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Abstract The Community Climate System Model ver-

sion 3, (CCSM3) is used to investigate the effect of the

high latitude North Atlantic subsurface ocean temperature

response in idealized freshwater hosing experiments on the

strength of the Atlantic meridional overturning circulation

(AMOC). The hosing experiments covered a range of input

magnitudes at two locations in a glacial background state.

Subsurface subpolar ocean warms when freshwater is

added to the high latitude North Atlantic (NATL cases) and

weakly cools when freshwater is added to the Gulf of

Mexico (GOM cases). All cases show subsurface ocean

warming in the Southern Hemisphere (SH). The sensitivity

of the AMOC response to the location and magnitude of

hosing is related to the induced subsurface temperature

response, which affects the magnitude of the large-scale

meridional pressure gradient at depth through the effect on

upper ocean density. The high latitude subsurface warming

induced in the NATL cases lowers the upper ocean density

in the deepwater formation region enhancing a density

reduction by local freshening. In the GOM cases the effect

of SH warming partially offsets the effect of the high lati-

tude freshening on the meridional density gradient. Fol-

lowing the end of hosing, a brief convective event occurs in

the largest NATL cases which flushes some of the heat

stored in the subsurface layers. This fuels a rapid rise in

AMOC that lasts less than a couple of decades before

subsequent freshening from increases in precipitation and

sea ice melt reverses the initial increase in the meridional

density gradient. Thereafter AMOC recovery slows to the

rate found in comparable GOM cases. The result for these

glacial transient hosing experiments is that the pace of the

longer recovery is not sensitive to location of the imposed

freshwater forcing.
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1 Introduction

Evidence from paleoclimate proxy records suggests the

Atlantic meridional overturning circulation (AMOC) has

undergone large fluctuations since the Last Glacial Maxi-

mum (LGM; McManus et al. 2004), many of them abrupt.

Significant slowdowns in the records have been linked to

freshwater discharge to the North Atlantic from the melting

ice sheets (McManus et al. 2004; Clark et al. 2001; Clark

et al. 2002). Slowdowns in the AMOC have been suggested

as a cause of climate change through the weakening of

northward heat transport (Crowley 1992; Broecker et al.

1985). Numerous modeling studies have demonstrated the

sensitivity of AMOC to freshwater additions to the North

Atlantic and have supported the link to climate change

(Manabe and Stouffer 1988; Vellinga et al. 2002; Stouffer

et al. 2006).

The dominant surface climate response to freshwater

additions to the North Atlantic found in paleoclimate

records, is high latitude cooling in the Northern Hemi-

sphere (NH) and a warming in the Southern Hemisphere

(SH), the so-called bipolar seesaw (Broecker 1998; Stocker

and Johnsen 2003; Knutti et al. 2004), which is consistent

with a reduction of the northward transport of heat by a

weakened AMOC. Recent evidence from marine sediment
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cores suggests that there may have been warming instead at

the intermediate depths in the Nordic seas during Heinrich

Events. Rasmussen and Thomsen (2004) interpret benthic

and planktonic signals during Heinrich Events, from cores

in the North Atlantic and Nordic Seas, as suggesting warm

saline water in the North Atlantic drift continued to flow

northward into the Nordic seas beneath an anomalously

cold fresh surface layer associated with the meltwater and

ice discharged during Heinrich Events. They suggest the

freshwater lid inhibited vertical mixing in the Nordic Seas

allowing the intermediate layers to warm. They further

suggest that the subsurface warming may have gradually

destabilized the upper ocean causing an abrupt release of

stored heat with the resumption of convection. This

mechanism, they suggest, could explain the rapid warming

episodes seen in Greenland ice core records, known as

Dansgaard–Oeschger events, that occur quasi-periodically

with a millennial time scale. Simplified coupled model

simulations further support this idea (Shaffer et al. 2004).

An additional link is suggested by Flueckiger et al. (2006)

who hypothesize that the sea level rise associated with the

subsurface warming may destabilize ice shelves triggering

Heinrich events. Alvarez-Solas et al. (2010) demonstrates

this link using a simple conceptual model.

Recent numerical modeling studies have reported sub-

surface intermediate depth warming in the high latitude

North Atlantic in response to freshwater additions, com-

parable to the warming found in the paleoclimate record.

Mignot et al. (2007), Knutti et al. (2004) and Ruhlemann

et al. (2004) find high latitude subsurface warming in

hosing experiments using coupled models of intermediate

complexity. Mignot et al. (2007) find the AMOC recovery,

in a coupled model of intermediate complexity, is dra-

matically shortened in cases with a high latitude subsurface

warming caused by the cessation of high latitude deep

convection, and suggest that some of the differences in the

length of recovery of the AMOC noted amongst the models

in the coupled model intercomparison of an idealized

transient freshwater ‘‘hosing’’ (Stouffer et al. 2006) may be

due to differing model sensitivity of deep convection to

freshwater forcing. The studies reported in Stouffer et al.

(2006) were conducted with present-day rather than glacial

background climate states.

