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ABSTRACT

The Atlantic thermohaline circulation (THC) is an important part of the earth’s climate system. Previous

research has shown large uncertainties in simulating future changes in this critical system. The simulated

THC response to idealized freshwater perturbations and the associated climate changes have been inter-

compared as an activity of World Climate Research Program (WCRP) Coupled Model Intercomparison

Project/Paleo-Modeling Intercomparison Project (CMIP/PMIP) committees. This intercomparison among

models ranging from the earth system models of intermediate complexity (EMICs) to the fully coupled

atmosphere–ocean general circulation models (AOGCMs) seeks to document and improve understanding

of the causes of the wide variations in the modeled THC response. The robustness of particular simulation

features has been evaluated across the model results. In response to 0.1-Sv (1 Sv � 106 m3 s�1) freshwater

input in the northern North Atlantic, the multimodel ensemble mean THC weakens by 30% after 100 yr.

All models simulate some weakening of the THC, but no model simulates a complete shutdown of the THC.

The multimodel ensemble indicates that the surface air temperature could present a complex anomaly

pattern with cooling south of Greenland and warming over the Barents and Nordic Seas. The Atlantic ITCZ

tends to shift southward. In response to 1.0-Sv freshwater input, the THC switches off rapidly in all model

simulations. A large cooling occurs over the North Atlantic. The annual mean Atlantic ITCZ moves into

the Southern Hemisphere. Models disagree in terms of the reversibility of the THC after its shutdown. In

general, the EMICs and AOGCMs obtain similar THC responses and climate changes with more pro-

nounced and sharper patterns in the AOGCMs.
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1. Introduction

The importance of the Atlantic thermohaline circu-

lation (THC) to climate and climate change stems from

its two unique properties: its large northward heat

transport and nonlinear dynamical behavior. Here we

define the THC as the part of the ocean circulation that

involves warm, saline surface water flowing northward

and the cold, dense water flowing southward at depth in

the Atlantic basin (Wunsch 2002). The warm, saline

surface water flows into high latitudes of the Northern

Hemisphere where it is cooled and sinks to depth.

These waters then flow southward at depth through the

Atlantic Ocean, mainly as a deep western boundary

current, until they reach the Southern Ocean where

they mix with the rest of the World Ocean waters.

Some past abrupt climate changes are considered

to have resulted from rapid reorganizations of the

THC (Boyle and Keigwin 1987; Duplessy et al. 1988;

Broecker 1997; Clark et al. 2002). Modeling studies in-

dicate that the THC is potentially sensitive to changes

in surface buoyancy fluxes induced by anthropogenic

climate change (Dixon et al. 1999; Mikolajewicz and

Voss 2000; Cubasch et al. 2001; Gregory et al. 2005),

and some model simulations have suggested that large

changes of the THC are possible in the future (Manabe

and Stouffer 1995; Stocker and Schmittner 1997). Se-

vere concerns about the future evolution of this critical

system have resulted in detailed investigations of the

dynamical behavior of the THC and THC-induced cli-

mate changes. Although much work has been done

(Manabe and Stouffer 1988, 1995, 1999a,b; Stocker and

Wright 1991; Rahmstorf 1995; Schiller et al. 1997;

Dixon et al. 1999; Vellinga and Wood 2002; Gregory et

al. 2003), the previous research unfortunately points to

substantial uncertainties in the model’s THC response.

For example, the sensitivity of the THC to freshwater

addition, the magnitude of the THC-induced cooling,

the cooling region, the reversibility of the THC after its

collapse, etc., are all highly model dependent. The dis-

agreement among model simulations is a clear indica-

tion of the complexity of the THC system. It also re-

flects limitations in current understanding of how the

large-scale climate system operates.

For simulated climate change, all the relevant data

are in principle available for analysis and understanding

of the model results, yet the reasons for the differences

among the models are largely unknown and have not

been studied systematically. To address this deficiency

and hence reduce the uncertainties in modeling the dy-

namical behavior of the THC and THC-induced cli-

mate change, two sets of coordinated THC experiments

were set up as an activity of the Coupled Model Inter-

comparison Project (CMIP) of the World Meteorologi-

cal Organization/World Climate Research Program/

Program on Climate Variability and Predictability

(WMO/WCRP/CLIVAR) Working Group on Coupled

Models (WGCM; www-pcmdi.llnl.gov/projects/cmip/

index.php). One set of coordinated experiments (so-

called water hosing—see below) is also an activity of

the Paleo-Modeling Intercomparison Project (PMIP),

also part of the WCRP.

The coordinated experiments comprise simulations

of a common design being undertaken at institutions

worldwide using their own climate models, either

coupled atmosphere–ocean general circulation models

(AOGCMs) or earth system models of intermediate

complexity (EMICs). AOGCMs are the main tools

used for climate prediction but require large computing

resources, so EMICs are also widely used to study past

or future climate changes. Table 1 lists the participating

institutions and basic structures of the models used in

this study. The purpose of the coordinated experiments

is to assess the differences in model responses and in-

vestigate the reasons for those differences. By combin-

ing representative model simulations in a multimodel

ensemble, the robustness of a particular simulation fea-

ture can be evaluated. The set of so-called partially

coupled experiments allows the role of the surface

fluxes in the weakening of the THC when greenhouse

gases increase to be investigated (Gregory et al. 2005).

In the second set of experiments, the so-called water-

hosing simulations, the response of the THC to a speci-

fied external source of freshwater and the resulting

climate change are studied. This water-hosing experi-

mental design is highly idealized. Its results have impli-

cations not only for future climate changes, but also to

help understand past climate changes seen in the paleo-

record. The implication for increasing understanding of

past climate changes encouraged the PMIP to cosup-

port this second experiment along with CMIP.

