1 JUNE 2008

2697

SPENCE ET AL.

The Sensitivity of the Atlantic Meridional Overturning Circulation to Freshwater
Forcing at Eddy-Permitting Resolutions
J. PAUL SPENCE, MICHAEL EBY,

AND

ANDREW J. WEAVER

School of Earth and Ocean Sciences, University of Victoria, Victoria, British Columbia, Canada
(Manuscript received 18 June 2007, in final form 2 October 2007)
ABSTRACT
The effect of increasing horizontal resolution is examined to assess the response of the Atlantic meridional overturning circulation (AMOC) to freshwater perturbations. Versions of a global climate model with
horizontal resolutions ranging from 1.8° (latitude) ⫻ 3.6° (longitude) to 0.2° ⫻ 0.4° are used to determine
if the AMOC response to freshwater forcing is robust to increasing resolution. In the preindustrial equilibrium climate, the representation of western boundary currents and meridional heat transport are improved with resolution. Freshwater forcings similar to the final drainage of proglacial Lakes Agassiz and
Ojibway are applied evenly over the Labrador Sea and exclusively along the western boundary. The
duration and maximum amplitude of model responses to freshwater forcing showed little sensitivity to
increasing resolution. An evaluation with tracers of the forcing impact on different regions of North Atlantic
Deep Water formation revealed the possibility that increases in Labrador Sea deep convection at higher
resolution mitigate the effect of stronger boundary currents and enhanced mixing. With increasing resolution, there is less cooling in the subpolar west Atlantic, more cooling in the subpolar east Atlantic, and
greater variability in the deep ocean response to the boundary forcing. While differences exist, the coarseresolution model response remains robust at finer horizontal resolutions.

1. Introduction
Variation in the poleward transport of heat by the
Atlantic meridional overturning circulation (AMOC) is
commonly evoked as a mechanism to explain largescale climate events found in paleorecords (Bond et al.
1993; Rahmstorf 2002). A wide range of modeling studies have demonstrated a weakened AMOC in response
to surface freshwater forcing at North Atlantic Deep
Water (NADW) formation sites (e.g., Stommel 1961;
Weaver and Hughes 1992; Stouffer et al. 2006); specifically, an increased freshwater flux creates more stably
stratified surface water, which reduces deep water formation and its concomitant meridional heat transport,
producing a cooling of Northern Hemisphere climate.
Because the deep ocean requires centuries to millennia
to reach a thermodynamic equilibrium (Broecker
1991), computational constraints have historically limited the horizontal resolution of models used in previ-
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ous studies to greater than 1° (latitude) ⫻ 1° (longitude). A number of important oceanic processes are
not adequately represented at coarse (⬎1°) resolution.
For example, the widths of boundary currents are overestimated, while their speeds are underestimated, and
the influence of mesoscale eddies are fairly crudely parameterized. The Intergovernmental Panel on Climate
Change (IPCC) Third Assessment Report (TAR)
warned that model results reliant on meridional heat
transports with ⬎1° resolution ocean components
should be treated cautiously (McAvaney et al. 2001).
The IPCC TAR reported that a lack of experiments
exploring the impacts of resolution restricts the ability
to draw firm conclusions. We address this need by investigating AMOC variability in a series of global models with horizontal resolutions increasing into the ocean
eddy-permitting range.
Of the few studies that have systematically examined
the effects of increasing model resolution, none evaluated differences in the response to deep water formation perturbations. Earlier research focused on ocean
volume and heat transports at (or near) equilibrium
with model domains limited to the Atlantic basin (e.g.,
Bryan 1991; Beckmann et al. 1994; Böning et al. 1996;
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Fanning and Weaver 1997, 1998; Smith et al. 2000; Oschlies 2002). Duffy et al. (2002) evaluated the unperturbed state in a set of global Earth System Models of
Intermediate Complexity (EMICs), but the finestresolution model was 1° ⫻ 1°. In this paper we evaluate
model states before and after applying freshwater forcing similar to the 8.2-kyr event.
The 8.2-kyr event refers to the widespread cooling
found in paleoclimate records in Greenland, Europe,
North America, and the tropical Atlantic roughly 8200
calendar years ago (Alley and Agustsdottir 2005; Morrill and Jacobsen 2005). The forcing for this event is
thought to be the catastrophic final drainage of proglacial Lakes Agassiz and Ojibway (hereafter Lake Agassiz) into Hudson Bay and the Labrador Sea (Barber et
al. 1999). Paleoevidence suggests that roughly 1.65 ⫻
1014 m3 of freshwater drained in less than a year
(equivalent to twice the volume of the present-day Caspian Sea), creating one of the largest abrupt climate
events of the Holocene (Leverington et al. 2002; Clarke
et al. 2003).
In this study, we advance the equilibration of highresolution models by initiating them from an interpolated equilibrium state of a lower-resolution EMIC.
Models with horizontal resolutions of 0.6° (latitude) ⫻
1.2° (longitude), 0.3° ⫻ 0.6°, and 0.2° ⫻ 0.4° are further
integrated from the 3000-yr state of a 1.8° ⫻ 3.6° model.
The two highest-resolution models have grid spacings
that are finer than typical ocean eddy wavelengths
(100–200 km) (Stammer 1997), but coarser than the
Rossby radius of deformation at high latitudes (Smith
et al. 2000; Oschlies 2002), which qualifies them as eddy
permitting. All models are integrated under orbital, atmospheric (CO2 ⫽ 280 ppm), and land surface conditions corresponding to the year 1850, rather than 8.2kyr conditions (CO2 ⫽ 260 ppm), so that they may be
used in future studies of anthropogenic warming. The
exclusion of many forcings specific to the 8.2-kyr event
limits a detailed comparison to proxy evidence.
Two freshwater perturbation scenarios are investigated at each model resolution. In the first, we follow
previous modeling studies (e.g., Renssen et al. 2001;
Bauer et al. 2004; Wang and Mysak 2005) by distributing the freshwater uniformly over the entire Labrador
Sea. However, most of the transport of the North Atlantic subpolar gyre occurs in coastal boundary currents, and it is likely that much of the freshwater discharged by the 8.2-kyr event would have been confined
initially to the continental margin (Wunsch 2006). The
ability of boundary currents to influence the AMOC
response is investigated in the second scenario, wherein
the freshwater is applied along the coastline of northeast North America. Our working hypothesis is that
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stronger boundary currents and enhanced mixing in
higher-resolution models may act to mitigate the
AMOC response to freshwater forcing. The purpose of
this study is to determine if the coarse-resolution
AMOC response remains robust at finer horizontal
resolutions.
The outline of the remainder of this paper is as follows: Section 2 describes the climate model and the
experimental design. In section 3 we evaluate model
states prior to forcing, and section 4 examines the response to the 8.2-kyr event freshwater forcing scenarios. Conclusions are presented in section 5.