We report here that freshwater hosing experiments

conducted with the CCSM3 comprehensive coupled cli-

mate model, but for a glacial background state, show

subsurface warming in the subpolar gyre region and

Nordic seas when freshwater is added to the high latitude

North Atlantic but cooling to intermediate depths in the

subpolar region and weak subsurface warming in the

Nordic Seas when freshwater is added farther south in

the Gulf of Mexico. Because the subsurface high latitude

warming may be a key component in the mechanisms of

abrupt change in the past, we investigate the impact of

high latitude subsurface warming on the transient behavior

of the AMOC. These experiments are designed to test the

sensitivity of the AMOC response to different magnitudes

of idealized freshwater input to two locations, which

bracket the uncertainties in magnitude and routings for

meltwater discharge. We describe the model and hosing

experiments in Sect. 2. Section 3 describes the spatial and

temporal ocean response to hosing in the North Atlantic.

The response and recovery of the AMOC is linked to the

high latitude ocean temperature and salinity response

through the separate effects on upper ocean density in

Sect. 4. These results are discussed and compared to the

proxy record and results from other numerical studies in

Sect. 5.

2 Model and experiments

The control simulation for these hosing experiments is a

glacial state with Last Glacial Maximum forcings descri-

bed in Otto-Bliesner et al. (2006) as simulated with the

CCSM3 (Community Climate System Model v3.0.1;

Collins et al. 2006a). The CCSM3 is a fully coupled

comprehensive atmosphere–ocean–land–sea ice model,

consisting of a primitive equation atmospheric model at

T42 horizontal resolution with 26 sigma levels (Collins

et al. 2006b), a land surface model at T42 resolution with a

river routing scheme (Dickinson et al. 2006), a primitive

equation ocean model at a nominal 1 degree horizontal

resolution with 40 vertical levels (Gent et al. 2006), and a

dynamic–thermodynamic sea ice model (Briegleb et al.

2004). The glacial state CCSM3 has a land/ocean mask

adjusted to reflect a lowering of global mean sea level by

120 m resulting in a closed Bering Strait. Ice sheet

topography from ICE-5G (Peltier 2004) is used and

greenhouse gas concentrations and orbital parameters are

set for the year 21,000 years before 1950.

To idealize the effect of a meltwater discharge in the

CCSM3 ocean component, we apply an uncompensated

negative virtual salinity flux to the ocean surface over two

regions of the North Atlantic at year 400 of the control

simulation. One region, from 50� to 70�N in the North

Atlantic (NATL cases), is like the CMIP hosing experi-

ments (Stouffer et al. 2006), with constant equivalent

freshwater input rates of 1.0, 0.5, 0.25 and 0.1 Sv for

100 years (1 Sv = 106 m3 s-1). In the second region, the

constant flux is spread over the Gulf of Mexico, to idealize

meltwater routing down the Mississippi river at constant

rates of 0.5 and 0.28 Sv (GOM cases). The equivalent

freshwater forcing (FWF) is terminated after 100 years and

simulations are integrated for at least another 100 years to

investigate the initial recovery. The NATL_1.0 case
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(NATL location with 1.0 Sv) is extended through the

recovery period for a total of 600 years. The long recovery

found in the glacial case NATL_1.0 is compared to a

shorter recovery found in present day hosing simulations in

Hu et al. (2008). The global climate response from these

glacial freshwater hosing experiments is compared to

available proxy climate indicators in Otto-Bliesner and

Brady (2010).

2.1 CCSM3 glacial control simulation

In the LGM control simulation, sites of the deepest vertical

mixing in the NH, shown by contours of mean March

mixed layer depth, are found south of Greenland, and in the

GIN seas (Fig. 1a). The most extensive area of deep mix-

ing is located south of Greenland within the cyclonic flow

of the subpolar gyre extending westward to the mouth of

the Labrador Sea and eastward into the Irminger Sea.

Another area of relatively deep (to [250 m) vertical mix-

ing is found along the northern flank of the NH subtropical

gyre associated with midlatitude subduction. Velocity

vectors for upper ocean flow show that the simulated North

Atlantic Current at the northern edge of the subtropical

gyre is predominantly zonal, turning northeastward just

before reaching the eastern boundary, then continuing

northward into the subpolar region (Fig. 1a). This flow

branches at the Iceland-Scotland Ridge to flow northward

into the Nordic Seas, or westward with the cyclonic flow of

the subpolar gyre.

North of 45�N, the LGM control simulation shows weak

zonally averaged vertical temperature gradients collocated

with the deepest zonal and annual mean mixed layer depth

(Fig. 2b). The LGM control simulation shows a strong

vertical salinity gradient with relatively salty water filling

the deep basin below 3,000 m (Fig. 3b). The deep salinities

in the South Atlantic and North Atlantic of the LGM

control simulation compare well to pore-water estimates of

Adkins et al. (2002) as shown in Otto-Bliesner et al.

(2007). The salty deep water is formed around Antarctica

through brine rejection during sea ice formation, which is

enhanced relative to the preindustrial period (Otto-Bliesner

et al. 2007). Antarctic Intermediate Water (AAIW) is

identified as a tongue of relatively fresh water penetrating

northward at intermediate depths in the South Atlantic.

Relatively salty water in the upper 1,000 m between 20�
and 40�N is associated with net evaporative region of the

NH subtropical gyre. Relatively fresh water is confined to

the upper 200–400 m north of 40�N in the subpolar region

where there is a net precipitation excess.

