Mb is the tuning of the biomass in the land model. ESM2Mb uses the same 

tuning parameters as found in ESM2G and produces a more realistic estimate of the globally 

averaged biomass in the terrestrial system. Land ice calving is represented rudimentarily as 

an ice calving term in LM3.0 which supplies icebergs as Lagrangian particles to the ocean 

when snow depth exceeds a critical value on land. The atmospheric component is the 

Atmospheric Model Version 2 (AM2) with 24 vertical levels and a 2° latitude by 2.5° 

longitude horizontal grid. The sea ice component includes full ice dynamics, three-layer 

thermodynamics, and five different ice thickness categories, as well as open water. The ocean 

component is the Modular Ocean Model version 4p1 (MOM4p1) with 50 rescaled 

geopotential coordinate levels in the vertical, a 1° horizontal resolution reducing to 1/3° 

meridionally in the tropics, and a tripolar grid north of 65°N. 
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2.2 Experimental Design 

2.2.1 Freshwater Forcing 

 The freshwater forcing data used in our experiments are constructed according to the 

method by Lenaerts et al. 2015.30 This method is based on the significant correlation found 

between mid-tropospheric (500hPa) summer (June–July–August) temperature anomalies 

and surface runoff from the GrIS using output from the high resolution regional atmospheric 

model RACMO2, forced by the Representative Concentration Pathway 4.5 (RCP4.5) future 

GHG emission scenario.30 It has been shown that RACMO2 forced at its lateral boundaries by 

the ERA – Interim global atmospheric reanalysis data realistically simulates the changes in 

GrIS surface mass balance when compared with satellite observations.14,30 The GrIS is broken 

up into eight basins whose spatial definitions are derived from Wouters et al. 2008 (Figure 

1).32 This represents significant spatial variations in surface runoff from the GrIS as observed 

by GRACE satellites.33 The second-order polynomials reported by Lenaerts et al. 2015, 

determined through correlation of surface runoff and 500hPa temperature anomalies for 

each GrIS basin are used in this study to calculate the prescribed freshwater forcing.  

 The Coupled Model Intercomparison Project Phase 5 (CMIP5) multi-model-

ensemble-mean 500hPa summer temperature anomalies over each GrIS basin (relative to 

average of years 1971–2000 in the historical run) are calculated for a medium (RCP4.5) and 

a high (RCP8.5) emissions scenario. The resulting annual time series for each basin as well 

as over the entire ice sheet are shown in Figures 2 and 3. These temperature anomalies are 

used to calculate the runoff in each basin during the 21st century using the parameterization 

described above. The baseline freshwater flux is calculated as the monthly mean of ice 

calving and runoff from the GrIS for the 1971–2000 historical period. The 21st century runoff 
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projection is then added to the baseline flux for each of the eight basins as shown in the flow 

chart in Figure 4, resulting in the prescribed freshwater forcing for the two scenarios (Figure 

5). Due to the limited observations of ice calving around Greenland and the inability to 

project its long-term trends, ice calving is assumed unchanged in our experiments and the 

baseline value determined from the monthly means of the 1971-2000 historical period are 

imposed each year in the 21st century projections. For each basin, the prescribed freshwater 

flux is equally distributed into the coastal grid cells on ESM2Mb’s ocean grid. A constant 

seasonal runoff cycle is imposed for each basin for the entire period, with the majority of the 

runoff entering the ocean during June, July and August in agreement with observations.14  

 Figure 6 shows the total freshwater forcing used in the two experiments, amounting 

to an annual average of 0.04 and 0.06Sv by the end of the 21st century for RCP4.5 and RCP8.5, 

respectively. These values are approximately double the simulated values in the RCP4.5-only 

and RCP8.5-only experiments. The largest runoff contribution comes from the southern 

sectors of the ice sheet, with the southeast and southwest basins accounting for 

approximately 40% of the total of the freshwater flux by year 2100. The northern and 

southwestern basins, Basins 1 and 6, experience the greatest rate of change over the course 

of the 21st century which is consistent with recent findings that these regions could have the 

highest sensitivity of changes in surface mass balance to increasing temperatures.33 While 

both observations and the model simulated freshwater flux shows a high level of interannual 

variability, the freshwater forcing data used here is smoothed. This is because the baseline 

freshwater forcing is an average of the 1971–2000 ESM2Mb historical freshwater flux, and 

the future GrIS runoff projection is based on the CMIP5 multi-model-ensemble-mean 

temperature anomalies with a 20-year running mean applied to the data. 
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 The simulated freshwater flux in Figures 5 and 6 under the RCP4.5 and RCP8.5 

projections shows little to no trend due to the lack of a dynamical ice sheet component, 

resulting in an underestimation of the freshwater flux from the GrIS. Any ice sheet melt 

simulated in ESM2Mb refreezes and is not allowed to enter the ocean, thus any runoff 

entering the ocean is due to the melting of snow on top of the ice sheet. This method is in 

contrast to reality in which an ice sheet melts in response to climate and the portion of 

meltwater which does not refreeze eventually flows into the surrounding oceans. Any trend 

observed in the RCP4.5 and RCP8.5 freshwater forcing is due to changes in the ice calving 

term. This term delivers excess solid precipitation exceeding 20cm water equivalent over 

the ice sheet to the surrounding oceans. It is also important to note that the relatively course 

resolution of ESM2Mb limits the representation of topography on the GrIS. The meltwater 

from snow on the ice sheet is delivered directly to the closest ocean grid cell; no realistic 

meltwater routes via rivers are simulated. 