2. Model description and experimental design
a. The University of Victoria Earth System Climate
Model
This study uses version 2.7 of the intermediate complexity University of Victoria Earth System Climate
Model (UVic ESCM). The UVic ESCM couples a 3D
ocean general circulation model, a 2D atmospheric
model, a thermodynamic–dynamic sea ice model, and a
simple land surface model, described in detail in
Weaver et al. (2001). The UVic ESCM has a global
domain, and model components share the same horizontal grid resolution.
The ocean component is version 2.2 of the Geophysical Fluid Dynamics Laboratory Modular Ocean Model
(Pacanowski 1995). It has 19 vertical levels that increase parabolically in thickness from 50 m at the surface to 518 m at the deepest level. The vertical diffusivity ranges from 3.0 ⫻ 10⫺5 m2 s⫺1 near the surface to
1.3 ⫻ 10⫺4 m2 s⫺1 at depth, according to the scheme of
Bryan and Lewis (1979). Mixing associated with mesoscale eddies is parameterized according to Gent and
McWilliams (1990). Isopycnal and horizontal viscosity
coefficients were chosen based on the horizontal resolution of each model, with details provided in the following subsection. The barotropic momentum equations are solved by the implicit free-surface formulation
of Dukowicz and Smith (1994). Surface freshwater
fluxes are converted to fluxes of salt with a constant
salt-to-freshwater mass ratio of 3.49 ⫻ 10⫺2.
The sea ice model incorporates energy-conserving
ice–snow thermodynamics with a two-category thickness distribution (Hibler 1979) and an elastic–viscous–
plastic rheology (Hunke and Dukowicz 1997). The
model predicts ice thickness, areal fraction, and surface
temperature.
The UVic ESCM employs a vertically integrated energy–moisture balance atmospheric model for computational efficiency. Precipitation occurs when the relative humidity exceeds 90%, and on land it is treated by
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TABLE 1. Horizontal resolution parameters and salient features of North Atlantic climate in control runs. The terms AM, AISO, and
AITH are the horizontal, isopycnal, and isopycnal thickness diffusion coefficients, respectively. Subtropical and subpolar transport refers
to the maximum barotropic transport found within the gyres. The Gulf Stream and Labrador Current speeds are the maximum
near-surface speeds located within 2°-wide meridional bands centered along 68° and 55°W, respectively. Total potential energy released
by ocean convection was calculated from grid cells with a ventilation depth ⬎300 m over the months of January, February, and March
in the last year of the control runs.
Horizontal resolution
8