In the LGM control simulation, the Atlantic meridional

overturning circulation, shown by streamlines for zonally

integrated meridional volume transport, is dominated by a

large clockwise (solid streamlines) cell of northward

flowing upper water, which enters the basin at 34�S, sinks

at high latitudes in association with the formation of Gla-

cial North Atlantic Intermediate Water (GNAIW) and

returns south at mid-depth (Fig. 3b). The streamlines of

this relatively fresh northward flowing upper water, show

regions of shallow wind driven upwelling cells near the

equator and in the subpolar region and downwelling in

midlatitude regions of subduction. Deep sinking occurs

primarily north of 40�N driven by water mass

a b c

Fig. 1 Mean March mixed layer depth and upper ocean current

vectors for a LGM control (20 years), b the last 20 years of

NATL_0.5 and c the last 20 years of GOM_0.5. Vectors show

direction and magnitude of ocean currents averaged vertically over

the upper 514 m. Reference vector shows scaling for a 10 cm/s

velocity
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transformations in the subpolar and Nordic Seas (Fig. 1).

The model GNAIW meridional overturning cell, which

extends to about 2,400 m just over the sills at 55�N, has a

maximum overturning circulation of *16.6 Sv within the

basin at 36�N, and 15.5 Sv at the outflow latitude of 34�S

at 814 m depth. Comparing the magnitude of the outflow

a b

dc

e f

g

Fig. 2 Zonally-averaged temperature anomaly sections in the Atlan-

tic basin averaged over the last 20 years of the forcing period for

NATL cases (left) and GOM cases (right). For comparison, the LGM

control simulation is shown. The zonally averaged annual mean

mixed layer depth is contoured in black. The vertical axis is stretched

in the upper 1,000 m
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transport with the maximum overturning circulation sug-

gests only about 1.1 Sv of flow is internally recirculated

(i.e. upwelled) within the Atlantic basin. A deep counter-

rotating cell (dashed streamlines) shows *8 Sv of Ant-

arctic Bottom Water (AABW) entering the basin below

3,000 m at 34�S.

a b

dc

e f

g

Fig. 3 Zonally-averaged salinity anomaly sections in the Atlantic

basin averaged over the last 20 years of the forcing period for NATL

cases (left) and GOM cases (right). For comparison, the zonally

averaged salinity for the LGM control simulation is shown. The

zonally-averaged merdional overturning streamfunction is contoured

in black. The vertical axis is stretched in the upper 1,000 m

E. C. Brady, B. L. Otto-Bliesner: The role of meltwater-induced subsurface ocean warming

123



3 Transient behavior of temperature and salinity

3.1 The freshwater forcing period

The different time scales involved in the subpolar ocean

response to the imposed FWF are highlighted in the time

series of zonally-averaged upper ocean temperature and

salinity at 55�N and mean March mixed layer depth aver-

aged in a box over the deepest mixing in the subpolar

region (Figs. 4 and 5). The 55�N latitude site is where

mixed layers are deepest in the LGM control simulation

(Fig. 1). Within a few months after the onset of the

imposed FWF in the NATL region, a stabilizing salinity

profile develops that suppresses the deep convection at

high latitudes. In response to the surface freshening, the

mean March mixed layer shoals rapidly in the three largest

NATL cases allowing a destabilizing temperature profile to

develop. The shallow fresh surface layer cools rapidly

within the first decade after start of the FWF in the larger

NATL cases. The strong suppression of deep vertical

mixing in the NATL cases and the insulating effect of more

extensive sea ice cover, inhibits the ventilation of heat from

the subsurface layers allowing the subsurface layers to

warm at a rate slower than the surface layer cools. The

subsurface warming in the NATL cases is larger in the

cases with stronger FWF, because of the greater and faster

suppression of the deep convection. In the NATL_0.1 case,

though never completely shut down, the deep convection is

sufficiently suppressed to allow weak subsurface warming

to develop after *70 years. The subsurface continues to

warm at a slow rate throughout the forcing period in the

weakest cases, but appears to reach a maximum before the

end of the experiment in the NATL_1.0 case.

In contrast, the freshening of the surface layer in the

zonal average deepens over the course of the forcing period

in all cases reaching *500 m by the end of the forcing

period in the largest NATL case. As shown in Fig 6, the

freshening is greatest primarily along the boundaries of

the subpolar region. In the center of the subpolar gyre, the

NATL case shows only a weak freshening between 52 and

814 m depth compared to the comparable GOM case

(Fig. 6e, f). In the NATL_0.5 case, the upwelling of rela-

tively more saline water, which converges at depth, com-

pensates the Ekman divergence of very fresh water in the

upper layer. In the largest NATL cases, a weak saline

anomaly develops below *600 m and is stronger in larger

cases (Figs. 3 and 5). The cause of these deep saline

anomalies in the NATL cases requires further investigation

but may be related to the suppression of the downward

mixing of fresh surface water with the deeper relatively

warmer and saltier water that originates in midlatitudes.

Greater and faster suppression of vertical mixing would

lead to larger saline anomalies in the larger NATL cases.

It takes about two decades for the freshwater imposed in

the Gulf of Mexico to be transported northward into the

subpolar region (Figs. 4 and 5) to affect the high latitude

temperature and salinity response. Unlike in the NATL

cases, the fresh anomaly arrives relatively well-mixed

vertically after leaving the GOM and entering the sub-

tropical gyre where northward pathways pass through

regions of relatively strong vertical mixing in the western

boundary current region and northern boundary of the

subtropical gyre (Fig. 1). Thus, in contrast to the rapid

shoaling of the mixed layer seen in the NATL cases, there

is a gradual shoaling in the GOM cases and the subpolar

vertical mixing remains much deeper than found in the

comparable NATL cases (Figs. 1 and 4) at the end of the

forcing period. This allows the subsurface ocean to cool

weakly in the subpolar gyre region at 55�N.