This paper focuses on the water-hosing experiments.

The purpose is to describe the experimental design

(section 2) and document the results obtained so far

(sections 3 and 4). It is anticipated that other papers will

follow that will explore many of the questions raised by

this paper in more detail.

2. Design of the water-hosing experiments

The water-hosing experiments study the sensitivity of

the THC to an external source of freshwater. In a per-

turbation experiment, an additional freshwater flux of

0.1 Sv (1 Sv � 106 m3 s�1) is applied for 100 yr to the

northern North Atlantic Ocean. The external water

flux is then switched off after model year 100 and the
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integration continues, in order to investigate whether

or not the THC recovers its initial strength and the rate

of the recovery. A control integration, with no external

water flux forcing, runs in parallel to the perturbation

integration. The size of the forcing (“hosing”) freshwa-

ter flux, which is approximately equal to the runoff of

the Amazon River, was chosen to be of the order of

magnitude predicted for a large CO2-induced climate

change. For instance, at 4 � CO2 in the Third Hadley

Centre Coupled Ocean–Atmosphere GCM (HadCM3;

experiment 2PC of Wood et al. 1999), the increase in

water flux from precipitation, evaporation, and river

runoff into the Arctic and Atlantic Oceans north of

45°N is 0.14 Sv. Similar freshwater flux changes were

simulated for the late twenty-first century in a version

of the Geophysical Fluid Dynamics Laboratory’s

(GFDL’s) R15 model (Fig. 3 of Dixon et al. 1999).

These fluxes are thought to be the dominant terms in

the water budget over the next 100 yr. The Greenland

ice sheet might add about half as much; in the most

extreme scenarios considered in the Intergovernmental

Panel on Climate Change (IPCC) Third Assessment

Report (Church et al. 2001), melting of the ice sheet

contributes about 6 mm yr�1 to global average sea level

rise, equivalent to 0.07 Sv. Melting of perennial Arctic

sea ice gives a term an order of magnitude smaller; a

volume of 2 � 1013 m3 melting in 50 yr yields a flux of

0.01 Sv.

The hosing flux is applied uniformly over the Atlan-

tic between 50° and 70°N. This is obviously an idealiza-

tion, and there will be some sensitivity to the region

chosen (Rahmstorf 1996; Gregory et al. 2003). A broad

area is chosen so as to ensure that the model-to-model

variations in the location of deep convection are likely

to be situated under the region of freshening. It also

helps solve limitations found in many ocean general

circulation models to handle large local water fluxes.

These limitations are due to the assumptions used in

the model construction (e.g., the so-called rigid lid used

to filter the fast waves observed in the ocean) and in the

numerical algorithms used to compute advection of wa-

ter properties. Ocean models are now being con-

structed that do not suffer from these issues (see Grif-

fies 2004 as one example). However most of the models

used here have these limitations, and therefore a large

area was chosen for the water-hosing forcing in an at-

tempt to minimize the effect of the numerical issues on

the results presented below.

After obtaining the results from the standard water-

hosing experiment, some groups performed a second

water-hosing experiment. In this experiment, the design

is the same as described above except that the rate is 10

times larger, 1.0 Sv, approximately equal to the total

global river runoff. This rate is sufficient to shut down

the THC in some models over 30 yr or less. A water flux

as large as 1.0 Sv is extremely unlikely under realistic

CO2 scenarios, however, this flux is within the range

envisaged for events driven by meltwater release during

the last glacial era and the deglaciation (Clarke et al.

2003), though not for periods as long as a century. This

rate would add about 9 m of globally averaged sea level

over a 100-yr period. In addition, similar sea level rises

have been caused by the massive iceberg discharges

from the Laurentide Ice Sheet during the Heinrich

events (Calov et al. 2002; Chappell 2002). Over a 1000-

yr period, these discharges could induce a freshwater

flux on the order of 0.1 Sv.

3. Results

a. 0.1-Sv water-hosing experiment

Table 2 shows the data from this experiment used in

the following analyses. In the present study, we mainly

summarize the simulations in terms of the mean of the

model as an ensemble and focus on selected variables

(see Table 2). To construct the geographical distribu-

tion of the ensemble mean, the models’ results are first

interpolated to a common 1° � 1° grid. The mean value

at each common point is then calculated and plotted

using all available model simulations.

1) THE THC RESPONSE

The sensitivity of the THC to external freshwater

forcing varies among different climate models (Bryan

1986; Schiller et al. 1997; Manabe and Stouffer

1999a,b). In response to freshwater perturbation, the

reduction of the THC intensity is proportional to both

the magnitude and duration of the perturbation (Rind

et al. 2001). Because of the slow adjustment of the deep

ocean, the integrations are transient and not equilib-

rium responses (Stouffer 2004). Here we define the

THC intensity as the maximum meridional overturning

streamfunction value in the North Atlantic excluding

the surface wind-driven overturning circulation. The

THC intensity varies greatly among the control runs

of the participating models (Fig. 1). There are large

differences in terms of the mean intensity and in the

amplitude and period of its multidecadal variations.