2

⫺1

AM (⫻10 cm s )
AISO and AITH (⫻106 cm2 s⫺1)
Integration time (yr)
Subtropical transport (Sv)
Gulf Stream current speed (cm s⫺1)
Subpolar transport (Sv)
Labrador Current speed (cm s⫺1)
Total convection energy (⫻1017 J)
Labrador Sea convection energy (⫻1016 J)
(Labrador Sea energy ⫻ 100)/total

1.8° ⫻ 3.6°

0.6° ⫻ 1.2°

0.3° ⫻ 0.6°

0.2° ⫻ 0.4°

20
4
3000
44.3
23.4
⫺25.9
3.5
9.2
0.6
0.7%

7
1.5
450
48.9
38.7
⫺24.4
11.2
9.2
10.5
11.4%

3
1
100
52.9
47.4
⫺27.9
13.3
7.8
8.4
10.8%

1.5
0.75
50
49.1
52.1
⫺27.2
17.4
7.7
5.2
6.8%

a simple bucket model described in Matthews et al.
(2003). The UVic ESCM is forced from start-up by
insolation and surface winds. Winds are prescribed
from the long-term monthly mean climatology of the
National Centers for Environmental Prediction–National
Center for Atmospheric Research (NCEP–NCAR) 50Year Reanalysis (Kistler et al. 2001) and interpolated
to match model resolutions.

b. Experimental design
All models are integrated under preindustrial (year
1850) orbital, atmospheric, and land surface conditions.
Table 1 lists the values of the primary parameters modified in each model as well as their preforcing integration times. The number of vertical ocean levels is held
fixed and the bathymetry is left unchanged with resolution. We simply divide the 1.8° ⫻ 3.6° bathymetry
into higher-resolution grids. For example, a 0.6° ⫻ 1.2°
bathymetry is constructed by dividing each cell in the
1.8° ⫻ 3.6° bathymetry matrix into a 3 ⫻ 3 matrix. This
technique allows us to focus on the resolution of ocean
boundary currents and boundary layer freshwater flux
forcing, while excluding both the attributes and complications arising from flows through regions of complex bathymetry. The horizontal resolution of the land,
atmosphere, and sea ice components are also increased
in the same manner as the bathymetry. All experiments
use the same values for vertical ocean mixing coefficients.
The thermocline time scale required for adjustment
to the perturbation induced upon switching resolution
should be comparable to that for a first-mode Rossby
wave to cross the basin (roughly 30 yr; Fanning and
Weaver 1997). The integration times of the two eddypermitting models exceed the thermocline adjustment

time scale, but are not sufficient to remove all of the
long-time-scale transients in the deep ocean. Time step
interval data do not show a consistent linear trend in
potential temperature, but a weak linear salinity trend
of roughly 0.0040 psu per century is evident in the three
higher-resolution models. By the end of the control
equilibrations, the range of global mean ocean potential temperature and salinity among the models is 3.63–
3.65 K and 34.79–34.81 psu, respectively.
We simulated the 8.2-kyr event by adding 1.65 ⫻ 1014
3
m of freshwater to the surface of the Labrador Sea. To
prevent the converted salt flux from generating negative salinity values, we applied freshwater at a rate of
1.75 Sv (1 Sv ⬅ 106 m3 s⫺1) for a period of 3 yr. Two
perturbation scenarios were carried out for each control
run. In the first scenario (hereafter LAB forcing), the
freshwater was distributed uniformly over the entire
Labrador Sea (Fig. 1a). In the second scenario (hereafter BC forcing), the freshwater was applied as close as
possible to the coastline of northeastern North America
(Fig. 1b). For the 1.8° ⫻ 3.6° model (Fig. 1b), the
boundary forcing region was one grid box wide. For the
three higher-resolution models, the boundary forcing
region was two grid boxes wide.

