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[1] The sensitivity of the Atlantic Meridional Overturning
Circulation (AMOC) to high-latitude freshwater input is one
of the key uncertainties in the climate system. Considering
the importance of the AMOC for global heat transports, and
the vulnerability of the Greenland Ice Sheet (GrIS) to global
warming, assessing this sensitivity is critical for climate
change projections. Here we present a unique set of computa-
tional experiments to investigate the adjustment of the
AMOC to enhanced melt water from the GrIS under pres-
ent-day conditions. For the first time, the response in a global,
strongly-eddying ocean model is systematically compared to
that of an ocean model typical of IPCC-class climate models.
We find that the overall decline of the AMOC on decadal
time scales is quantitatively similar (<10%) in the two config-
urations. Nonetheless, the transient response is significantly
different, as the AMOC decline and reduction in wintertime
convection is markedly more gradual and persistent in the
strongly-eddying configuration. Citation: Weijer, W., M. E.
Maltrud, M. W. Hecht, H. A. Dijkstra, and M. A. Kliphuis (2012),
Response of the Atlantic Ocean circulation to Greenland Ice Sheet
melting in a strongly-eddying ocean model, Geophys. Res. Lett.,
39, L09606, doi:10.1029/2012GL051611.

1. Introduction

[2] Since Stommel’s seminal paper [Stommel, 1961] many
studies have shown that the Atlantic Meridional Overturning
Circulation (AMOC) may be sensitive to changes in the
freshwater balance of the northern North Atlantic [Rooth,
1982; Maier-Reimer and Mikolajewicz, 1989; Rahmstorf,
1995a]. Freshening of the surface waters in the Nordic and
Labrador Seas inhibits deep convection and hence the pro-
duction of North Atlantic DeepWater (NADW), which feeds
the deep southward branch of the AMOC.
[3] One of the potential sources of freshwater that might

affect the AMOC is enhanced freshwater discharge from the
Greenland Ice Sheet (GrIS). It has become increasingly clear
that the mass balance of the GrIS is negative [Wu et al., 2010],
and that the mass deficit has been increasing [Velicogna,
2009]: from a near-zero balance in the 1970s, estimates of
the mass deficit of the GrIS have now reached values close to
300 Gt/yr [Rignot et al., 2008; Velicogna, 2009]. Enhanced

run-off and iceberg discharge are estimated to contribute in
equal parts to this deficit [van den Broeke et al., 2009], while
increases in precipitation have partially offset these mass
losses.
[4] The sensitivity of the AMOCwith respect to freshwater

fluxes has been studied using both Ocean General Circula-
tion Models (OGCMs) and fully-coupled climate models. A
popular procedure is the so-called “hosing” experiment,
where an anomalous freshwater flux is applied over a broad
swath of the subpolar North Atlantic [Rahmstorf, 1995a;
Stouffer et al., 2006]. This hosing prescription directly affects
the mid-ocean areas where deep convection takes place
(Nordic and Labrador Seas). In contrast, runoff from the
GrIS occurs in a narrow strip around the coast of Greenland
and an explicit mechanism is required to transport the
freshwater to the deep convection sites. Although recent
experiments with a low-resolution model suggest that the
AMOC response is rather robust with respect to details of
the freshwater distribution [Kleinen et al., 2009], the rele-
vance of this hosing prescription to the scenario of enhanced
coastal runoff from Greenland in a strongly-eddying ocean
has remained unclear.
[5] Another issue of resolution concerns the ability of the

OGCM to represent the transports by western boundary
currents and meso-scale eddies. Indeed, recent observations
have changed our view of the AMOC from a relatively steady,
coherent feature— famously depicted byBroecker [1991] as a
conveyor belt, an image reinforced by the sluggish represen-
tation of the AMOC in early-generation OGCMs [Drijfhout
et al., 1996] — to a highly variable residual circulation of a
strongly eddying fluid [Cunningham et al., 2007], where few
water parcels follow the traditional overturning pathways
[Brambilla and Talley, 2006;Bower et al., 2009; Lozier, 2010].
A recent study using an eddy-permitting (0.4� resolution)
ocean model shows how narrow boundary currents around
Greenland limit access of the freshwater anomalies to the
deep convection sites [Marsh et al., 2010]. Due to the short,
8-year duration of that experiment, however, no conclusion
could be drawn on the longer-term response of the AMOC.
[6] Here we present results of a unique set of multi-

decadal global ocean model simulations employing both a
strongly-eddying and a non-eddying configuration of the
same ocean code. The models are forced with two types of
freshwater flux perturbations; one spread over a broad band
of the subpolar North Atlantic (as in traditional “hosing”
experiments), while the other is distributed in a more realistic
spatial and temporal pattern around the coast of Greenland.
The latter distribution is inspired by studies of present-day
runoff from the GrIS [Rignot and Kanagaratnam, 2006].
In these idealized experiments, a strong freshwater flux
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perturbation (0.1 Sv) is applied to emphasize differences
in the response in the two configurations.