  

2.2.2 Model Runs 

 The experiment (RCP4.5+GrIS) indicates the projection under the RCP4.5 scenario 

with the additional GrIS freshwater forcing. RCP4.5 is a mid-range emission scenario which 

results in a radiative forcing of ~4.5 W m-2 by year 2100, relative to pre – industrial 

conditions. Similarly, the experiment (RCP8.5+GrIS) indicates the projection under the 

RCP8.5 scenario with the additional GrIS freshwater forcing data. RCP8.5 is a high emission 

scenario which results in a radiative forcing of ~8.5 W m-2 by year 2100, relative to pre–

industrial conditions. 
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 To avoid double counting freshwater coming from the GrIS in the RCP4.5+GrIS and 

RCP8.5+GrIS experiments, a mask was designed and implemented in the land component of 

ESM2Mb which zeroed out any liquid (runoff) or solid (ice calving) freshwater flux coming 

from the GrIS (Figure 7a). The freshwater forcing data was then imposed as a monthly 

precipitation minus evaporation (PME) flux correction in the MOM4p1 ocean surface 

boundary conditions, replacing the modeled freshwater flux, which is shown as the black 

curves in Figures 5 and 7. The freshwater entering the ocean as this PME flux is assumed to 

be the ocean surface temperature, resulting in zero heat flux associated with the additional 

meltwater. The spatial extent of the freshwater forcing imposed can be seen in Figure 7b. 

The wide extent of the freshwater forcing is due to the icebergs represented in the ice calving 

term which are allowed to drift away from the ice sheet prior to melting. The freshwater flux 

from drifting icebergs is very small compared to the coastal and near-coast freshwater flux 

from runoff and iceberg melt.  

 In our analysis, the results of the RCP4.5+GrIS and RCP8.5+GrIS experiments are 

compared to those of the control, historical, RCP4.5-only and RCP8.5-only experiments 

without the additional meltwater. The control simulation is run under constant 

concentrations of atmospheric GHGs including CO2, unperturbed land use and non-evolving 

emissions of natural aerosols. The control simulation serves as an estimation of unforced 

climate variability as well as the baseline for comparison of the historical and future scenario 

experiments. The historical simulation (1860–2005), is forced with evolving conditions 

consistent with observations including atmospheric CO2 concentrations from both natural 

(e.g., volcanic) and anthropogenic sources, solar forcing, land use change and concentrations 
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of atmospheric aerosols. The RCP4.5-only and RCP8.5-only projection experiments are a 

continuation of the historical simulation under the 21st century climatic forcing. 
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Figure 1. The Greenland Ice Sheet basin definitions used in this study as previously defined 

according to GRACE estimates.33 
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Figure 2. Multi-model-ensemble-mean CMIP5 RCP4.5 and RCP8.5 temperature changes 

over the 8 different Greenland basins for the period 2006-2100 compared to the reference 

period 1971-2000. 
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Figure 3. Average of the multi-model-ensemble-mean CMIP5 RCP4.5 and RCP8.5 summer 

(June–July–August) temperature change over the entire GrIS for the period 2006–2100 

compared to the reference period 1971–2000. 
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Figure 4. Summary of the calculation of the freshwater forcing for the RCP4.5+GrIS and 

RCP8.5+GrIS experiments in this study. The final freshwater forcing is a summation of 

ESM2Mb’s baseline freshwater flux and the projected runoff under each scenario. 
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Figure 5. Freshwater forcing contribution for each of the 8 basins of the GrIS for the 2006-

2100 period for the RCP4.5+GrIS (a) and RCP8.5+GrIS (b) experiments compared to the 

freshwater forcing from the respective RCP-only experiments. Coastal cells corresponding 

to each basin are highlighted in the inset. Note different axes used in basin 5 in Figure (a) 

and 1, 5, and 6 in Figure (b). 

b.) 
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Figure 6. Annual mean of the total freshwater discharged from the GrIS for the experiments 

considered in this study. The RCP4.5+GrIS experiment is shown in (a) and RCP8.5+GrIS is 

shown in (b). Total discharge is calculated as the sum of the solid and liquid discharge 

leaving the ice sheet and entering the ocean from each basin. The blue bar in the figure is the 

average of the sum of the ice calving observations and ice sheet wide runoff estimated from 

RACMO2.3 for the 2000–2012 period to provide an idea of how our forcing and the model 

simulated freshwater flux compare to observations. 

b.) 

a.) 
a.) 
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Figure 7. (a) Greenland Ice Sheet mask implemented in ESM2Mb’s land model which zeroes 

out any liquid or solid freshwater discharge from the shaded area. (b) Region where the 

freshwater from the Greenland Ice Sheet is added to ESM2Mb’s MOM4p1 ocean model. The 

light gray area is freshwater forcing away from the ice sheet which is due to the drifting of 

icebergs accounted for in the model’s ice calving term representing solid ice discharge. 