The model results can be classified into three groups

according to the characteristics of the THC in the con-

trol runs. The first group includes the GFDL Climate

Model version 2.1 (GFDL_CM2.1) GFDL_R30,

HadCM3, ECBILT_CLIO, and UToronto models. The

THC in these models is vigorous and presents pro-

nounced multidecadal variations. The second group in-
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cludes CCC_CGCM2, ECHAM5/MPI-OM, MIROC3.2,

MRI_CGCM2.3, and NCAR_CCSM2.0. In these mod-

els, the THC is relatively weak and the amplitude of

its multidecadal variations is small. CLIMBER,

MIT_UWash and UVic belong to the third group, in

which the THC has little variation. As noted in Table 1,

the models in this last group do not incorporate an

atmospheric component that resolves synoptic variabil-

ity. Therefore, they do not generate enough “noise” to

excite multidecadal oscillations of the THC. The rea-

sons why the decadal time-scale variability between the

first two groups differs so much, and why the mean

THC intensity varies widely among all the models, are

not clear. Possible mechanisms for these differences

have been suggested in previous research work

(Weaver and Sarachik 1991; Delworth et al. 1993; Tim-

mermann et al. 1998; Cheng et al. 2004; Vellinga and

Wu 2004) and are the possible subject for future inves-

tigations.

The THC intensity anomalies (Fig. 2) in the 0.1-Sv

TABLE 1. Participating institutions and models. Model resolution: lat � lon and number of levels.

Model Institute Type Atmospheric model Oceanic model

CCC_CGCM2 Canadian Center for Climate

Modelling and Analysis,

Canada

AOGCM T32 (3.7° � 3.7°), L10 MOM1.1, 1.8° � 1.8°, L29

CLIMBER_2 Potsdam Institute for Climate

Impact Research, Germany

EMIC 10° � 51°, L10 (dynamics),

L16 (radiative), vertically

integrated thermodynamics

A zonally averaged model

with three separate basins

CLIMBER_3� Potsdam Institute for Climate

Impact Research, Germany

EMIC Same as CLIMBER_2 with

increased resolution of 7.5°

� 22.5°

MOM3, 3.75° � 3.75°, 24

variably spaced levels

ECBilt/CLIO Royal Netherlands

Meteorological Institute,

Netherlands

EMIC ECBilt; T21, L3,

quasigeostrophic model

with dynamically computed

correction for the

ageostrophic terms

CLIO, 3° � 3°, variably

spaced levels, free-surface

global general circulation

model

ECHAM5/MPI-OM Max Planck Institute for

Meteorology, Germany

AOGCM T31, L19 3° � 3°; the grid has poles

over Greenland and

Antarctica

GFDL_CM2.1 Geophysical Fluid Dynamics

Laboratory, United States

AOGCM 2° � 2.5°, L24, finite volume

dynamical core

MOM4, 1° � 1° with

enhanced resolution at

Tropics (1/3° at equator),

L50, tripolar

GFDL_R30 Geophysical Fluid Dynamics

Laboratory, United States

AOGCM R30 (2.25° � 3.75°), L14 MOM1.1, 2.25° � 1.9°, L18

HadCM3 Hadley Centre for Climate

Prediction and Research,

United Kingdom

AOGCM 2.5° � 3.75°, L19 Pre-MOM, 1.25° � 1.25°, L20

MIROC3.2 University of Tokyo, Japan AOGCM T42, L20 COCO3.3; (0.5°�1.4 o) �

1.4°, L43

MIT_UWash Massachusetts Institute of

Technology and University

of Washington, United

States

EMIC A 2D (zonally averaged)

statistical–dynamical model,

7.82° in lat, L9

MOM2, 4° � 1°�3.75°, two

rectangular basins, 3D

ocean general circulation

model

MRI_CGCM2.3 Meteorological Research

Institute, Japan

AOGCM T42, L30 0.5°–2.0° � 2.5°, L23

NCAR_CCSM2.0 National Center for

Atmospheric Research,

United States

AOGCM T42 (�2.8° lat � 2.8° lon),

L26, hybrid vertical

coordinate

POP, displaced pole, 1° � 1°,

L40

UToronto University of Toronto,

Canada

AOGCM CCM3, T32 (�3.7° � 3.7°)

L18

NCOM (3° � 3°) with

enhanced resolution in

Tropics (1.8°), L25

UVic University of Victoria,

Canada

EMIC An energy moisture balance

atmospheric model with

dynamical feedbacks, 1.8°

� 3.6°

MOM2.2, 1.8° � 3.6°, L19

unequally spaced
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TABLE 1. Continued.

Model

Land

model

Sea ice

model

Water

coupling

through

Flux

adjustment

CO2

(ppmv)

Solar

constant

(W m�2)

Oceanic diffusivity

(m2 s�1) Reference

CCC_CGCM2 M, BB T, R VSF Heat, water 330 1370 GM, along-isopycnal: 1 �

103, horizontal: 1 �

102, vertical: 5 � 10�5

Flato and Boer

(2001)

CLIMBER_2 C T, F VSF — 280 1365 Horizontal: 1�2 � 103,

vertical: 0.5�1.5 � 10�4

Petoukhov et al.

(2000)

CLIMBER_3� C T, R FWF Wind anomaly

model

280 1365 GM, vertical: 0.1 � 10�4 Montoya et al.

(2005)

ECBilt/CLIO B T, R FWF Water (fixed

reduction in

Atlantic

basin)

280 1365 GM de Vries and Weber

(2005)

ECHAM5/

MPI-OM

C T, R FWF — 280 1365 GM, isopycnal diffusion

0.1�1 � 103,

background vertical:

0.1 � 10�4

Jungclaus et al.

(2006)

GFDL_CM2.1 C T, R FWF — 286 1365 GM Delworth et al.

(2006)

GFDL_R30 B T, F VSF Heat, water 360 1365 Background horizontal:

4 � 102, isopycnal:

1.9 � 103
�1 � 103,

horizontal: 1.2 � 105,

vertical: 0.3�1.0 �

10�4

Delworth et al.

(2002)

HadCM3 C T, F VSF — 290 1365 GM, along isopycnal

diffusion

Gordon et al.