3. Evaluation of preforcing climate states
a. North Atlantic barotropic circulation
Because the topography and applied wind stress curl
are the same in each model, linear Sverdrup theory
predicts equivalent barotropic ocean volume transports. Pronounced differences should occur in both the
North Atlantic subpolar gyre and the western boundary
of the subtropical gyre, where the local dynamics are
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FIG. 1. (a) In the LAB forcing scenario, the freshwater was
distributed over the gray region, the size of which is independent of horizontal resolution. (b) In the BC forcing scenario, the
freshwater was applied to a coastal strip one grid cell wide in the
1.8° ⫻ 3.6° model, and (not shown) to a coastal strip two grid cells
wide in the higher-resolution models.

nonlinear and significantly influenced by deep water
flows (Bryan et al. 1995).
Figure 2 shows the annual mean North Atlantic barotropic streamfunction for the last year of the control
runs at each resolution. In the subtropical gyre, our
simulations follow Sverdrup theory as similar transports are produced in the eastern half of the gyre, while
differences dominate near the western boundary. The
width of the western boundary transport is more realistically represented at higher resolution; it is considerably narrowed and restricted to the edge of the continental shelf. The maximum barotropic transport within
the subtropical gyre (Table 1) in all of our simulations
compares favorably to other studies, with the three
highest-resolution models showing a 9%–16% increase
(not monotonically) in transport relative to the coarse
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model (Beckmann et al. 1994; Smith et al. 2000;
Oschlies 2002). However, the modeled transport remains smaller than the observed estimate of 88 Sv along
68°W made by Johns et al. (1995). The simulated maximum near-surface current speed along 68°W increases
from 23.4 to 52.1 cm s⫺1 in going from 1.8° ⫻ 3.6° to
0.2° ⫻ 0.4°, but remains less than the observed value of
70 cm s⫺1 (Johns et al. 1995). The surface velocity field
(not shown) confirms that the separation of the Gulf
Stream into the Azores and North Atlantic Current
(NAC) is significantly improved at higher resolution
and corresponds with a greater poleward penetration of
the NAC.
The dynamics of the North Atlantic subpolar gyre
present an exceptional modeling challenge because of
the complex interaction between wind forcing, buoyancy contrasts, and overflows from neighboring seas.
Detailed modeling studies have shown encouraging but
limited results in simulating observed currents and water mass characteristics in this region (Willebrand et al.
2001; Treguier et al. 2005). The overall structure and
magnitude of the subpolar gyre transport remains fairly
consistent with increasing resolution in our study (Fig.
2). However, the maximum transports of the subpolar
gyre (Table 1) are low in comparison to regional models, one of which [the French Atlantic (ATL) model]
showed an increase in the maximum transport from 25
Sv to 40 Sv upon switching from coarse to high resolution (Treguier et al. 2005). The relatively low subpolar
gyre transports in our higher-resolution model likely
results from us maintaining the same coarse topography
as we increased horizontal resolutions. An increase in
the transport off the coast of Labrador in our models
results from the penetration of the subpolar gyre further into the Labrador Sea at higher resolution. The
maximum near-surface speed of the Labrador Current
at 55°W (Table 1) increases from 3.5 to 17.4 cm s⫺1
between our coarsest- and highest-resolution models,
but remains low in comparison to the observed values
of roughly 30 cm s⫺1 (Flatau et al. 2003).

b. Atlantic meridional overturning circulation
AMOC transport in the model is depicted by the
annual mean streamfunction of the zonally integrated
volume transport. Figure 3a shows that 21 Sv of
NADW formation occurs in the 1.8° ⫻ 3.6° model, although, with a maximum poleward extent of 60°N, it
has a tendency to form too far south. This deficiency
results from the model’s inability to transport surface
waters effectively across the Iceland–Faroes ridge,
which leads to the AMOC not penetrating far enough
into the Greenland–Iceland–Norwegian (GIN) Seas
(Weaver et al. 2001). Observational estimates of the

Unauthenticated | Downloaded 01/09/23 04:53 AM UTC

1 JUNE 2008

2701

SPENCE ET AL.