Majority of the freshwater enters directly into the coastal cells shown in blue. 

a.) 

b.) 
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Chapter 3 

 

Results 

3.1 Response of the AMOC to Greenland Meltwater 

 Figure 8 shows the time evolution of the annual AMOC index for the two freshwater 

perturbation experiments carried out in this study, RCP4.5+GrIS and RCP8.5+GrIS. The 

AMOC index is defined as the maximum value of the meridional overturning stream function 

below 500m depth at 45°N in the Atlantic Ocean. The stream function, Ψ, is defined as the 

zonally integrated volume flux as a function of latitude and depth as illustrated in the 

following equation, 

                                                 Ψ (𝑦, 𝑧, 𝑡) =  ∫ ∫ 𝑉 (𝑥, 𝑦, 𝑧, 𝑡)𝑑𝑥𝑑𝑧
𝑒𝑎𝑠𝑡 

𝑤𝑒𝑠𝑡

0

𝑧
                                                (1) 

where x is the longitudinal (zonal) direction, y is the latitudinal (meridional) direction, z is 

the ocean depth in meter (m), t is time in second (s), and V is the meridional velocity 

component in m s-1.  

The time series of the annual AMOC index at 45°N for the control, historical, RCP4.5-

only and RCP8.5-only experiments are also shown in Figure 8. It is worth noting that the 

observed AMOC strength at 26.5°N from the RAPID-MOCHA project averaged over the past 

ten years of observations is 18.5[± 4.9]Sv. Compared to the long-term control simulation, the 

AMOC at 45°N decreases in strength from 25.5[±1.6] to 22.9[±0.9]Sv by the end of the 

historical period (years 1986-2005). The projections under the RCP4.5-only and RCP8.5-

only scenarios, results in a further decline in AMOC strength by the end of the 21st century 
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to 18.7[±1.4] and 13.7[±0.7]Sv respectively. These additional reductions by 18% and 40% in 

AMOC strength when compared to the last twenty years of the historical run are in response 

to changes in the radiative forcing alone and do not include additional meltwater from the 

GrIS. When the additional meltwater from the GrIS is considered as in the RCP4.5+GrIS and 

RCP8.5+GrIS experiments, the AMOC strength further declines by an additional 7% and 10%; 

reducing to 16.9[±1.4]  and 12.7[±1.0]Sv relative to the respective RCP-only experiment. This 

decline in AMOC strength in response to the additional GrIS meltwater, although small in 

magnitude, is significant at the 95% confidence level, suggesting a more realistic 

representation of the meltwater from the GrIS is important to project ocean climate change 

in the North Atlantic and around Greenland. 

 The AMOC annual time series for RCP+GrIS experiments do not begin to diverge from 

the AMOC index of the RCP-only experiments until the second half of the century, around 

year 2055 for the RCP8.5+GrIS experiment and around year 2060 for the RCP4.5+GrIS 

experiment. It is at these years in both experiments when the freshwater forcing reaches 

0.035Sv, with the RCP4.5+GrIS experiment reaching this value 10 years later due to its 

smaller rate of increase in the freshwater forcing as seen in Figure 6. An increase in the 

decadal variability is observed after this point in the AMOC index of the RCP4.5+GrIS 

experiment compared to the RCP4.5-only run. This increase in variability is not seen when 

comparing the RCP8.5-only and RCP8.5+GrIS experiments. 

The time series of annual surface total freshwater flux is shown in Figure 9. The 

surface freshwater flux is defined by solid and liquid precipitation, runoff, ice calving, 

freshwater from sea ice formation and melt, the imposed freshwater forcing from the GrIS 

and freshwater loss through evaporation. The region chosen for analysis encompasses the 
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entire area surrounding the GrIS, including the subpolar gyre and all deep water formation 

regions. For both the RCP4.5+GrIS and RCP8.5+GrIS experiments, the additional meltwater 

from the GrIS remains statistically insignificant until the second half of the 21st century.  

 It is interesting that the time series of surface freshwater flux for the forcing 

experiments begins to diverge from the time series of the RCP-only experiments at the same 

time that the AMOC time series begin to diverge. This pattern suggests a link between AMOC 

strength and a potential critical threshold for meltwater from the GrIS to have an impact. It 

is also clear from Figures 8 and 9 that the response to freshwater forcing is nonlinear; the 

change in surface flux due to the meltwater is not proportional to the additional decline in 

AMOC strength.  An increase in 0.03Sv surface freshwater flux in the RCP4.5-only experiment 

results in a decrease of 6.3Sv in AMOC strength compared to the control simulation. Yet when 

the surface freshwater flux is increased by 0.03Sv between the RCP4.5-only and RCP4.5+GrIS 

experiment, a drop in strength of only 1.8Sv is observed in the AMOC response. This same 

non linearity is observed when comparing the RCP8.5-only and RCP8.5+GrIS experiments. 
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Figure 8. Time evolution of the annual AMOC index for the RCP4.5 experiments (a) and 
RCP8.5 experiments (b) compared to the control simulation. The AMOC index is defined here 
as the maximum of the meridional overturning streamfunction at 45°N in the Atlantic Ocean, 
excluding the shallow wind driven overturning near the surface. The 10 year running mean 
is shown as thick lines in the figures. 

  

a.) 

b.) 



30 
 

 

Figure 9. Time evolution of the annual surface freshwater flux in the region enclosed by 
70°W–30°E and 40°N–90°N in the RCP4.5 (a) and RCP8.5 (b) experiments compared to the 
control simulation. The 10 year running mean is shown as thick lines in the figures. 

a.) 

b.) 
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3.2 Changes in Oceanic Deep Convection 

 Figure 10 shows the long-term annual mean mixed layer depth for the control and 

the last 20 years (2081-2100) of RCP-only experiments. The mixed layer is defined as the 

surface layer with relatively well mixed properties due to the stirring of surface winds and 

buoyancy flux. In ESM2Mb the mixed layer depth is calculated as the depth where the 

buoyancy difference with respect to the ocean surface is equal to a critical buoyancy value of 

0.0003m s-2; thus it is defined as the thickness of water in meters above this level. The 

calculation of buoyancy flux will be discussed later. Oceanic deep water formation occurs in 

regions of maximum mixed layer depth due to the vertical exchange (convection) of sea 

water associated with sharp density gradients between the surface and deep waters. In the 

control simulation, strong deep convection takes place at three sites in the high northern 

latitudes: (1) the Labrador Sea, (2) south of Iceland, and (3) the GIN Seas just south of 

Spitsbergen. The convection sites in the Labrador Sea and South of Iceland are characterized 

by maximum annual mean mixed layer depths of ~750m  and ~850m, respectively, while 

the convection site in the GIN Sea is shallower with a maximum annual mean mixed layer 

depth of  ~700m.  