2. Experimental Approach

[7] To study the response of the AMOC we perform
numerical experiments with global versions of Los Alamos’
Parallel Ocean Program (POP). The higher-resolution ver-
sion of the model has a nominal grid spacing of 0.1�, which
allows the explicit representation of energetic mesoscale
features including eddies and boundary currents [Maltrud
et al., 2008, 2010]. By using this strongly-eddying configu-
ration of POP (referred to here as the R0.1, or ‘point-one’),
this study is capable of providing the most accurate oceano-
graphic depiction of AMOC response to enhanced freshwater
flux due to GrIS melting to date. The lower-resolution, non-
eddying version of the model (x1, or ‘by-one’) is presented
on the same nominally 1� grid as used in version 3 of the
Community Climate System Model, CCSM3 [Collins et al.,
2006], which makes use of explicit parameterizations to
represent eddy-induced transports. The set up of the two
models is as similar as practically possible, and the ocean
states are in close agreement. The auxiliary material provides
a more detailed description and validation of the models.1

[8] For both configurations a control (C-Mixed) and two
perturbation simulations (E-Greenland and E-Hosing) were
performed for at least 50 years each. The ocean models were
forced by an annually repeating atmospheric climatology;
these boundary conditions may overestimate the sensitivity
of the AMOC to freshwater perturbations, as they ignore a
stabilizing thermal feedback between the ocean and the
atmosphere [Rahmstorf, 1995b; Gerdes et al., 2006]. In
addition, they do not include the warming that is thought to
lead to the GrIS mass deficit in the first place, and which may

lead to a slow-down of the AMOC by itself [Mikolajewicz
et al., 2007].
[9] The freshwater flux perturbation experiments are

referred to as E-Hosing when the enhanced runoff is applied
over a broad swath (50�N–70�N) of the northern North
Atlantic, and as E-Greenland when distributed around the
periphery of Greenland. The spatial distribution (Figure 1) is
based on observed values of run-off and calving [Rignot and
Kanagaratnam, 2006], and is characterized by high values
of freshwater release on the southeastern and western flanks
of Greenland, smaller values in the north and northeast, and
no discharge for the southwest. Although it is unlikely that the
spatial pattern of meltwater discharge will remain unaltered in
a warming climate, a simple amplification of the current
discharge distribution can be considered a best first guess.
[10] Observations suggest that the mass deficit has increased

from almost zero to 267 � 38 Gt/yr in 2007 [Rignot et al.,
2008]. This is equivalent to a freshwater flux increase of
0.009� 0.001 Sv (1 Sv = 106 m3s�1). Further increases in the
mass deficit are expected in the coming decades, as both
precipitation and surface melting are expected to increase in
response to rising temperatures [Mernild et al., 2010].
However, the largest uncertainty in freshwater flux projec-
tions is related to the dynamic response of the GrIS to higher
air temperatures, and to higher ocean temperatures at the sites
where outlet glaciers discharge into the ocean.
[11] Lacking reliable dynamic projections, we apply an

integrated freshwater flux of 0.1 Sv in our simulations
[Stouffer et al., 2006; Gerdes et al., 2006]. Being an order of
magnitude larger than the flux implied by the current mass
deficit of the GrIS, this rate can be considered a worst case
scenario if the GrIS were to undergo a catastrophic collapse.
To put this value in perspective, freshwater discharge by the
Amazon river is of the order of 0.2 Sv [Molinier et al.,
1995], the armada of icebergs that entered the North Atlantic
ocean during Heinrich Event 4 may have been equivalent to
about 0.3 Sv [Roche et al., 2004], while the Lake Agassiz

Figure 1. (left) Spatial distribution of the annual-mean Greenland freshwater discharge (in m/yr) for the strongly eddying
configuration R0.1, and (right) the low resolution configuration x1 for an integrated freshwater input of 0.1 Sv. The anoma-
lous run off was applied with a seasonal cycle which peaks in July.

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL051611.
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freshwater discharge (thought to have been responsible for
the 8.2 kyr climate event) may have been equivalent to
0.17 Sv [Hijma and Cohen, 2010]. A substantial accumula-
tion of fresh water in the Beaufort Gyre has recently been
detected [Giles et al., 2012], representing enough fresh water
to produce a flux equivalent to 0.1 Sv over a period of nearly
3 years, when the wind forcing that contains it eventually
shifts.