FIG. 2. Annual mean barotropic streamfunction (Sv) for the North Atlantic in the control runs. Horizontal
resolutions are (a) 1.8° ⫻ 3.6°, (b) 0.6° ⫻ 1.2°, (c) 0.3° ⫻ 0.6°, and (d) 0.2° ⫻ 0.4°. Dotted lines are negative.

present-day NADW volume transport range from 13 to
23 Sv (Ganachaud and Wunsch 2000; Smethie and Fine
2001; Lumpkin and Speer 2003; Talley et al. 2003). Approximately 1.5 Sv of Antarctic Bottom Water
(AABW) is found extending to 25°N and fills the North
Atlantic below 3000 m.
We find little difference in the overall structure and
magnitude of AMOC transport among the three
higher-resolution models. In comparison to the 1.8° ⫻
3.6° model, there is an increase of 1–2 Sv in NADW
formation and a significantly improved poleward penetration to 75°N. AABW transport increases slightly in
these runs and extends slightly farther north. The most
significant change in AABW transport is found in the
0.6° ⫻ 1.2° model, with 2.5 Sv of transport at 25°N and
0.5 Sv extending to 40°N.

c. Meridional heat transport
Ganachaud and Wunsch (2003) used observational
data to estimate the present-day global ocean poleward
heat transport to be 1.8 PW (1 PW ⬅ 1015 watts) at
24°N, with ⬃70% occurring in the Atlantic. Studies

have shown that the large-scale ocean heat transport is
dominated by the mean circulation (Wunsch 1999; Talley 2003). However, locally the heat transport by smallscale and time-varying circulations can be of first-order
importance, influencing the large-scale heat transport
directly via advection and indirectly by modifying the
mean flow and surface heat flux budgets (Stammer
1997). Regional modeling studies have demonstrated a
dependence of ocean heat transport on resolution, with
coarse-resolution models generating poleward transports that are significantly less than those observed
(Fanning and Weaver 1997; Bryan and Smith 1998).
We find that the global ocean meridional heat transport increases with increasing resolution while maintaining the same transport profile (Fig. 4). Each model
exhibits poleward transport at all latitudes and a strong
asymmetry across the equator. At 24°N there is an almost 30% increase in total oceanic heat transport (1.2
to 1.7 PW) by changing from 1.8° ⫻ 3.6° to 0.2° ⫻ 0.4°
resolution. The increase in transport is largely associated with the better resolution of the western boundary
currents in the baroclinic gyre circulations, which are
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FIG. 3. Annual mean meridional overturning streamfunction (Sv) for the North Atlantic in the control runs.
Horizontal resolutions are (a) 1.8° ⫻ 3.6°, (b) 0.6° ⫻ 1.2°, (c) 0.3° ⫻ 0.6°, and (d) 0.2° ⫻ 0.4°. Shaded regions are
negative.

significant components of the transport in the mid-tohigh latitudes. Our results demonstrate that increases in
horizontal resolution produce meridional heat transports that are closer to the observed values, consistent
with the findings of Fanning and Weaver (1997) and
Bryan and Smith (1998).

d. NADW formation
Open ocean deep convective mixing, triggered by extreme surface cooling events during the North Atlantic

FIG. 4. The total meridional heat transport for the global ocean
for each model resolution.

winter, is an important process in the formation of
NADW (Weaver and Hughes 1992; Dickson and
Brown 1994; Marshall and Schott 1999). The methods
used to parameterize this process in models are widely
debated (Canuto et al. 2004; Treguier et al. 2005). The
UVic ESCM employs an explicit full convection
scheme, which includes diagnostics to save the ventilation depth and potential energy released by convection
at each grid point (Pacanowski 1995).
Figure 5 shows the depth of convective activity in the
North Atlantic averaged over the winter months (January–March) in the last year of the control runs. None of
the models exhibit a significant amount of interannual
variability in the magnitude or location of convection.
In all four models, deep (⬎300 m) convective activity
occurs predominately in the GIN Seas, albeit too far
south. While the poleward penetration of the NAC is
improved at higher resolution, it apparently still does
not transport surface waters across the Iceland–Faroes
Ridge effectively enough to provide suitable conditions
for deep convection. The most striking difference between models is the occurrence of convective activity in
the Labrador Sea, and to a lesser extent the Irminger
Sea, in all but the coarsest-resolution model. To quantify this difference, we summed the potential energy
released by deep winter convection over the entire subpolar gyre region and exclusively over the Labrador
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FIG. 5. Ventilation depth of convective activity in the North Atlantic averaged over January, February, and
March in the last year of the preforcing runs. Horizontal resolutions are (a) 1.8° ⫻ 3.6°, (b) 0.6° ⫻ 1.2°, (c) 0.3° ⫻
0.6°, and (d) 0.2° ⫻ 0.4°. The vertical dashed line extending southward from the tip of Greenland in (a) distinguishes the Labrador Sea region from the total area (indicated by the large black box) where the potential energies
for Table 1 were calculated.