By the end of the period of imposed FWF, a strong

pattern of warm and cold anomalies with respect to the

control emerges throughout the Atlantic basin in the zon-

ally averaged section (Fig. 2). In the NATL cases, the

subsurface warming which forms as a result of the cessa-

tion of deep vertical mixing at 55�N is found more

extensively over the region north of *40�N (Fig. 2). The

high latitude subsurface warming is greatest between 200

and 600 m but extends to over 2,000 m depth. Strong

surface cooling is found extensively above the subsurface

high latitude warming. A region of strong deep cooling is

found over the upper 1,000 m in the mid-latitude region in

the NATL cases (Fig. 2) and is associated with a freshen-

ing (Fig. 3). The cooling (and freshening) is stronger and

extends farther southward with stronger magnitudes of

imposed FWF. Compared to the control, cold, relatively

fresh water is exported southward from the subpolar region

at the surface (Fig. 6b). The surface water is further

freshened by increased ice melt at the expanded southern

edge of the sea ice (Otto-Bliesner and Brady 2010) and

then advected and subducted into the eastern subtropical

gyre (Fig. 6), resulting in a cold and fresh anomaly pene-

trating to *1,000 m depth in all cases between 20� and

40�N. The upper ocean in the South Atlantic and equatorial

region warm in all cases with a maximum warming found

between 200 and 400 m depth. This bipolar response of

cooling in the NH and warming in the SH is related to the

reduction of the northward transport of heat (Stocker and

Johnsen 2003). The SH warming is stronger in cases with

greater FWF owing to greater reductions in the northward

heat transport related to greater reductions in the strength

of the meridional overturning circulation. A weak saline

anomaly is found below the surface freshening north of

*20�N in the stronger two NATL cases and in the tropics

and SH in the weaker cases.

In contrast to the NATL cases of equivalent magnitude

FWF, the GOM cases show only a weak subsurface
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warming between 40� and 50�N and in the Nordic seas

(Fig. 2) by the end of the FWF period. Between 50� and

65�N, where the zonal mean mixed layer is deepest, in

contrast to the shallow surface trapped cooling and sub-

surface subpolar warming found in the NATL cases, the

GOM cases show a weak cooling that penetrates to inter-

mediate depths. The high latitude subsurface warming

north of 65�N, in the Nordic Seas, is weaker in the GOM

cases as compared to the equivalently forced NATL cases.

The mid-latitude cooling and freshening penetrates deeper

in the water column, but not as far south as compared to

comparable NATL cases. The southward advection of

relatively fresh water in the eastern basin of the subtropical

gyre in GOM_0.5 (Fig. 6c) is much weaker in comparison

to NATL_0.5 case (Fig. 6b). Warm anomalies in the South

Atlantic are also weaker than in comparably forced NATL

cases because the northward heat transport is reduced to a

lesser degree in the GOM cases due to weaker reductions in

AMOC.

The freshwater budget for the 50�–60�N region for the

NATL_1.0 case shows that the increased export of fresh-

water by ocean circulation is an important response that

nearly compensates for the imposed freshening (Fig. 7b).

In the control simulation, the ocean export of freshwater

balances the net positive freshwater surface forcing from

the sum of an excess precipitation from the atmosphere and

net ice melt (Fig. 7). Because the circulation weakens

during the forcing period, the ocean export of freshwater

increases owing primarily to increases in the vertical

salinity gradients with the cessation of convection. Rela-

tively fresh water is exported via Ekman-driven surface

divergence to the boundary currents and compensated at

depth by a northward flow of relatively more saline water

(Fig. 6). The response to the imposed FWF of the surface

freshwater fluxes from the atmosphere and sea ice com-

ponents is modest in comparison (Fig. 7a). Sea ice growth

is enhanced in response to the shoaling of the mixed layer

and cooling of the surface layer. Sea ice acts to further cool

a b

c d

e f

Fig. 4 Time series of zonally-averaged North Atlantic temperature

anomaly profiles at 55.2�N for cases a NATL_1.0, b NATL_0.5,

c GOM_0.5, d NATL_0.25, e GOM_0.28, and f NATL_0.1. Note that

the vertical axis is stretched in the upper 1,000 m. The mean removed

is computed over the last 50 years of the control simulation prior to

the start of the freshwater forcing period. A time series of monthly

mean mixed layer depth for March, averaged over the region of

deepest mixed layers in the subpolar North Atlantic (50�–60�N, 48�–

28�W), is overlaid in a black contour
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the atmosphere resulting in a reduction in both precipita-

tion and evaporation. The enhanced growth of sea ice

contributes a negative freshwater forcing which nearly

balances the weaker net precipitation (Fig. 7a). Thus,

although there is considerable compensation between terms

in the freshwater budget of the 50�–60�N region, the

residual during the forcing period produces a tendency that

lowers the volume mean salinity (Fig. 7c).