 The deep convection in the Labrador Sea weakens significantly in RCP4.5-only and 

RCP8.5-only by the middle of the 21st century. By the end of the 21st century, the deep water 

formation in the Labrador Sea shuts off (Figure 10). The convection south of Iceland 

significantly weakens as indicated by the shallowing of the mixed layer depth from a 

maximum of ~900m to a maximum of ~600m under RCP4.5-only and ~400m under RCP8.5-

only. The convection in the GIN seas also significantly weakens by the end of the 21st century; 

with the mixed layer depth decreasing from ~700m to ~400m and 350m for the two 
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scenarios, respectively. The results indicate that there is a significant decrease in strength of 

convection at the three regions of oceanic deep water formation even when only radiative 

forcing is considered in the future scenarios. This largely limits further weakening of 

convection after additional freshwater is input.  Therefore, radiative forcing alone under 

RCP4.5 and RCP8.5 is enough to reduce the regions of oceanic deep convection sites from 

three to two, eliminating deep water formation in the Labrador Sea and significantly 

reducing the strength of AMOC’s lower limb. This baseline weakened state of oceanic deep 

convection around the GrIS is important to interpreting the cause of the relatively small 

AMOC response to the additional meltwater from the GrIS in the RCP+GrIS experiments 

compared to the RCP-only runs (Figure 8). 
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Figure 10. Annual average mixed layer depth in meters as defined by density criteria in 
ESM2Mb for (a) the control simulation, and years 2081-2100 of the (b) RCP4.5-only and 
(c) RCP8.5-only experiments. 

  

c.) 

a.) 

b.) 
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3.3 Response of Surface Air Temperature 

 Figure 11 shows the annual surface air temperature (SAT) anomalies for the RCP-

only and RCP+GrIS experiments for the average of the last 20 years of the experiments (years 

2081-2100). The additional meltwater from the GrIS results in a significant cooling in SATs 

around the GrIS with very similar patterns under the RCP4.5+GrIS and RCP8.5+GrIS 

scenarios compared to their respective RCP-only experiments. Under both scenarios, 

maximum cooling occurs south of Greenland in the subpolar gyre and northwest of Iceland. 

The anomaly for the set of RCP8.5 experiments shows a significant cooling over the GrIS 

itself. With the inclusion of GrIS meltwater, the average annual temperature in the subpolar 

gyre region reduces by 1.2°C (RCP4.5+GrIS) and 1.0°C (RCP8.5+GrIS), with respective 

maximum cooling of 2.2°C and 1.5°C in this region. These changes lead to a minimum 

warming or even a net cooling (i.e., warming hole) south of Greenland during the 21st 

century. The region northwest of Iceland cools by 1.1°C (RCP4.5+GrIS) and 1.3°C 

(RCP8.5+GrIS), with maximum values of 1.8°C and 1.7°C. Regions of significant cooling 

extend to Northwest Europe, indicating that this additional meltwater has the potential to 

impact future climate in this region. The cooling and warming in the Barents Sea is not 

statistically significant at the 95% confidence level.  
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Figure 11. Annual SAT anomalies for years 2081–2100 between the (a) RCP4.5+GrIS and 
RCP4.5-only experiments and the (b) RCP8.5+GrIS and RCP8.5-only experiments. Negative 
values (blue) indicated a net average cooling and positive (red) values indicated a net 
average warming. Shaded areas are statistically significant at the 95% confidence level. 

a.) b.) 
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3.4 Responses of Ocean Temperature and Salinity  

 The anomalies of the annual sea surface temperature (SST) and sea surface salinity 

(SSS) averaged over the last twenty years (years 2081-2100) for the RCP-only and RCP+GrIS 

experiments are shown in Figure 12. Similar to the SAT anomalies, the additional freshwater 

from the GrIS results in a cooling of the SST south of the GrIS as well as northwest of Iceland 

compared to the RCP-only runs. The subpolar gyre region shows an additional cooling of 

1.0°C (RCP4.5+GrIS) and 0.8°C (RCP8.5+GrIS), with maximum values of 2.4°C and 2.0°C. The 

region northwest of Iceland cools by similar amounts.  

 The additional freshwater from the GrIS also results in a significant freshening of the 

surface waters in the region surrounding the GrIS (Figures 12c and 12d). The largest 

magnitude of freshening occurs directly next to the coast of Greenland, while the majority of 

the freshening is concentrated in the Labrador Sea and subpolar gyre region. The SSS of the 

subpolar region reduces by an average of 0.5PSU and 0.6PSU by the end of the 21st century 

due to the additional meltwater from the GrIS in the RCP4.5+GrIS and RCP8.5+GrIS 

experiments. In both scenarios the freshening anomalies extend south of 50°N and towards 

the coastal regions of northwest Europe.  