Sea (Fig. 5a defines these regions). The results, shown
in Table 1, demonstrate a significant contribution from
the Labrador Sea to the total convective energy in all
but the coarsest model. The depth of the Labrador Sea
convection compares well with the observations of Lavender et al. (2002). There is also a 15% decrease in the
total Atlantic convective energy in the two eddypermitting models.
To evaluate how differences in the location of convective activity affect the formation of NADW, we
applied three inert tracers to the ocean surface in the
1.8° ⫻ 3.6°, 0.6° ⫻ 1.2°, and 0.3° ⫻ 0.6° control runs.
Computational constraints prevented us from applying
tracers in the 0.2° ⫻ 0.4° model. Tracer 1 was applied to
the region of convective activity in the GIN Seas, tracer
2 was applied to the Labrador Sea, and tracer 3 was
applied everywhere else in the global ocean (hereafter
the LAB, GIN, and GLOBAL tracers, respectively). A

constant flux (0.1 Sv) of each tracer was applied to the
ocean surface in each control run and integrated in parallel with the freshwater forcing runs (in which tracers
were also applied) for an additional 50 yr. We are able
to estimate the percentage and location of NADW that
originated at the surface of the Labrador and GIN Seas
(ignoring advection of the tracers at the surface) by
zonally integrating the three tracers across the Atlantic
basin and then calculating the percentage of each relative to the total amount of tracers in a grid cell. Figure
6 shows the distribution of tracers in the 1.8° ⫻ 3.6° and
0.3° ⫻ 0.6° models after 50 yr. The 0.3° ⫻ 0.6° model
fairly represents the tracer distributions in the 0.6° ⫻
1.2° model, which also exhibits extensive convection in
the Labrador Sea. It should be noted that very small
amounts of tracers are found below 4000 m, resulting in
tracer percentages that are not indicative of significant
amounts of NADW.
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FIG. 6. The percentage of NADW identified by tracers to have originated in the Labrador Sea for the (a)
1.8° ⫻ 3.6° and (c) 0.3° ⫻ 0.6° models. (b), (d) Same as (a), (c) but for the percentage of NADW that originated
in the GIN Seas. Different color bar scales are used for the GIN and LAB tracer percentages.

The models clearly simulate the sinking and spreading of NADW below the permanent thermocline to a
depth of 3500 m at 30°S, where after 50 yr the tracers
tend to accumulate and override AABW. Figure 6 reveals additional significant differences between the
models in the surface source regions of NADW. In the
1.8° ⫻ 3.6° model, ⬃5% of NADW originated in the
Labrador Sea (Fig. 6a), while GIN tracers comprise
⬃55% (Fig. 6b). In the 0.3° ⫻ 0.6° model, ⬃15% of
NADW originated in the Labrador Sea (Fig. 6c), while
⬃40% of the tracers originated at the surface of the
GIN Seas (Fig. 6d). The GLOBAL tracer makes up the
residual percentages, which amounts to roughly ⬃40%
and ⬃45% for the 1.8° ⫻ 3.6° and 0.3° ⫻ 0.6° models,
respectively. Figure 6 shows that while similar amounts
of NADW are formed, a greater percentage of it originated at the surface of the Labrador Sea in the higherresolution model.

ever, the fact that NADW forms too far south leads to
a sea ice cover that extends too far south in the North
Atlantic, especially in the GIN Seas (Fig. 7a). As horizontal resolution is increased, there is a significant reduction in North Atlantic sea ice extent, particularly in
the region of the Norwegian Current, and to a lesser
extent in the Labrador Sea and Hudson Bay (Figs. 7b–d).
The annual average Northern Hemisphere sea ice volume in the 1.8° ⫻ 3.6° model is 9.3 ⫻ 1012 m3. It is
reduced by 6.5%, 8.6%, and 9.2% as resolution is increased to 0.6° ⫻ 1.2°, 0.3° ⫻ 0.6°, and 0.2° ⫻ 0.4°,
respectively. The monotonic pattern of North Atlantic
sea ice reduction in response to increased horizontal
resolution is consistent with our findings of increased
meridional heat transport and greater poleward penetration of AMOC surface waters at higher resolutions.

e. Sea ice distribution

a. AMOC response

At its standard resolution (1.8° ⫻ 3.6°), the UVic
ESCM produces sea ice climatology that favorably
compares to observations (Weaver et al. 2001). How-

The principal means of detecting changes in NADW
formation is to examine changes in the maximum value
of AMOC transport between the latitudinal bounds of

4. Response to the 8.2-kyr event freshwater
forcing
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FIG. 7. The annually averaged fraction of each ocean grid cell covered by ice. Horizontal resolutions are (a)
1.8° ⫻ 3.6°, (b) 0.6° ⫻ 1.2°, (c) 0.3° ⫻ 0.6°, and (d) 0.2° ⫻ 0.4°.