3.2 The recovery period

Immediately following the abrupt termination of imposed

FWF, there is a brief event when deep convection resumes

first in the subpolar gyre region early in the first decade in

the NATL cases (Figs. 4 and 5) and ‘‘flushes’’ heat from the

subsurface layers. The onset of convection is triggered by

an increase in salinity of the subpolar surface waters due the

termination of the imposed FWF while the export of

freshwater continues for a few years after the termination of

FWF though beginning to slow (Fig. 7b). The convection

flushes the heat stored in the subsurface levels, though not

completely, and mixes the fresh water at the surface

downwards. The atmosphere warms as a result of the

release of heat causing an increase in precipitation. The sea

surface warming also causes a partial melt back of sea ice

(Fig. 7a). With more ocean exposed to atmospheric

exchange and warmer sea surface temperature, evaporation

is enhanced partially offsetting the increase in freshwater

fluxes from sea ice melt and increased precipitation

(Fig. 7a). With the slowing of the ocean export of fresh-

water over the first decade as the vertical mixing weakens

the vertical gradients, and the increased equivalent fresh-

water surface fluxes (Fig. 7a), the volume mean salinity is

reduced below the value obtained during the forcing period

(Fig. 7c). The additional surface freshening stabilizes the

water column in the largest two NATL cases bringing about

an end to the convective event (Fig. 4).

In contrast, convection deepens at a slower rate over the

first 100 years of recovery in the GOM cases. The upper

ocean at 55�N on average becomes gradually more saline

a b

c d

e f

Fig. 5 Time series of zonally-averaged North Atlantic salinity

anomaly profiles at 55.2�N for cases a NATL_1.0, b NATL_0.5,

c GOM_0.5, d NATL_0.25, e GOM_0.28, and f NATL_0.1. Note that

the vertical axis is stretched in the upper 1,000 m. The mean removed

is computed over the last 50 years of the control simulation prior to

the start of the freshwater forcing period. A time series of monthly

mean mixed layer depth for March, averaged over the region of

deepest mixed layers in the subpolar North Atlantic (50�–60�N, 48�–

28�W), is overlaid in a black contour

E. C. Brady, B. L. Otto-Bliesner: The role of meltwater-induced subsurface ocean warming

123



and warmer due to the termination of the northward cir-

culation of relatively fresh water from the GOM forcing

region and gradual increase of the northward circulation of

the warmer saltier subtropical water.

4 The AMOC response and link to the meridional

density gradient

Previous modeling studies have demonstrated a strong

quasi-linear relationship between the AMOC intensity and

various measures of a large scale ocean meridional pres-

sure gradient estimated between the high-latitude deep-

water formation region and either the tropics or the South

Atlantic region (Schewe and Levermann 2010; Hu et al.

2008; Bryan et al. 2007; Griesel and Morales Maqueda

2006; Hu et al. 2004; Thorpe et al. 2001; Rahmstorf 1996;

Hughes and Weaver 1994). We use this relationship to

diagnose the underlying mechanisms associated with the

sensitivity of the AMOC response to the location and

amount of meltwater input. We compute the meridional

difference in the vertically integrated zonally averaged

density at 55�N and 34�S in the Atlantic (equivalent to a

negative meridional steric height difference; Thorpe et al.

2001) and show the difference as the average density dif-

ference (Figs. 8b and 9). The integration is performed from

the surface to 1,500 m, which is the interval of the largest

temperature, salinity and meridional transport response.

The results are unaffected by the choice of depth of inte-

gration qualitatively, as long as the integration depth is

a b c

fed

Fig. 6 Horizontal overlay of vertical averaged velocity vectors on

vertically averaged salinity for the upper 52 m of the North Atlantic

for the a LGM control, b NATL_0.5 and c GOM_0.5 and for the

52–814 m layer of the d Control, e NATL_0.5 and f GOM_0.5

simulations, time averaged over the last 20 years of the FWF period
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located within the southward outflow of the GNAIW

(*814–2,000 m) as done in Thorpe et al. (2001). The

northern site, 55�N, is the latitude of the highest surface

density, the center of cyclonic circulation in the subpolar

gyre, and the deepest subpolar mixed layers in the LGM

control simulation (Fig. 1), while 34�S is latitude of the

GNAIW outflow. We use an AMOC index corresponding

to the maximum volume export of GNAIW at the outflow

latitude, 34�S as suggested by Griesel and Morales

Maqueda 2006. This is because the maximum meridional

overturning circulation within the Atlantic includes a

component due to an upwelling recirculation contained

within the basin that is unrelated to the large-scale

meridional pressure gradients (Griesel and Morales

Maqueda 2006). To estimate the effects of the induced

temperature and salinity response separately on the verti-

cally-integrated upper ocean density, we compute the

density at the northern and southern locations by separately

pairing either the transiently varying temperature (or

salinity) with the control salinity (or temperature) in the

equation of state, and present the resulting contributions to

the meridional density gradient in Fig. 8c, d.

4.1 During the freshwater forcing period

The transient behavior of the AMOC associated with the

export of GNAIW from the North Atlantic basin is shown

for all cases in Fig. 8a. The AMOC index declines for all

cases over the FWF period, with stronger forced cases at a

given location exhibiting greater reductions from the initial

state. The NATL_1.0 and NATL_0.5 cases exhibit a near

collapse over the forcing period with reductions of *75

and 70% of the LGM control value. There is also a strong

sensitivity in the response of AMOC to the location of

FWF with the NATL_0.5 and NATL_0.25 cases showing a

greater decline as compared to the comparable GOM

cases.