 A very different response to the meltwater is observed in the subsurface layer which 

can be seen from a comparison of the SST and SSS (Figure 12) anomalies with the 

temperature and salinity anomalies at 300m (Figure 13). In contrast to the significant 

cooling observed at the surface layer in the subpolar gyre region between 50°N and 60°N, a 

warming of ocean waters is observed in this region at 300m depth under both scenarios with 

the region of maximum warming occurring at 50°N. Under both scenarios, a warming of 
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subsurface waters is observed in the Baffin Bay with this anomaly extending into the 

Labrador Sea under the RCP4.5+GrIS scenario. 

 The distinct pattern of freshening observed at the surface (Figure 12c and 12d) 

extending out from the GrIS does not appear at 300m depth (Figure 13). While some 

freshening does occur at 300m under both scenarios, the magnitude is much less than that 

at the surface. A significant increase in salinity at 50°N occurs at 300m in RCP4.5+GrIS 

compared to the RCP4.5-only experiment. This subsurface salinity anomaly occurs in the 

same region that significant subsurface warming is observed.  The magnitudes of the 

subsurface salinity anomalies between the RCP4.5+GrIS and RCP4.5-only experiment are 

greater than that observed when comparing the RCP8.5+GrIS and RCP8.5-only experiments.  

This is more easily seen when comparing the cross section of the salinity anomalies between 

the experiments as shown in Figure 14.   

 A clear increase in salinity is observed between the equator and 50°N within the first 

1500m under the RCP4.5+GrIS experiment, however this strong increase in salinity is absent 

when comparing the RCP8.5+GrIS and RCP8.5-only experiment. A strong freshening is 

observed within the first 300m under both scenarios, with the magnitude of freshening 

greatly decreasing past this point. The freshening anomaly is not only stronger between the 

RCP4.5+GrIS and RCP4.5-only experiments compared to the RCP8.5 set of experiments, but 

the anomalies extend much deeper into the ocean interior, with freshening anomalies 

occurring as deep as 3500m compared to ~1500m for the RCP8.5+GrIS experiment. 
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Figure 12. Annual SST anomalies (a,b) and SSS anomalies (c,d) for the average of the last 
twenty years (2081–2100) between the RCP4.5+GrIS  and RCP4.5-only experiments (a,c) 
and the RCP8.5+GrIS and RCP8.5-only experiments (b,d). Negative values (blue) indicated a 
net average cooling (a,b) and a net freshening (c,d). Positive (red) values indicated a net 
average warming and an increase in salinity. Shaded areas are statistically significant at the 
95% confidence level. 

  

a.) b.) 

c.) d.) 
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Figure 13. Annual ocean temperature anomalies (a,b) and salinity anomalies (c,d) at 300m 
depth for the average of the last twenty years (2081–2100) between the RCP4.5+GrIS  and 
RCP4.5-only experiments (a,c) and the RCP8.5+GrIS and RCP8.5-only experiments (b,d). 
Negative values (blue) indicated a net average cooling (a,b) and a net freshening (c,d). 
Positive (red) values indicated a net average warming and an increase in salinity. Shaded 
areas are statistically significant at the 95% confidence level. 

  

d.) 

a.) b.) 

c.) 
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Figure 14. Zonal mean of the annual ocean salinity anomalies at 300m depth in the Atlantic 
Ocean for the average of the last twenty years (2081-2100) between the RCP4.5+GrIS and 
RCP4.5-only experiments (a) and the RCP8.5+GrIS and RCP8.5-only experiments (b). 
Negative values (blue) indicate a net freshening, while positive values (red) indicate an 
increase in salinity. Bathymetry is shown in grey. 

 

a.) 

b.) 
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3.5 Fate of Meltwater from the GrIS 

 Figure 15 shows the magnitude and direction of the currents in the Arctic and 

subpolar North Atlantic averaged over the top 200m with the salinity anomalies overlaid for 

the last 20 years of the RCP-only and RCP+GrIS experiments. In both simulations, a strong 

current exists pulling in cold freshwater from the Arctic Ocean into the Greenland Sea via the 

Fram Strait. This current becomes the East Greenland Current which wraps closely around 

the east coast of the GIS, traveling at an average of 15cm s-1. The East Greenland Current 

speeds up before splitting around 65°N near the southern tip of Greenland. At this point it 

can be seen that some of this cold and fresh water continues its path around the Greenland 

coast, as it merges with the West Greenland Current, traveling up the west coast of the GrIS 

through the Davis Strait and into Baffin Bay where it eventually circulates and exits into the 

Labrador Sea. Some of the water in the East Greenland Current directly enters the Labrador 

Sea, merging with the southward flowing Labrador Current between 55°N and 65°N. The 

Labrador Current carries this water into the subpolar gyre region, whose southern boundary 

is observed around 45°N in both simulations. Both figures show some of this water taking a 

turn, exiting the subpolar gyre and traveling toward northwest Europe around 50°N, while 

the rest circulates within the sub polar gyre region. Some of the water which exits the 

subpolar region at 50°N recirculates within the Irminger Basin, exiting to the east of Iceland 

and traveling northward into the GIN seas.  

 The salinity anomalies between the RCP-only and the RCP+GrIS experiments are 

shown beneath the velocity vectors in Figure 15. A close examination of these figures reveals 

that the salinity anomalies between the experiments with no additional meltwater from the 

GrIS and those with meltwater from the GrIS follow the general pattern of the prevailing 
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currents within the top 200m in this region. The greatest magnitude of salinity anomalies 

appear directly next to the coast of the GrIS, while the greatest spatial extent and 

concentration of significant freshening occurs in the Labrador Sea and subpolar gyre region. 