26° and 70°N, and depths of 170 and 4000 m (hereafter,
the AMOC strength). The 1.8° ⫻ 3.6° model produces
a preindustrial equilibrium AMOC strength of 21 Sv
with little internal variability (Fig. 8). At 0.6° ⫻ 1.2° and
0.3° ⫻ 0.6°, the AMOC equilibrates at ⬃23 Sv, while at
0.2° ⫻ 0.4° the AMOC strength tends to decline slightly
from ⬃23 Sv to ⬃21.5 Sv prior to forcing (Fig. 8). The
internal variability in NADW formation is significantly
increased in the three highest-resolution models.
The overall response of the AMOC to the
LAB forcing scenario is consistent among the models
(Fig. 8a). All exhibit near immediate reductions in the
rate of NADW formation and subsequently recover.
The total duration (ranges from 40–60 yr) and maximum amplitude (ranges from 4–7 Sv) of the AMOC
response does not have a consistent dependence on
model resolution. However, there are subtle differences
in the pathway of the response. The initial decline in the
1.8° ⫻ 3.6° model is followed by a brief period of reintensification (starting 5 yr after forcing) before
smoothly recovering, in accord with the coarseresolution model results presented by Manabe and
Stouffer (1995), Renssen et al. (2002), and Bauer et al.
(2004). Over the first 10 yr, the 0.6° ⫻ 1.2° model fol-

lows a path similar to the 1.8° ⫻ 3.6° model, but has a
second reintensification phase (20 yr after forcing) that
precedes another relatively small decline in AMOC
strength before recovery. Neither the 0.3° ⫻ 0.6° nor
the 0.2° ⫻ 0.4° model shows a reintensification phase
within the first 10 yr. Instead they exhibit a reintensification similar to the second phase of the 0.6° ⫻ 1.2°
model.
There are substantial differences in the pathway of
the AMOC response to the BC forcing scenario (Fig.
8b). First, all four models exhibit a strong reintensification within the first 5 yr of the response. The three
highest-resolution models also show a substantial second reintensification that is followed by a significant
third phase of reduced NADW formation before recovery. While the maximum amplitude of decline in
AMOC strength and total duration of the response are
similar to that found for the LAB forcing, there are
higher-amplitude variations in the BC forcing response
of all four models.

b. Surface air temperature response
The transient response of the annual average Northern Hemisphere surface air temperature (SAT) is rela-
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FIG. 8. The AMOC strength of each model over the 25-yr period prior to forcing, and the
response to the (a) LAB and (b) BC freshwater forcing scenarios.

tively insensitive to differing model resolutions and
forcing regions (Fig. 9). A rapid cooling of roughly
0.4°C within the first 5 yr is found in all models for both
the BC and LAB scenarios. The cold period is sustained for at most a few years as it enhances the meridional temperature gradient, which induces a poleward advection of heat in the North Atlantic. After 20
yr the Northern Hemisphere SAT recovers, exceeding
the preforcing values by ⬃0.1°C in all but the highestresolution model. This warming is followed by another
cooling phase resulting from the lagged restoration of
deep convection; a response previously described by
Manabe and Stouffer (1995) and Renssen et al. (2002).
The total duration of the SAT response (50 yr) is consistent among the models, but much shorter than the
200-yr anomaly inferred from paleodata. Previous studies highlighted the importance of long-term changes in
the routing of glacial runoff, along with the abrupt
drainage of Lake Agassiz, as an important mechanism
for extending the duration of the 8.2-kyr event (Bauer
et al. 2004; Meissner and Clark 2006).
The spatial pattern of the SAT response to the LAB
forcing is also relatively insensitive to increasing model
resolution. Global SAT anomalies 5 yr after the initial
forcing for the 0.3° ⫻ 0.6° model are representative of
the other models (Fig. 10a). The SAT decreases by
0.4°–2.4°C over the North Atlantic and Europe, which
is within the range of estimates from paleorecords

(Bond et al. 1997; Von Grafenstein et al. 1998). A
warming signal in the range of 0.2°–0.6°C is found poleward of 30°S, which is consistent with the interhemispheric seesaw nature of heat transport identified in
previous modeling studies (Stocker 1998).
All models produce less cooling in the subpolar west
Atlantic and more cooling in the subpolar east Atlantic
in response to the BC forcing (Fig. 10b). This effect is
enhanced with increasing resolution: the maximum