The response of AMOC to FWF of differing magnitudes

and locations can be understood in terms of the response of

the Atlantic upper ocean meridional density gradient

a

b

c

Fig. 7 Time series of terms in the freshwater budget for the 50�–

60�N region of the North Atlantic for the last 25 years of control

integration and the first 200 years of the NATL_1.0 case with

a ‘equivalent’ freshwater fluxes (computed from the virtual salinity

fluxes) to the ocean region from the atmosphere (blue, dash sum of

precipitation and runoff, dash-dot evaporation and solid total), net sea

ice freshwater flux (green), and the sum of the atmosphere and sea ice

fluxes (black); b the net ocean export of freshwater as the sum of

advection and diffusion in red (negative denotes a net export of

freshwater) and the applied hosing flux scaled by -1.0 (black dash) in

order to plot on the same axis; and c the cumulative integral of the

total residual tendency converted to a volume mean equivalent

salinity trend
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(Fig. 8). In general, stronger imposed FWF to a given

location produces greater reductions in both the AMOC

and the meridional density gradient with approximately the

same linear relationship. There are only brief transient

deviations from a linear relationship between the AMOC

index and the meridional density gradient, immediately

after the start of the FWF period in the NATL cases

(Fig. 9a, b). In the GOM cases, both the northern high

latitude density and AMOC adjust with similar timescales

keeping the same linear relationship throughout the entire

hosing period.

In the NATL cases, the reduction in the meridional

density gradient caused by the upper ocean salinity

response is not sensitive to the magnitude of forcing

(Fig. 8d). The ocean freshwater export from the subpolar

region nearly compensates for the local FWF (Fig. 7)

reducing the net high-latitude freshening integrated to

1,500 m. The suppression of convection in NATL_1.0,

NATL_0.5, and NATL_0.25, increases the vertical salinity

gradients in the upper ocean that work with the circulation

to export freshwater from the surface of the subpolar region

and import relatively salty water at depth. In NATL_1.0

a

b

c

d

Fig. 8 a Time series of the maximum export of GNAIW at 34.3�S

(AMOC); b time series of the zonal mean Atlantic density difference

between 55.2�N and 34.3�S vertically averaged from the surface to

1,500 m depth and smoothed with an 11 year running mean; c time

series of the North–South density contrast due to temperature

changes, and d time series of the North–South density contrast due

to salinity changes. Line color indicating each case is shown in the

legend

a

b

Fig. 9 a Time mean AMOC averaged over forcing period plotted

against the time mean vertically averaged density difference between

55.2�N and 34.3�S in the Atlantic. Vertical average is computed from

the surface to 1,500 m depth. b AMOC plotted against the vertically

averaged density difference defined as in (a) except over the recovery

period. Values are smoothed with an 11 year running mean and

plotted every 10 years. The legend indicates the symbol color used to

plot each case
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case there is also significant freshening at the southern

location (Fig. 10b). In the GOM cases the freshwater is

advected northward along pathways through the subtropi-

cal gyre into the subpolar region, arriving more vertically

distributed, and continuing to be mixed downward by the

still active subpolar convection (Fig. 1). This results in a

greater contribution of salinity effects to lowering northern

density in the GOM cases as compared to equivalently

forced NATL cases.

The effect on the meridional density gradient by the

temperature response is essential to understanding the

sensitivity of the AMOC response to both magnitude and

location. In the NATL cases, the NH high latitude sub-

surface warming outpaces the Southern Hemispheric (SH)

warming associated with the bipolar seesaw response

(Fig. 10a). The lowering of density at the northern site due

to the warming enhances the reduction caused by the

freshening (Fig. 8c, d). The greater weakening of the N–S

density gradient for larger NATL forcing is due to the

temperature effects on density. The enhancement in

NATL_0.1 is very weak. In contrast, the GOM cases cool

weakly over the upper water column at the northern loca-

tion and warm in the SH (Fig. 10a). The temperature

effects on the meridional density gradient of weak cooling

in the North are minimal. However, the effect of the

warming in the SH helps to offset the reduction of the

meridional density gradient by high latitude freshening.

The offset is greater for the larger GOM case because of

the greater SH warming. Thus, the NATL cases show a

greater reduction in the meridional density gradient

compared to comparable GOM cases primarily because of

the sensitivity to the induced temperature effects on

density.

4.2 During the recovery period

The so-called flushing event that occurs immediately fol-

lowing the termination of the imposed NATL FWF, is

associated with an early rapid rate of recovery of AMOC in

the NATL cases (Fig. 8a, b). During the abrupt onset of

convection in the subpolar gyre region south of Greenland,

the subsurface ocean rapidly ventilates increasing the

northern density (Fig. 8b, c). The early rapid rise of AMOC

in the NATL cases recovers most of the difference from the

comparable GOM case. During the event, the NATL_0.5

case recovers *2.0 Sv of the 2.4 Sv difference from

GOM_0.5, and NATL_0.25 recovers *1.5 Sv of the

1.8 Sv difference from GOM_0.28. Due to the decrease in

ocean freshwater export and an increase in precipitation

and ice melt, salinity freshens over upper water column at

55�N below that found during the forcing period (Figs. 7

and 10b). These salinity effects on density reverse the early

rapid increase in the meridional density gradient achieved

by the cooling of the subsurface layers in all cases but

NATL_0.1, which instead levels off. The early rapid rise in

AMOC is aborted and the rate of recovery slows to the rate

of increase seen in comparable GOM cases. Likewise, the

rate of increase of the meridional density gradient after the

end of the ‘flush’ matches the comparable GOM case,

which has started to increase slowly from the minimum

achieved a decade after the end of the FWF period. Thus

the effect on the meridional density gradient of the high

latitude cooling fuels an early rapid recovery period at the

time when the effects of salinity are tending to suppress or

inhibit recovery.