The region of significant freshening extends southward towards the European coast 

between 40°N and 50°N, where the surface currents are exiting the subpolar gyre. It is 

important to note that significant freshening is observed in the Labrador Sea as well as South 

of Iceland, two of the critical areas of oceanic deep water formation; while no significant 

freshening is observed south of Spitsbergen. These results as well as the salinity anomaly 

cross section shown in Figure 14, suggest that the majority of the additional freshwater from 

the GrIS remains close to the surface; being advected with the prevailing currents described 

in the previous paragraph.  
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Figure 15. Mean ocean currents from 0-200 meters depth for years 2081–2100 of the 

RCP4.5+GrIS experiment (a) and the RCP8.5+GrIS experiment (b) overlaid on top of the 

mean annual salinity anomalies from 0-200 meters depth for the last 20 years (2081-2100) 

of the respective RCP-only experiment and RCP+GrIS experiment. Negative values (blue) 

indicate a net freshening, while positive values (red) indicate an increase in salinity. 

b.) 

a.) 
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Chapter 4 

 

Discussion 

4.1 High Latitude Buoyancy Forcing 

4.1.1 Physical Mechanism 

 Deep mixing, or convection processes occur in response to buoyancy forcing, by 

which water parcels at the surface of the ocean become more or less dense due to surface 

forcing processes. This buoyancy forcing is governed by the following relationship: 

                                                                    𝐵 =  −𝑔𝜌                                                                                   (2), 

in which B is the buoyancy, g is the gravitational acceleration in [m s-2] and ρ is the in situ 

density in [kg m-3]. This equation reveals that as the density of the water parcel decreases, 

the buoyancy forcing increases, inhibiting the parcel’s ability to sink in the water column. 

The opposite is true for a water parcel experiencing an increase in in situ density; an increase 

in density will make the buoyant forcing more negative and thus decrease buoyancy, 

enhancing the ability of the parcel to sink in the water column. 

 The buoyancy of surface water can be altered by various mechanisms including 

surface heat loss to the atmosphere (cooling), evaporation of surface water, heat gain at the 

surface (warming) and the addition of freshwater from sources such as river runoff, surface 

melting, ice calving, sea ice melt and precipitation. Both heat loss to the atmosphere and 

evaporation of surface water act to increase density, resulting in the sinking of surface water. 
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Heat gain at the surface and the addition of freshwater act to decrease the density of surface 

waters, inhibiting convection. 

 

4.1.2 Buoyancy Forcing and Convection in ESM2Mb  

 Ocean vertical mixing occurs in ESM2Mb by the Rahmstorf et al. 1993 Convective 

Adjustment Scheme.34 According to this scheme, vertically adjacent water parcels in a water 

column are compared to determine if mixing needs to occur in response to a density and thus 

buoyancy gradient between parcels. This scheme is governed by the following Buoyancy 

equation: 

                 𝑑𝑧 𝐵,𝑡 =  −𝑔𝛼 [𝑄𝑤(𝜃 − 𝜃𝑤) +
𝑄𝜃

𝐶𝑝
] + 𝑔𝛽[𝑄𝑤(𝑆 − 𝑆𝑤) +  𝑄𝑠]                             (3), 

where α and β are the coefficients of thermal expansion and saline contraction. The variables 

𝑄𝑤, 𝜃𝑤, and 𝑆𝑤 are defined as the mass flux, temperature and salinity of water crossing the 

ocean surface. The variables  𝑄𝑠 and 𝑄𝜃 are the turbulent flux of salt and the turbulent and 

radiative heat flux leaving the ocean surface.  

 From Equation 3 it is clear that the introduction of freshwater such as that from 

precipitation, runoff, ice calving etc. would act to increase the buoyancy forcing and inhibit 

vertical mixing [𝑄𝑤(𝑆 − 𝑆𝑤) > 0]. It is also evident that the warming of surface ocean water 

acts to increase buoyancy, and inhibit vertical mixing. For a more detailed explanation of the 

parameterization schemes and calculation of buoyancy forcing in the ocean component 

model (MOM4p1), the reader is referred to Chapter 4 of the MOM4p1 manual.35 
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4.2 Mechanism of Additional AMOC Weakening 

4.2.1 Deep Water Formation in the Labrador and GIN Seas 

 It is well known that the deep mixing which occurs at high latitudes in the Labrador 

and GIN Seas are critical to the AMOC. The warm and salty water traveling near the surface 

from the equator to the subpolar regions via AMOC’s upper limb eventually reaches these 

areas where heat is removed as the water masses are exposed to the extremely cold 

wintertime air temperatures experienced in these regions. The surface water is forced to 

give up its heat to the atmosphere in response to the sharp temperature gradient between 

the two surfaces. The water becomes dense in response to the surface heat loss and is less 

buoyant. This process which occurs in both the Labrador and GIN seas results in strong 

vertical mixing to homogenize the sharp density gradient between the surface and deep 

waters. The water masses formed in this process, the UNADW (from the Labrador Sea) and 

LNADW (from the GIN Seas), drive the lower limb of AMOC, returning these now cooler, 

fresher waters at depth to the Southern Ocean. Latent heat loss as well removal of freshwater 

through evaporation as a result of powerful westerly winds blowing across the subpolar 

region also plays a role in the formation of dense water in these convection sites. The relative 

importance of surface forcing and wind forcing in dense water formation at AMOC’s 

convection sites still remains a matter of debate.36 

 