3. Results

[12] A major difference between the two models is the
way tracers, including salinity, are transported through the
ocean. To illustrate this difference, a passive dye was intro-
duced along with the freshwater anomaly around Greenland.
The arrival time of the dye was measured at each location to
diagnose its dispersion rate. At shallow depths (Figure 2, top)
a main area of discrepancy is the western subtropical gyre
of the North Atlantic. In the strongly-eddying case (R0.1)
the more energetic circulation disperses the dye throughout

the entire subtropical gyre in just 1 or 2 years. In contrast, in
the non-eddying x1 the dispersion takes place mainly through
advection by the mean gyre circulation. Consequently, it
takes up to 5 years for the dye to reach the eastern seaboard
of North America through this mean-advective route. Faster
mean currents and eddies also deliver the dye more rapidly
towards the south, with the dye reaching the equator in less
than 5 years in the R0.1, while it takes about 8 years in the x1.
[13] At depth (Figure 2, bottom) the differences are even

more striking; in the R0.1 it takes less than 5 years for the
dye to reach the deep western boundary current off Brazil,
while in the x1 this takes between 10 and 15 years. In the
eastern Atlantic off Africa, between 5� and 20� from the
equator, the R0.1 displays shadow zones where even after
50 years no dye has penetrated. No such isolated pools are
present in the x1 results (although it takes almost 4 decades
for the signal to reach the Guinea and Angola Basins).
[14] The freshwater input and associated surface freshen-

ing has a strong impact on the deep water formation process

Figure 2. Arrival time (in years) for the dye in the (left) R0.1 and (right) x1 configurations, at depths of (top) 112 m (contours
at 1-year intervals) and (bottom) 1626 m (contours at 5-year intervals). Grey denotes arrival times greater than 50 years.
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in the Labrador and Nordic Seas. The strongest discharges
from the GrIS are within, and upstream of the Labrador Sea,
and here sea surface salinities (SSS) are impacted most
strongly (Figure 3a); mean SSS in the Labrador Sea shows
a dramatic drop of about 1 psu in the first few years of the
perturbation experiments. The temporal evolution of the
salinity field at the surface, and at depth (Figure S3 in
Text S1), are remarkably similar in the two models.
Nonetheless, there is marked difference in the response of
deep convection in this basin. In the x1 the drop in SSS is
accompanied by a dramatic decrease in the rate of ventila-
tion (Figure 3b): a 10 Sv decline in the first 3 years
(equivalent to 30% compared to the C-Mixed control inte-
gration) is followed by an additional 2 Sv decrease in the
subsequent decade. This reduction in ventilation is associated
with a 25% reduction in ocean surface heat loss (Figure 3c).
In the R0.1 case the decline in convective activity is much
more gradual, as the convective volume slowly declines to a
10 Sv (40%) deficit after 50 years, accompanied by a gradual
decrease in surface heat loss to 80% of the C-Mixed value.
We speculate that this difference in the response of deep
convection in the Labrador Sea must be attributed to the high
spatial variance of SSS in the R0.1, as the explicit resolution
of meso-scale features leads to strong filamentation of the
buoyancy field.

[15] The situation in the Nordic Seas is more complicated.
With the freshwater discharges on the eastern and northern
sides of Greenland being much weaker than those influencing
the Labrador Sea, the decline in SSS is less dramatic here. This
is also reflected in the changes in convective activity: the net
reduction in ventilation rate in the R0.1 is just 3 Sv (15%) over
50 years, associated with a 10% reduction in net surface heat
loss. In contrast, in the x1 the rate of ventilation increases by
1 Sv (4%), associated with an 8% increase in net surface heat
loss. This counterintuitive response is due to a combination of
factors. First, there is a distinct difference in the background
salinity distribution of the Nordic Seas between the two
models. In particular, the x1 shows a clear salinity maximum at
a depth of about 300 m (Figure S3 in Text S1), a feature that is
absent in the R0.1, and only weakly present in observations.
Second, in both models the Greenland freshwater discharge
leads to a strengthening of the cyclonic circulation in the
Nordic Seas and an associated doming of the isopycnals. This
doming brings the high-salinity layer of the x1 closer to the
surface, reducing the static stability of the water column, and
facilitating deep convection and enhanced surface heat loss.
This mechanism is different from the one put forward by
Kleinen et al. [2009]: they observed a strong subsurface
warming in the Nordic Seas in response to anomalous fresh-
water input, resulting from an enhanced heat import from the

Figure 3. Responses of the R0.1 (blue) and x1 (red) configurations to a 0.1 Sv integrated input of freshwater. (a) Anomalous
(E-Greenland minus C-Mixed) area-averaged annual sea surface salinity in the Labrador (solid) and Nordic (dashed) seas.
(b) Anomalous rate of ventilation, defined as the area-integrated maximum mixed-layer depth in March, divided by the
number of seconds per year [Gerdes et al., 2005]. (c) Relative anomaly of area-averaged annual surface heat flux. (d) Anom-
alous maximum overturning strength for the E-Greenland (solid) and E-Hosing (dashed) experiments. In the E-Greenland
experiments the freshwater flux perturbation is applied in a narrow strip around Greenland, while in E-Hosing it is applied
homogeneously over a broad swath (50�N–70�N) in the northern North Atlantic. Absolute values of maximum AMOC are
shown in Figure S1 in Text S1. Time (in years) is relative to the branch-off point at year 75. Gaps in the results of the R0.1

configuration are due to data loss, as explained in the Computational Considerations section of the auxiliary material.