(2000)

MIROC3.2 C T, R FWF — 285 1366 GM thickness: 3 � 102,

background horizontal:

1 � 102, background

vertical: 1 � 10�5
�2.7

� 10�4, isopycnal: 1 �

103

K-1 Model

Developers

(2004)

MIT_UWash M T VSF Heat, water,

momentum

280 1367 GM, isopycnal: 103,

horizontal: 103, vertical:

5 � 10�5

Kamenkovich et al.

(2002)

MRI_

CGCM2.3

C T, F VSF Heat, water,

momentum

345 1365 GM, isopycnal: 2 � 103,

diapycnal: 1 � 10�5

Yukimoto and

Noda (2002)

NCAR_

CCSM2.0

C T, R VSF — 355 1367 GM along isopycnals,

background vertical:

0.1�1 � 10�4

Kiehl and Gent

(2004)

UToronto M, BB T, R VSF — 355 1365 GM Otto-Bliesner and

Brady (2001)

UVic C T, R VSF Wind anomaly

model

280 1368 GM, FCT, background:

0, isopycnal: 4 � 102,

vertical: 0.3�1.3 �

10�4

Weaver et al.

(2001)

B � standard bucket scheme.

BB � modified bucket scheme with spatially varying soil moisture capacity and a surface resistance.

M � multilayer temperature scheme.

C � complex land surface scheme.

T � thermodynamic ice model only.

R � ice rheology included.

F � “free drift” dynamics.

FWF � freshwater flux.

VSF � virtual salt flux.

GM � Gent–McWilliams scheme.
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water-hosing experiment indicate that the THC weak-

ens in all the models in response to the freshwater input

at the ocean surface in high latitudes of the North At-

lantic. A 10-yr running mean was performed on the

curves to reduce the high-frequency fluctuations of the

THC intensity caused by the wind stress variations.

Starting from initial conditions, the curves diverge with

time as the freshwater is added, indicating differing

freshwater sensitivity of the THC among models. The

reduction of the THC intensity at the 100th year ranges

from 1.3 to 9.7 Sv (Fig. 2a) or from 9% to 62% relative

to the control (Fig. 2b). The black curve gives the mul-

timodel ensemble mean of 5.6 Sv, equivalent to a 30%

weakening of the THC after 100 yr of freshwater input.

The difference in the THC sensitivity to freshwater in-

put among models is an important issue as it affects all

aspects of the climate response (shown later). The nu-

merical schemes, grid resolution, the control climate

THC simulation, the location of deep convection, the

ocean currents, and the salinity distribution might all be

factors in determining this difference. We find no sig-

nificant correlation between the absolute weakening of

the THC and the THC strength in the control runs. For

example, the THC intensity simulated by GFDL_R30

and CCC_CGCM2 in the control runs is 24 and 14 Sv,

respectively, representing a strong and a weak THC

flow. However, both models simulate a similar 9�10-Sv

absolute reduction of the THC intensity by the end of

the freshwater input period.

Because of the slow adjustment of the deep ocean,

the THC doesn’t reach equilibrium with the external

freshwater forcing during the period of freshwater in-

put. Generally, the THC decreases more rapidly within

the first several decades of the 0.1-Sv water-hosing ex-

periment, and the rate of decrease lessens thereafter. In

addition, not all models simulate the weakest THC at

the end of the freshwater perturbation. The THC in-

tensities in the HadCM3, MIT_UWash, and UToronto

models all reach their minimum before the 100th year

of the simulation and show signs of reintensification

even under the continuing freshwater forcing. This re-

intensification seems related to a switch of the major

deep convection sites to locations north of the hosing

area in these models. This shift is likely a result of the

experimental design. If the hosing area extended far-

ther north, it is likely that this shift would not occur.

Finally, it needs to be noted that the freshwater pertur-

bation of 0.1 Sv for 100 yr is insufficient to shut down

the THC in any of the models presented here.

After the termination of the freshwater perturbation,

the THC starts recovering toward its control strength.

Thus, no critical point like Stommel’s saddle-node bi-

furcation (Stommel 1961; Rahmstorf 1995) beyond

which the THC collapses completely has been passed in

these model simulations. The time scale of the THC

recovery varies greatly among the models. Two models

with the largest fractional decrease, CCC_CGCM2 and

ECHAM5/MPI-OM (Fig. 2b), have the longest rein-

TABLE 2. Comparison items and model data used for the analyses. Numbers denote the following: 1) maximum meridional over-

turning streamfunction value in North Atlantic (Sv) (control and hosing); 2) SAT time series averaged over 50° to 70°N in Atlantic

(control and hosing); 3) SAT time series at coldest spot over 50°�70°N in Atlantic [obtained from SAT difference (years 81–100) minus

control (century time average)] during hosing; 4) 2D fields (hosing: time average of years 81–100; control: century time average); 4.1)

SAT; 4.2) sea level pressure; 4.3) Precipitation; 4.4) P � E � R; 4.5) SST; 4.6) SSS; 4.7) sea ice thickness and concentration; 5) 2D

oceanic sections depth vs latitude—Atlantic and global (hosing: time average of years 81–100; control: century time average); 5.1)

potential temperature; 5.2) salinity; 5.3) meridional overturning streamfunction; 6) zonal mean transports by ocean basin (hosing: time

average of years 81–100; control: century time average); 6.1) heat; and 6.2) freshwater.