The NATL_1.0 is integrated to nearly a full recovery,

taking at least 600 years for both the AMOC and the

meridional density gradient (Fig. 8) to return to control

values. The zonally and vertically averaged upper ocean

temperature at 55�N cools to the LGM control value by

year 250 while the upper ocean temperature at 34�S cools

at a slower rate, remaining slightly warmer than the LGM

control (Fig. 10a) over the duration of the recovery period.

The AMOC begins a second rise at about year 180, lagging

the second increase in meridional density gradient by

40 years when northern salinity is at a minimum. Thus, the

early fast rise and the beginning of the second slow

increase in AMOC are associated with an increase in the

meridional density gradient driven by cooling of the sub-

surface temperatures in NATL_1.0. The upper ocean at

34�S cools slowly but remains warmer than the control

simulation enhancing the meridional density gradient over

the whole of the recovery period.

a

b

Fig. 10 a Time series of zonal mean Atlantic temperature at 55.2�N

(solid) and 34.3�S (dashed), vertically averaged from the surface to

1,500 m depth and smoothed with an 11 year running mean filter.

b Same as (a) but for salinity. Line color indicating each case is

shown in the legend
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While the rapid cooling of the subsurface high latitude

region initiates the recovery in the NATL cases, the tem-

perature effects continue to contribute to the recovery of

the meridional density gradient throughout the recovery

period. However, the processes involved in the removal of

the fresh anomaly from the northern high latitudes appear

to control the length of recovery (Hu et al. 2008 and Krebs

and Timmermann 2007). With the initial increase in sub-

polar convection in the NATL cases, relatively fresh water

at the surface, enhanced by increases in ice melt and pre-

cipitation, is mixed down while export slows lowering the

vertical mean salinity in the NATL_1.0 case as discussed

earlier (Fig. 7). This acts to suppress the recovery of the

meridional density gradient over the early part of the

recovery period (Fig. 8b, d). By year 130, the average

salinity at the northern latitude is fresher than at the outflow

latitude (Fig. 10b) over the upper 1,500 m. Starting at

about year 200, the increases in the meridional density

gradient leading to recovery are due to increases in salinity

at the northern latitude that occur with the slow export of

freshwater to the south, while the effects of temperature on

the meridional density gradient are diminishing.

5 Discussion and conclusions

In summary, in our glacial CCSM3 hosing experiments, the

subpolar ocean warms at intermediate depths when fresh-

water is added directly to the high latitude North Atlantic

regions of deep convection (in the NATL cases), causing a

rapid shutdown of convection and a growth of sea ice.

When freshwater is added more remotely (in the GOM

cases) allowing deep convection to continue though

weakened, subpolar cooling is found to intermediate

depths. The magnitude of the subsurface warming depends

on the magnitude of the freshwater forcing. In the more

moderate NATL cases the magnitude of the high latitude

warming is found to generally agree with proxy interpre-

tations as discussed in Otto-Bliesner and Brady (2010).

The AMOC weakens in response to the addition of

freshwater for 100 years in all cases, however, the mag-

nitude of the weakening is sensitive to both the location of

input and the magnitude of FWF with greater weakening

when comparable FWF is applied to the high latitude

deepwater formation region as compared to farther south.

A strong linear relationship between the strength of the

AMOC and the vertically averaged upper ocean meridional

density gradient found during both the FWF and recovery

periods suggests that the greater decline of AMOC in the

NATL cases as compared to GOM cases is associated with

the subsurface temperature response. The NATL cases

show a greater weakening of the meridional density gra-

dient because the high latitude subsurface warming

enhances the reduction of density caused by the freshening.

In the GOM cases, the effect of the subsurface ocean

warming in the SH partially offsets the reduction in the

meridional density gradient caused by a greater freshening

at high latitudes. In addition, the sensitivity of AMOC to

the magnitude of FWF at a given location is understood in

terms of the effect on density of the temperature and

salinity response induced at the high latitudes. Greater

weakening of AMOC is found in higher forced NATL

cases associated with greater induced subsurface warming

and in higher forced GOM cases associated with greater

freshening.

In the glacial CCSM3 hosing experiments, we find that

the long term pace of recovery is not sensitive to the

location of FWF. This is because the NATL cases have an

initial short-lived rapid recovery phase during which deep

convection resumes and heat is vented from the subsurface

ocean in the subpolar region. During this phase, most of the

AMOC difference between the comparable NATL and

GOM cases is recovered due to temperature induced

increases in high latitude density. This early rapid rise is

not sustained due to subsequent upper ocean freshening

caused by increased precipitation and sea ice melt and an

eventual decrease in the ocean export of freshwater.

Thereafter the recovery of the NATL cases slows to match

the equivalently forced GOM case. Our results suggest the

high latitude subsurface ocean cooling fuels the initial

recovery in the NATL cases, and support the finding in

present day simulations that it is the rate of removal of

freshwater from the high latitude deep water formation

region that determines the length of the recovery (Hu et al.

2008).