FIG. 9. Northern Hemisphere SAT response to freshwater
forcing.
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FIG. 10. (a) The global SAT anomalies for the LAB forcing scenario and (b) the BC minus LAB forcing SAT difference in the
North Atlantic 5 yr after initial forcing at 0.3° ⫻ 0.6° resolution.
Shaded regions are negative.

positive difference in the west and negative difference
in the east increases from 0.45° to 0.75°C and ⫺0.18° to
⫺0.50°C, respectively, with resolution. A recent study
by Saenko et al. (2007) explored the mechanism that
led to an extensive area of the subpolar west Atlantic
actually warming when freshwater is discharged along
the Labrador coast, despite a substantial weakening of
the AMOC. They used a coarse-resolution model with
ocean and sea ice components similar to ours, but included a more complex atmospheric component that
allowed surface wind anomalies to feed back on the
ocean. Their experiment also started from a cooler initial state with more extensive Labrador Sea ice coverage, the melting of which is required to amplify the
warming response.

c. NADW tracer anomalies
The application of tracers in the 1.8 ° ⫻ 3.6°, 0.6° ⫻
1.2°, and 0.3° ⫻ 0.6° control runs alongside the freshwater forcing runs (refer to section 3d) allows us to
separately evaluate the effect of the forcing on NADW
formed in both the Labrador and GIN Seas. Tracer
anomalies are calculated every 5 yr as the percent difference between the forcing and control runs in the
amount of tracers found below 1000 m in the Atlantic.

FIG. 11. Percent difference in amount of tracers found below
1000 m in the Atlantic Ocean relative to control runs.

We evaluate anomalies after 15 yr to provide enough
time for a significant amount of the tracers to be advected to depth.
The maximum reduction of GIN tracers ranges from
34% to 44% (Fig. 11a). The reduction is smaller in
response to BC forcing than to LAB forcing in all three
models, with the maximum difference between forcing
scenarios increasing from 3% at 1.8° ⫻ 3.6° to 11% at
0.3° ⫻ 0.6°. In response to the BC forcing, the reduction
of GIN tracers is monotonically reduced as horizontal
resolution is increased. There is not a consistent dependence on model resolution in the GIN tracer response
to LAB forcing.
The reduction of LAB tracers is significantly larger
than the reduction of GIN tracers in the 0.6° ⫻ 1.2° and
0.3° ⫻ 0.6° models (Fig. 11b). With a maximum decrease of 75% in response to LAB forcing and 55% in
response to BC forcing for both models, the LAB
tracer response is also substantially more dependent on
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the forcing scenario in the two higher-resolution models. There is little difference between forcing scenarios
in LAB tracer anomalies for the 1.8° ⫻ 3.6° model.
They increase from ⫺20% to 25% after 25 yr as the
result of Labrador Sea convection actually turning on
⬃10 yr after the initial forcing. It is possible that convective activity in the North Atlantic has multiple stable
states, and the forcing may have perturbed the coarseresolution model from a state where Labrador Sea convection is not favored to one where it is.
It is interesting that the NADW tracer anomalies
present a different and perhaps clearer perspective on
the influence of horizontal resolution and forcing region than the AMOC strength. Overall, the tracers
show a weaker response to BC forcing than to LAB
forcing, and this effect is enhanced with increasing resolution. Deep water formation is also more affected in
the Labrador Sea than in the GIN Seas. It seems likely
that the relative insensitivity of the AMOC response to
increasing resolution is partially the result of increased
deep convection in close proximity to the freshwater
forcing regions in the higher-resolution models.

VOLUME 21

There were differences in the pathway of the AMOC
response, with boundary current forcing producing significantly higher-amplitude variability in NADW formation than Labrador Sea forcing. A monotonic affect
with increasing resolution of less cooling in the subpolar west Atlantic and more cooling in the subpolar east
Atlantic was also found in response to the boundary
forcing. Because the UVic ESCM employs a simple,
vertically integrated atmospheric component, a significant caveat to these results is the possible importance of
a more detailed and dynamic representation of the surface winds and storm tracks.
These results are reassuring in showing that the response of a coarse-resolution EMIC to 8.2-kyr event
freshwater forcing is comparable to that at ocean eddypermitting resolutions. While subtle differences exist,
the coarse-resolution AMOC response remains robust
at finer horizontal resolutions.
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