1 2 3 4.1 4.2 4.3 4.4 4.5 4.6 4.7 5.1 5.2 5.3 6.1 6.2

CCC_CGCM2 � � � � � � � � � � � � � � �

CLIMBER_2 �� �� �� �� �� �� �� �� �� �� �� ��

CLIMBER_3� �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

ECBILT_CLIO � � � � � � � � � � � � � �

ECHAM5/MPI-OM � � � � � � � � � � � � � � �

GFDL_CM2.1 �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

GFDL_R30 �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

HadCM3 �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

MIROC3.2 � � � � � � � � � � � � � �

MIT_UWash �� �� �� �� �� �� �� ��

MRI_CGCM2.3 � � � � � � � � � � � � � � �

NCAR_CCSM2.0 �� � � �� � �� � � � � � � � � �

UToronto �� �� �� �� �� �� �� �� �� �� �� �� �� �� ��

UVic �� �� �� �� �� �� �� �� �� �� �� �� �� ��

� � model data only for the 0.1-Sv experiment.

�� � model data for both 0.1- and 1.0-Sv experiments.
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FIG. 1. Time series of the THC intensity (Sv) in the control runs. A 10-yr running mean was

performed on the curves to reduce the high-frequency fluctuations of the THC. Solid curves

for AOGCMs and dashed curves for EMICs. The numbers after the model names indicate the

long-term mean of the THC intensity.

FIG. 2. Time series of the THC intensity anomalies in the 0.1-Sv water-hosing experiments.

(a) The absolute value of the anomalies. (b) The relative anomalies compared with the

long-term mean of the THC intensity in the control experiments. Solid curves denote

AOGCMs and dashed curves denote EMICs.
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tensification time, whereas the THC in other models

recovers to a value similar to the control within several

decades after the freshwater perturbation ends. The

THC in CCC_CGCM2 and ECHAM5/MPI-OM is

still well below their respective control intensities at

the 200th year. In the GFDL_CM2.1, HadCM3, and

MIT_UWash models, it appears that the THC over-

shoots the control run during the recovery phase but

eventually comes back to its control value. It seems that

the deep convection activities at the original sites in

these models resume quickly after the termination of

the freshwater perturbation, while those north of the

hosing region do not switch off immediately.

The ensemble mean pattern of the meridional over-

turning streamfunction in the Atlantic shows that the

THC intensity is about 17 Sv in the control run (Fig.

3a). The sinking motion takes place in 50–70°N. The

northward flow in the upper 1000 m transports warm

and salty seawater to the high latitudes where the sea-

water is cooled and sinks to the deep ocean. The cold,

salty water then flows to the south at 1000�3000-m

depth. We note that the overflow across the Green-

land–Iceland–Scotland ridge is about 2�4 Sv (Fig. 3a),

which is less than many observational estimates (e.g., 6

Sv of Schmitz and McCartney 1993; Hansen and Oster-

hus 2000). There is a 13-Sv flow across the equator at

30°S indicating intense interhemispheric water mass ex-

change. The anticlockwise cell beneath the THC cell is

associated with Antarctic Bottom Water (AABW) for-

mation, while the cells in the upper tropical Atlantic are

wind-driven Ekman circulations.

In response to 0.1-Sv freshwater perturbation, the

FIG. 3. The meridional overturning streamfunction in the Atlantic (Sv). (a) The ensemble

mean of the control runs. (b) The ensemble mean of the 0.1-Sv water-hosing experiment

(years 81�100). Negative values are shaded.
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entire THC cell weakens (Fig. 3b) and the bottom cir-

culation cell intensifies slightly. The maximum stream-

function is about 12�13 Sv, a decrease of about 3�4 Sv.

The flow at 30°S drops to about 10 Sv from 13 Sv. The

bottom cell is more than 4 Sv.

2) SURFACE AIR TEMPERATURE

Both the magnitude and geographical distribution of

the THC-induced surface air temperature (SAT)

change; particularly the cooling over the northern

North Atlantic varies greatly among the model simula-

tions. As shown in Fig. 4, four AOGCMs (CCC_CGCM2,

ECHAM5/MPI-OM, GFDL_CM2.1, and GFDL_R30)

and two EMICs (ECBILT_CLIO and UVic) simulate

significant cooling with a pronounced center south of

Greenland in response to 0.1-Sv freshwater perturba-

tion. In contrast, the other five AOGCMs (HadCM3,

MIROC3.2, MRI_CGCM2.3, NCAR_CCSM2.0, and

UToronto) and one EMIC (CLIMBER_3�) obtain a

very weak temperature decrease over the northern

North Atlantic without any notable cooling center.

FIG. 4. The SAT anomalies (years 81�100) simulated by different models in the 0.1-Sv water-hosing experiment. The difference is

constructed by subtracting years 81�100 of the hosing integration from years 1�100 of the control. “E” indicates that the model is an

EMIC. The last two ensemble panels use a different scale (at lower right).
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The SAT anomaly south of Greenland is plotted as a

function of the THC intensity anomaly (Fig. 5). It

seems that one can fit two straight lines to the data: one

for the AOGCMs and one for the EMICs. However,

fitting just one line would produce a result close to the

plotted AOGCM line. This indicates that the EMICs

results are very close to the AOGCM results. The good

correlation [fit to the straight line(s)] indicates that the

dynamical behavior of the THC in response to fresh-

water forcing is crucial to determine the THC-induced

cooling.

An interesting feature in Fig. 4 is the warming over

the Barents and Nordic Seas. It appears in four

AOGCMs (GFDL_R30, HadCM3, MIROC3.2,

and UToronto) and one EMIC (ECBILT_CLIO).