4.2.2 Mechanisms for Reduction of Surface Water Density around GrIS 

 As discussed in the previous section, the addition of freshwater to these convection 

sites has the potential to reduce surface water density and inhibit oceanic convection. This 

would in turn weaken AMOC by reducing the strength of the overturning in the Labrador and 



47 
 

GIN Seas. Major freshwater sources which can potentially impact deep mixing in AMOC’s 

convection sites include increased precipitation, freshwater from the Arctic entering via the 

Canadian Arctic Archipelago and the Fram Straight, sea ice melt, glacier melt from the 

Canadian Arctic Archipelago and the meltwater and ice calving from the GrIS. The input of 

freshwater into these regions has been increasing and is projected to increase in the future 

under all warming scenarios due to a combined effect of melting of glaciers in the Canadian 

Arctic Archipelago, melting of Arctic sea ice, an increased hydrological cycle and an 

accelerated mass loss from the GrIS.   

 This increase in surface freshwater flux in the region surrounding the GrIS is shown 

Figures 9a and 9b. The blue curves in both of the figures do not include any additional melt 

from the GrIS. Thus, the significant increase in surface freshwater flux observed is due solely 

to an increase in runoff from the surrounding land areas and an increase in both liquid and 

solid precipitation over the region in response to GHG forcing. The increased freshwater flux 

due to runoff and ice calving from the ice sheet does not contribute significantly to the 

surface freshwater flux until the second half of the 21st century.  

 Even without significant meltwater from the GrIS in the RCP4.5-only and RCP8.5-only 

runs, it is clear from Figure 8a and 8a that there is a strong weakening of AMOC by the end 

of the 21st century with a reduction of 18% and 40% under the RCP4.5 and RCP8.5 scenarios. 

This AMOC weakening is due to an increased surface freshwater flux as discussed above, 

coupled with warming of the surface water in the subpolar region in response to GHG forcing. 

This response is a well-studied phenomena observed in climate models. A 2005 study aimed 

at evaluating the influence of heat and freshwater changes on AMOC response in various 

models found that in all models changes in heat flux contribute more than changes in water 
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flux to AMOC weakening.37 In all models, the AMOC was weakened in response to heat flux 

changes, while not all models weakened in response to changes in freshwater flux.37 Warmer 

surface waters not only reduces the surface density via thermal expansion, but coupled with 

a warming atmosphere, the cooling via heat loss from ocean to atmosphere is reduced 

significantly and deep water formation becomes more difficult in a warming climate.  

 The AMOC in the RCP+GrIS experiments shows a further reduction. The magnitude is 

relatively small with respect to the forcing and does not become statistically significant until 

the late 21st century. Initially, the additional freshwater imposed from the GrIS may not be 

enough to further reduce AMOC. However once the GrIS meltwater forcing begins to become 

a significant contributor to the surface freshwater flux, the additional freshwater begins to 

cause an additional AMOC decline. This occurs in both the RCP4.5+GrIS and RCP8.5+GrIS 

experiment when the freshwater forcing from the ice sheet exceeds 0.035Sv.  

 

4.2.3 Weakened Convection in Response to Radiative Forcing 

 Figure 10 reveals a significant reduction in strength of oceanic deep convection in the 

North Atlantic at all three deep water formation regions. These regions are where the upper 

and lower NADW forms, fueling AMOC’s lower limb and the deep western boundary current. 

In order for the additional meltwater from the GrIS to further reduce the vertical mixing in 

these regions, the meltwater would have to be transported to these regions to cause a 

significant increase in surface buoyancy. In both RCP4.5-only and RCP8.5-only runs, 

convection in the Labrador Sea is diminished in as early as the first 20 years of the 21st 

century projections. This is important, because freshwater from the GrIS that would be 

directed to this site in the freshwater perturbation experiments, RCP4.5+GrIS and 
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RCP8.5+GrIS, cannot impact AMOC significantly since deep water formation is already shut 

off in this region. 

 In order to further weaken AMOC, the additional freshwater from the ice sheet would 

need to reach the other two convection sites whose strength has already been significantly 

reduced as shown by the changes in the mixed layer depth (Figure 10). Unlike the Labrador 

Sea, the GrIS meltwater cannot directly and quickly reach these remaining deep water 

formation regions. Thus, the delayed signal of the additional AMOC weakening makes sense 

due to the time necessary for the freshwater added at the surface to reach these sites. By the 

time the additional GrIS meltwater reaches these two remaining convection sites, its 

freshness will have been diluted as it mixes with other ocean water along the way; reducing 

the buoyancy force it can exude on the water below the surface and its ability to impact 

AMOC. 

 

4.2.4 Pathways of Freshwater to the Convection Sites  

In the high latitude North Atlantic, a strong vertical salinity gradient known as the 

halocline exists, separating the cold, fresh water on the surface from the warmer water 

below. This sharp halocline causes the additional meltwater from the GrIS to remain near 

the ocean surface, with significant salinity anomalies occurring within the top 200m. Its 

transport is then dominated by the currents within this depth range around the ice sheet 

discussed in detail in section 3.5.  As shown in Figure 15, any freshwater entering the ocean 

along the northern sector of the GrIS enters the Arctic Ocean, eventually entering the Atlantic 

via the Fram Strait to the east of the GrIS or the Nares Strait to the west. This meltwater 

entering the Atlantic by way of the Fram Strait is combined with the meltwater directly 
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entering the Atlantic from the coast of the GrIS and ultimately focused toward the Labrador 

Sea and subpolar gyre region, resulting in the large freshening anomalies observed in these 

regions. 