Our results from these glacial hosing experiments with

the CCSM3, a moderate resolution comprehensive climate

model with fully interactive atmosphere, ocean, and sea-ice

components, can be compared to other numerical modeling

studies. Stocker et al. (2007), in both the low-resolution

configuration of the CCSM3 and ECBILT–CLIO, a model

of intermediate complexity, find a subsurface warm

anomaly beneath a surface cooling north of 40�N in the

North Atlantic in both models in response to a ramped

freshwater forcing scenario. Knutti et al. (2004) find a

similar subsurface temperature anomaly pattern for longer

ramped large magnitude freshwater discharge scenarios

with the ECBILT–CLIO model in which a complete col-

lapse of the AMOC is induced, whereas here we find only

strong slowdowns at 34�S of *75% for the largest FWF

scenarios.

Other studies have also found a similar sensitivity of

AMOC weakening to the location of freshwater forcing

(Rahmstorf 1996; Manabe and Stouffer 1997; Fanning and

Weaver 1997; Goelzer et al. 2006; Mignot et al. 2007; and

Roche et al. 2010). Rahmstorf (1996) proposes that
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freshwater added south of the deepwater formation region

is less active in influencing deepwater formation. Our

analysis suggests that the sensitivity to the location of

forcing is due to the differing subsurface temperature

response through the effect on the meridional density

gradient and hence the meridional pressure gradients at the

depth of the return flow of GNAIW. Finally, our result that

the long-term recovery is not sensitive to the location of

FWF in the CCSM3 differs from the results of Mignot et al.

(2007). They find that the AMOC fully recovers within a

few decades in cases with high latitude subsurface warm-

ing, as compared to a century scale recovery time for cases

with subpolar cooling.

Model dependent sensitivity of the response and

recovery of AMOC to the location of freshwater input may

be due to any number of differences in the base state and

the model complexity of the atmosphere, ocean, and sea ice

processes that give rise to different sets of feedbacks. The

coupled model of intermediate complexity used in Mignot

et al. (2007) has a low resolution simplified statistical

atmospheric component and thus not the more complete set

of atmospheric and sea-ice feedbacks found in the CCSM3

that contributed to the surface freshening that inhibited the

early rapid recovery driven by cooling. Different back-

ground states have also been shown to affect the response

and recovery to hosing (Prange et al. 2004; Romanova

et al. 2004; Bitz et al. 2007; Hu et al. 2008; Cheng et al.

2007; Arzel et al. 2008). In Hu et al. 2008, the recovery in

the glacial state NATL_1.0 simulation is found to be longer

than in a similarly forced present day CCSM simulation.

The open Bering Strait in the present day simulation allows

for a significant freshwater export through the Bering Strait

shortening the overall recovery by at least a century. In

instantaneous freshening experiments, Bitz et al. 2007

found that the glacial case recovered at a slower rate

compared to the modern simulation due to greater sea ice

expansion. The greater sea ice led to reduced ocean heat

loss and an increased freshwater surface flux, both of which

inhibited the resumption of deepwater formation following

the freshening. The simulations in Mignot et al. (2007)

have a present day background state, which may have

reduced sea ice effects on the surface freshwater budget

compared to a glacial state. In addition Montoya et al. 2010

find that the subpolar dynamics in a glacial state has a

different sensitivity to wind stress depending on the

strength of deep water formation in the Nordic Seas and

suggest this may have implications for abrupt climate

change during the glacial period.

During the brief onset of convection, subsurface heat is

vented to the atmosphere and sea ice melts back in these

glacial simulations, causing a surface temperature rise with

a magnitude and abruptness approaching that seen in the

paleoclimate records. Our largest NATL experiment

produces an abrupt warming of Greenland winter air tem-

perature of *8 K, averaged from December to February,

in less than a decade following the termination of the

freshwater forcing. The simulated surface warming from

these simulated flushing events is brief followed by cooling

over the next decade. The D-O warming in the Greenland

ice core records, though of comparable abruptness in onset

to the simulated flushing events, is sustained for a longer

period cooling slowly with a millennial timescale. The heat

stored in the subsurface ocean in our relatively short glacial

NATL hosing simulations appears to be unable to sustain a

longer warming period. The dissimilarity of our flushing

event to D-O warmings may be because our simulation is a

glacial state with the main convection site located south of

the Greenland with relatively weak convection in the

Nordic seas. Studies with simplified models suggest that D-

O warmings require background conditions that are inter-

mediate between full glacial and modern (Schultz 2002;

Wang and Mysak 2006). A moderately rapid warming,

simulated near 14.4 ka in the deglacial simulation of Liu

et al. (2009) from a recovery of the AMOC to a longer

meltwater forcing for Heinrich event 1, takes place over

300 years due to a combination of an activation of deep

ventilation in the Nordic seas, an increase in CO2 during

the interval, and an overshoot mechanism. Still, the simu-

lated Greenland warming is not nearly as rapid as the

decadal timescale suggested from recent ice core evidence

(Steffensen et al. 2008).

The CCSM3 is one of the more complex fully coupled

climate models used for these type of meltwater studies

and hence, includes a more complete set of coupled

feedbacks compared to models with less complexity. Yet,

many processes that may affect the response are parame-

terized. One of the biggest limitations of these freshening

experiments is the highly idealized nature of the ‘fresh-

water’ input to the ocean model. Also, these experiments

may be too short in duration and abrupt in onset and ter-

mination in comparison to the longer and more gradual

pulses of meltwater suggested by proxy records (Clark

et al. 2002). Some of the transient behavior noted here,

particularly the flushing event that follows the termination

of FWF, may be caused by the abruptness of the termi-

nation of FWF. This limitation is being studied in more

realistic meltwater discharge scenarios and longer inte-

grations with a lower resolution version of the CCSM3

(Liu et al. 2009).
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