The warming in this region is as large as 10°C in the

MIROC3.2 and UToronto results, and 5°C in the

HadCM3. It can be larger in magnitude than the cool-

ing south of Greenland. The warming is caused by the

northward shift of oceanic deep convection (Fig. 10),

the resulting increase in the northward heat transport in

the high latitudes of the North Atlantic (Fig. 8b) and

then amplified by a sea ice feedback (Fig. 9c). The per-

turbation freshwater flux weakens the deep convection

in the 50°�70°N belt. It is possible for the sinking to

take place farther north in the Barents Sea, where no

perturbation freshwater flux is directly imposed and

conditions can be favorable for water mass formation to

occur. As a result, in some models the sinking moves

north into the Barrents Sea. The ECBILT_CLIO,

GFDL_R30, HadCM3, and MIROC3.2 models indeed

show a positive sea surface salinity (SSS) anomaly in

the Barents Sea associated with the enhanced deep

water formation there, while the UToronto model

shows positive anomalies in the Greenland–Iceland–

Norwegian (GIN) Seas and south of Greenland (Fig.

10).

The increased convection brings relatively warmer

seawater from the ocean interior to the surface. This

heating from below reduces the sea ice thickness (Fig.

9c) and pushes back the sea ice boundary. The lower

atmosphere no longer overlies sea ice that insulates the

atmosphere from the ocean. The heat from the ocean

then warms the overlying atmosphere, leading to the

large SAT changes seen in Fig. 5 in some models. For

the models in which the simulated sea ice in the Barents

and Nordic Seas is thick, this warming can be quite

large. After combining the cooling and warming, the

SAT anomalies averaged over 50°�70°N of the North

Atlantic (Fig. 6) range from –4.4°C in the GFDL_R30

model to �1.0°C in the UToronto model at the 100th

year.

The ensemble mean of the SAT change simulated by

the participating models helps summarize the signal

and outline the robust features. In the 0.1-Sv water-

hosing experiments, the slowdown of the THC results

in a reduction of northward heat transport and vertical

heat transport (due to reduced vertical mixing), leading

to a robust cooling over the northern North Atlantic

(Fig. 7b). The maximum cooling of up to 3°C occurs

south of Greenland, corresponding to the typical deep

convection site in the Labrador Sea. The sea ice exten-

FIG. 5. The SAT anomalies south of Greenland (years 81�100; 45°�70°N, 60°10°W) vs the

THC intensity anomalies (years 81�100) in the 0.1-Sv experiment. Dot points: AOGCM;

square points: EMICs; solid line: the linear fit based on the AOGCM results; dashed line: the

linear fit based on the EMIC results.
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sion and the increase of sea ice thickness (Fig. 9c) fur-

ther enhance the cooling by reflecting more solar ra-

diation and inhibiting the heat exchange between the

atmosphere and the ocean.

The cooling area extends eastward with a 0.5°�1°C

temperature decrease over most of western Europe.

The SAT changes in the Barents and Norwegian Seas

are the most uncertain regions as indicated by the large

local intermodel standard deviation (Fig. 7b and Fig. 4).

It is unclear what causes this wide variation in model

responses in these regions. It is possible that some of

the variation is related to the models ability (or lack) to

simulate the deep water formation in the Nordic Seas.

The cooling over the northwest North Atlantic and

warming over the northeast North Atlantic reflects a

wave-like atmospheric circulation pattern in the

middle-high latitudes of the Northern Hemisphere,

which is stimulated by the freshwater perturbation. In

the wintertime, there is a longwave ridge in the flow

over eastern Pacific and Atlantic Oceans and troughs

over the east coasts of North Atlantic and Asia. It ap-

pears that the wintertime ridges flatten in the freshwa-

ter perturbation integrations, leading to cooling over

the two oceans (Fig. 7b) with smaller changes over the

middle-latitude continents. The seasonality and atmo-

spheric circulation response to the freshwater pertur-

bation could be the subject of further investigations.

The response in the Southern Hemisphere to the

slowdown of the THC is much smaller than seen in the

Northern Hemisphere. Generally there is a small

warming in the Southern Hemisphere. As the THC

weakens, the northward heat transport is reduced,

keeping more heat in the Southern Hemisphere. This

additional heat leads to the small SAT warming found

there. Apparently, the maximum warming is induced by

the enhancement of the deep convection and sea ice

FIG. 6. Time series of the SAT anomalies in the 0.1-Sv water-hosing experiment (the mean

over 50°�70°N of the northern North Atlantic).

FIG. 7. The SAT (°C). (a) The ensemble mean of the control among the participating climate models. (b) The

ensemble mean of the anomalies (color shades) between the 0.1-Sv water-hosing experiment and the control

experiment (years 81�100) and std dev among model simulations (solid lines).
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change in the Weddell Sea related to the increase in

AABW formation shown by Fig. 3. The north–south

deep convection coupling may therefore play a very

important role in the global-scale north–south climate

connection (Crowley 1992; Stocker 2002).

Much of the SAT change essentially stems from the

change of northward heat transport in the Atlantic (Fig.

8) as noted above. The heat transport in the Atlantic is

uniformly northward (Fig. 8a), differing from the simu-

lation in the Pacific Ocean, where the heat transport is

poleward. Among the models analyzed here, the maxi-

mum northward heat transport at about 20°N in the

North Atlantic Ocean ranges from 0.7 to 1.1 PW (1 PW �

1015 W). This is weaker than the observed estimate of

about 1.3 PW, but within the uncertainty range of the

observationally based estimates using the high-quality

hydrographic data gathered in the World Ocean Circu-

lation Experiment (Ganachaud and Wunsch 2000;

Stammer et al. 2003). After the slowdown of the THC,

the northward heat transport in the Atlantic decreases

(Fig. 8b). The multimodel ensemble mean gives a maxi-

mum decrease about 0.13 PW around 20°N.