The freshwater concentrated in the Labrador Sea and subpolar gyre region, although 

great in magnitude, cannot further reduce the AMOC since deep water formation in the 

Labrador Sea has already been shut off in response to radiative forcing. Only the meltwater 

which is able to reach the deep water formation regions south of Iceland and in the GIN Seas 

is able to further reduce AMOC. It is easily seen in Figure 15 that no direct path exists for the 

meltwater from the GrIS to reach these two deep water formation regions. No significant 

decrease in salinity is observed above the deep water formation region in the GIN Seas, 

suggesting that the additional meltwater from the ice sheet does not reach this region in 

significant quantities during the course of our simulations. However, freshening is observed 

at the ocean surface south of Iceland, indicating that a significant amount of freshwater is 

transported to this convection region. By the time the meltwater from the GrIS reaches the 

convection regions south of Iceland or in the GIN Seas, it is expected that the water being 

transported to these regions is not as “fresh” as it would have been entering the ocean off of 

the ice sheet. This is due to the mixing processes with other ocean water encountered along 

its path. These results suggest that the main mechanism by which AMOC is further reduced 

in our simulations is through freshening near the surface, particularly in the region south of 

Iceland. It is the interplay between the existing strength of the convection regions as well as 

the pathways available for the meltwater to get to these regions that explains the small signal 

observed in the further reduction in AMOC strength. 
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Chapter 5 
 

Conclusions 

 Using a state-of-the-art Earth System Model-GFDL ESM2Mb, we studied the impact of 

the melting of the Greenland Ice Sheet on the Atlantic Meridional Overturning Circulation 

under two future warming scenarios, RCP4.5 and RCP8.5. In previous idealized hosing 

experiments, additional meltwater is typically input into a wide region in the subpolar North 

Atlantic. Our study differs from these previous hosing experiments in that we use spatially 

and temporally more realistic freshwater fluxes from the Greenland Ice Sheet, which are 

calculated according to a new method.   

 Our results show that meltwater from the Greenland Ice Sheet entering the 

surrounding oceans and an increase in freshwater storage in the high-latitude North Atlantic 

and the Arctic can cause a further weakening of AMOC under both warming scenarios. This 

additional weakening is relatively small, but not negligible. This small signal can be explained 

by the fact that under both scenarios, the AMOC response is dominated by surface ocean 

warming as well as freshening due to an increased hydrological cycle and melting of Arctic 

sea ice. All of these factors act to significantly reduce the AMOC strength, leading to a 

shutdown of convection in the Labrador Sea within the first twenty years of the experiments 

and a significant weakening of convection in the GIN seas and south of Iceland where the 

convection sites are located in the model. 

 With an already significantly weakened state of deep water formation in response to 

radiative forcing, the additional meltwater imposed in the RCP+GrIS experiments is not able 
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to further reduce AMOC to a large extent. An analysis of the currents simulated within the 

top 200m around the GrIS as well as the pattern of salinity anomalies reveal that the majority 

of the GrIS meltwater is focused toward the Labrador Sea and subpolar gyre region. The East 

Greenland Current provides a barrier against any of the meltwater from the northern and 

eastern sector of the GrIS being able to directly reach the deep water formation sites south 

of Iceland and in the GIN Seas. 

 The results of this study are in agreement with the pathways which have been 

determined in a recent study using GRACE data to reconstruct annual freshwater fluxes for 

the sub-polar North Atlantic to explain Labrador Sea Water formation. This study suggests 

that up to 75% of the freshwater flux from the GrIS and the Canadian Arctic Archipelago 

eventually ends up in the Labrador Sea. It suggests that the meltwater from the GrIS has the 

potential to significantly impact AMOC.38 The results of our study agree with a concentration 

of freshwater in the Labrador Sea; however in our study the fact that the freshwater is 

concentrated in the Labrador Sea and subpolar gyre region greatly reduces its potential to 

impact AMOC. 

 The additional reduction in AMOC strength observed in response to the GrIS 

meltwater results in a significant cooling of the SST and SAT south of the GrIS. These 

anomalies extend into northwest Europe suggesting that an additional AMOC reduction may 

have significant climate impacts in these regions, possibly delaying or moderating the effects 

of global warming in these areas. Experiments with the inclusion of an interactive GrIS need 

to be carried out to understand how this additional SST and SAT cooling may feedback on 

the melting of the ice sheet. A significant decrease in salinity in the North Atlantic may also 

impact biological systems and alter marine ecosystems found in these regions.  
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 In summary, this study reveals that the meltwater from the GrIS impacts AMOC, 

resulting in small but statistically significant further weakening at the end of the 21st century. 

The strength of this impact is directly dependent on the magnitude of the forcing as well as 

the location and the mean state of the convection at the deep water formation regions. This 

study highlights the importance of advancing our abilities to include spatially and temporally 

realistic freshwater fluxes from the GrIS when assessing climate impacts as well as advancing 

our abilities to realistically simulate convection in the deep water formation regions. These 

results suggest that the strength and location of convection will impact a model’s sensitivity 

to the freshwater forcing from the ice sheets; models with a stronger mean state of 

convection may show higher sensitivity to GrIS melt than those with a weaker state of 

convection. In the future, more observational and modeling work needs to be done to further 

assess the role of the melting of the GrIS in 21st century climate change.  
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