WEIJER ET AL.: OVERTURNING RESPONSE L09606L09606

4 of 6



subpolar North Atlantic; a similar warming is clearly absent
here.
[16] The overall decline in convective activity is reflected

by a weakening of the AMOC in both models (Figure 3d). In
the x1, the dramatic reduction in ventilation rate in the
Labrador Sea leads to an abrupt decrease in AMOC strength
of about 3 Sv in the first 8 years, followed by a more gradual
adjustment on decadal time scales as the convective activity
reaches a new equilibrium. This behavior is very similar to that
found before in models of comparable resolution [Stammer,
2008]. In contrast, the adjustment in the high-resolution
model is fundamentally gradual and more persistent, consis-
tent with the gradual decline in ventilation rates in both the
Labrador and Nordic Seas. Only after 35 years does the
decline in overturning strength show signs of leveling off.
[17] In fact, the ultimate reduction in AMOC strength in

the R0.1 is greater than in the x1 case; the cross-over takes
place after about 20 years. A conclusive explanation for this
difference is still lacking; we found that a simple relationship
between AMOC strength and meridional pressure difference,
as found in some coarse-resolution ocean models [Griesel
and Morales Maqueda, 2006], does not hold in the models
considered here. We hypothesize that the increase in Nordic
Seas ventilation in the x1 mitigates the reduced convection
in the Labrador Sea, reducing the long-term impact of the
freshwater flux anomaly on the strength of the AMOC.
[18] The mechanistic view of AMOC response described

above is supported by the results of the E-Hosing simula-
tions (Figure 3d, dashed curves). In the x1 the response
hardly differs between the E-Greenland and E-Hosing cases,
as SSS over the convective sites and the ventilation rates are
only modestly different (Figure S4 in Text S1). This sug-
gests that the AMOC in low-resolution models is quite
insensitive to the manner in which the freshwater flux is
applied, consistent with previous studies [Kleinen et al.,
2009]. In contrast, in the R0.1 the response is much stronger
when the freshwater is imposed broadly through hosing than
when applied within the coastal waters off of Greenland. In
the E-Greenland experiment, strong and narrow boundary
currents efficiently remove the coastally-trapped freshwater
anomalies from the subpolar basins, preventing them from
optimally affecting the convective sites in the basin interiors
(Figure S4 in Text S1).

4. Summary and Conclusions

[19] In this paper we present results of the first-ever multi-
decadal sensitivity study of the AMOC in a global, strongly-
eddying ocean model. We study the impact of enhanced melt
water input from the GrIS on the AMOC and convection in
the subpolar North Atlantic, and compare the response to
that in an identically configured, non-eddying IPCC-class
ocean model. Our results show that the decadal response of
the AMOC to enhanced melt water input is quantitatively
similar (to within 10%) in the two models. Nonetheless,
significant differences were found in the transient response
of the AMOC and wintertime convection in the Labrador
Sea. In the non-eddying model ventilation rates are reduced
abruptly (10 Sv in the first 3 years), a response mirrored by a
rapid decline of the AMOC (3 Sv in the first 8 years). In the
strongly-eddying model the adjustments are more gradual;
both the wintertime convection and the AMOC take many
decades to adjust.

[20] The results furthermore show that for the non-eddying
model the response of the AMOC is not sensitive to the
spatial pattern of the freshwater flux perturbation. This indi-
cates that the many lower-resolution hosing experiments
performed to date may have produced very similar results if
the freshwater flux had been applied more realistically to the
coastal waters around Greenland. The difference is much
more pronounced in the strongly-eddying case, where the
rapid reduction of the AMOC in response to a hosing fresh-
water flux contrasts with the more gradual response in the
E-Greenland case.
[21] Given the limitations of the experimental set-up, it can

be assumed that the strongly-eddying model displays the
most accurate response, as i) its ocean state is closer to
observations than the non-eddying model, ii) its dynamics are
more strongly controlled by fundamental fluid dynamics and
are less reliant on parameterizations, and iii) the bathymetry
is better resolved. Nonetheless, more comparative studies are
necessary to test the robustness of these results, especially
when including an active atmosphere, in order to gain a full
appreciation of the climate responses in these dynamically
rich models, which will become the standard for ocean
climate models in the near future.
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