3) OCEAN TEMPERATURE AND SALINITY

The multimodel ensemble change of SST after the

slowdown of the THC (Fig. 9a) bears a similar pattern

to that of the surface air temperature (Fig. 7b). The SST

decrease up to 3°C south of Greenland extends the sea

ice coverage in this region. The slight SST increase in

the Barents Sea corresponds to the SAT warming seen

in this area in Fig. 7b. The slight warming of the SST in

the South Atlantic, induced by the slowdown of the

THC, spreads throughout the Southern Ocean via the

Antarctic Circumpolar Current (ACC). The fulcrum of

the SST changes is the equatorial Atlantic. Besides the

thermal effect on the atmosphere, the decrease of the

SST over the northern North Atlantic also provides the

so-called temperature advection feedback to stabilize

FIG. 8. Northward heat transport in the Atlantic Ocean. (a) The control run.

(b) Anomalies in the 0.1-Sv water-hosing experiment.
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the THC by increasing the surface seawater density.

But this effect is secondary in comparison with the den-

sity decrease induced by the high-latitude freshening

due to the hosing.

The decrease in SSS over the northern North Atlan-

tic is a direct result of the additional freshwater input

and the response to the weakening of the THC. The

multimodel ensemble mean shows that the maximum

freshening occurs in the 50°�70°N latitudes with SSS

decrease of about 1.2 psu. However, different models

simulate distinctly different geographical distribution of

the SSS anomalies (Fig. 10). For example, the maxi-

mum freshening can occur at the eastern, middle, or

western part of 50°�70°N latitudes of the North Atlan-

tic. Some models obtain a positive SSS anomaly around

the Barents Sea while some others simulate a negative

anomaly there. The differences in the SSS response

could result from many factors such as the location of

the deep convection sites or the exact details of the time

mean oceanic currents. Generally, the North Atlantic

surface water becomes fresher and the South Atlantic

becomes saltier during the slowdown of the THC. The

salinity increase in the Gulf of Mexico and the Carib-

bean Sea is a consequence of the change of evaporation

and precipitation there (Fig. 9e). Sedimentological data

have confirmed that the SSS in the Caribbean Sea in-

FIG. 9. Geographical distribution of the ensemble mean anomalies in the 0.1-Sv experiment. Years 81�100.

(a) SST (°C), (b) SSS (psu), (c) sea ice thickness (m), (d) (mm day�1), (e) net freshwater flux into the ocean (mm

day�1), and (f) sea level pressure (mb).
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deed has an antiphase relationship with North Atlantic

Deep Water formation during the last glacial cycle

(Schmidt et al. 2004). Hence, the salinity over the west-

ern tropical–subtropical North Atlantic could play a

crucial role in the study of past evolution of the THC.

Unlike SST that can thermally feedback on the over-

lying atmosphere, SSS plays its major role in the dy-

namics of the THC and other oceanic circulations. The

decrease in salinity in northern North Atlantic and the

increase in the tropical–subtropical western North At-

lantic create a sharp north–south salinity gradient

around 40°N. The northward salinity flux across 40°N

increases subsequently accompanying the ocean hori-

zontal mixing process and gyre circulation. This in-

crease in northward salinity flux in the upper ocean

prevents the runaway salinity decrease in the northern

North Atlantic induced by the positive salinity–advec-

tion feedback associated with the THC (Stommel

1961).

The large value of salinity decrease (Fig. 9b) and

small value of model deviation (not shown) imply that

the Labrador Sea and surrounding oceans are the most

susceptible regions to the freshwater perturbation in-

duced either by the increase of P � E or by the melting

FIG. 10. The SSS anomalies (years 81�100) simulated by different models in the 0.1-Sv water-hosing experiment (psu).
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of the nearby ice sheet (Wood et al. 1999; Weaver and

Hillaire-Marcel 2004; Cheng and Rhines 2004). The

lack of the direct supply of high-salinity seawater makes

the deep convection and deep water formation in these

regions easier to shut down.

The zonally averaged ocean temperature (Fig. 11a)

and salinity (Fig. 11b) in the Atlantic display the distri-

bution of the anomalies in the ocean interior. The

warming through the water column at about 45°N (Fig.

11a) is evidence of the weakening of high-latitude ven-

tilation. The ocean warming also takes place in the in-

termediate layer south of 45°N because of the reduction

of the northward heat transport. These changes in

ocean temperature have a large impact on local sea

level (not shown). The sea level in the North Atlantic is

also greatly affected by the change of the strength of

the THC (Levermann et al. 2005).

In terms of ocean salinity, the freshwater accumu-

lates at the northern North Atlantic to form a low sa-

linity, low density cap inhibiting oceanic convection and

vertical mixing (Fig. 11b). Part of the perturbation

freshwater is carried downward to the deep ocean by

the sinking branch of the THC. It is also apparent that

the Arctic gets fresher because of the northward trans-

port of the perturbation freshwater beneath the surface

layer. Most of the intermediate ocean south of 45°N

becomes saltier because of the reduction in the north-

ward transport of salty water.

4) SEA ICE

Sea ice is more extensive and its thickness increases

in the Labrador Sea after the slowdown of the THC

(Fig. 9c). These changes provide positive feedbacks to

enhance the surface air temperature anomalies induced

FIG. 11. The ensemble mean of ocean temperature and salinity anomalies zonally averaged

in the Atlantic in the 0.1-Sv experiment: (a) temperature (°C) and (b) salinity (psu). Positive

values are shaded.
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by the reduction of the northward heat transport in the

Atlantic (Fig. 7b). However, because of the northward

shift of the deep convection sites and the enhancement

of the deep convection, the sea ice retreats and its thick-

ness reduces in the Barents and GIN Seas in the mul-

timodel ensemble. At the southern end of the Atlantic,

the sea ice mass also reduces as a result of the enhance-

ment of the deep convection in the Weddell Sea (Fig.

3b). As discussed earlier, more heat is transported from

the interior ocean to the surface to melt the sea ice.

5) PRECIPITATION

Previous research on the climate impacts of a slow-

down/shutdown of the THC has focused on the surface

air temperature change over the high-latitude region.

Recently, attention has been given to the tropical–sub-

tropical Atlantic emphasizing the impact of the THC on

the hydrological cycle there (Chiang and Koutavas

2004). The importance of the hydrological cycle over

the tropical Atlantic lies in its direct influence on the

Amazon’s biotic system, the Sahel drought, and the

low-latitude SSS. The latter helps regulate the intensity

of the THC through northward salinity advection, pro-

viding complex feedbacks on the dynamical behavior of

the THC (Vellinga and Wood 2002).

After the slowdown of the THC, a dipole pattern in

precipitation appears with positive anomalies over the

equatorial Atlantic and the Amazon and negative

anomalies over the tropical North Atlantic (Fig. 9d).

The positive anomaly band spans the entire Atlantic

just south of the equator, from the Amazon to central

Africa with the center close to northeastern Brazil.

Given the annual mean position of the Atlantic ITCZ is

in the Northern Hemisphere, this dipole pattern is a

signal of the southward shift of the ITCZ and Hadley

circulation. The signal is much more significant in the

1.0-Sv water-hosing experiment after the shutdown of

the THC (Fig. 16; see below).

The southward shift of the maximum rainfall belt

over the Atlantic is a robust feature in the AOGCM

simulations (Fig. 12). Most AOGCMs simulate a drying

over the tropical North Atlantic. This drying may en-

hance the SSS in the low-latitude North Atlantic and

act to reintensify the THC after the hosing stops. In

contrast, the southward shift of the Atlantic ITCZ does

not appear in the simulations of EMICs because of

their coarse resolution and reduced complexity, par-

ticularly for the atmospheric dynamical processes (Fig.

12, EMIC ensemble).

The shift of the Atlantic ITCZ is mainly attributable

to the interhemisphere seesaw pattern of the tempera-

ture change over the Atlantic. Notice that there is also

a precipitation change dipole over the equatorial Pa-

cific. Given the large total precipitation there, the sta-

tistical significance of this dipole remains unclear and is

the subject for future investigations.

Besides the low-latitude Atlantic, another region in

Fig. 9d where the precipitation also undergoes signifi-

cant change is the North Atlantic along the midlatitude

storm track. This decrease is closely related to the tem-

perature decrease over the northern North Atlantic and

the resulting weakening of the Icelandic low (shown

later).

6) NET FRESHWATER FLUX OVER THE OCEAN

SURFACE

The regions where deep convection and deep water

formation take place are likely to be the regions where

the THC is the most sensitive to freshwater perturba-

tions. However, the THC can feel any change of the net

freshwater flux along its “catchment” region. Essen-

tially, the catchment region is the upper route of the

THC including the tropical–subtropical Atlantic.

Manabe and Stouffer (1995) found that freshwater flux

anomalies away from the oceanic convection sites are

less effective in causing changes in the THC than the

same anomalies over the oceanic convection sites.

Therefore, the evolution of the THC intensity actually

is a result of the complex interplay of the net freshwater

flux changes in the catchment region. It has been shown

in the preceding section that the freshwater addition

over the northern North Atlantic alters the hydrologi-

cal cycle in the low-latitude Atlantic. The subsequent

freshwater flux anomalies over the tropical–subtropical

North Atlantic can provide feedbacks on the freshening

over the high-latitude North Atlantic and the intensity

of the THC. The net freshwater flux (precipitation plus

runoff minus evaporation) anomalies in the 0.1-Sv wa-

ter-hosing experiment (Fig. 9e) show a large positive

area over the northern North Atlantic resulting from

the perturbation freshwater input. Over the low-lati-

tude Atlantic, there is a dipole pattern similar to Fig.

9d. We expect that the change of evaporation over the

low-latitude Atlantic is relatively small when compared

to the local precipitation changes. It seems therefore

that the precipitations are the main contributor to the

net freshwater flux anomalies. It is also clear in Fig. 9e

that both the local freshwater fluxes from the atmo-

sphere and the runoff of Amazon River increase after

the southward shift of the Atlantic ITCZ. The negative

anomalies over the tropical North Atlantic tend to en-

hance the SSS over low-latitude Atlantic and are then

advected northward, offsetting some of the freshening

over the high latitude of the North Atlantic (Lohmann

2003). This enhancement is also clear in the vertical

cross-section picture (Fig. 11b).

1380 J O U R N A L O F C L I M A T E VOLUME 19



7) SEA LEVEL PRESSURE

The North Atlantic Oscillation (NAO) is the domi-

nant pattern of the climate variability in the North At-

lantic region. The close interaction between the THC

and the NAO is a consequence of their major centers of

action being collocated over or near the northern North

Atlantic. The NAO causes changes to the THC inten-

sity through anomalous wind stress and buoyancy

fluxes associated with positive and negative NAO

phases (Delworth and Dixon 2000). On the other hand,

a slowdown/shutdown of the THC causes SST decrease

in the northern North Atlantic, weakening the Icelan-

dic low, and therefore influencing the phase of the

NAO. After the slowdown of the THC, a positive

anomaly of sea level pressure of up to 1.5 hPa appears

south of Iceland, and the Icelandic Low becomes

weaker (Fig. 9f) in the multimodel ensemble.

b. 1.0-Sv water-hosing experiments

As indicated in Table 2, only a subset of models per-

formed this second perturbation integration. Since the

imposed 1.0-Sv freshwater forcing is an order of mag-

FIG. 12. Precipitation anomalies and the southward shift of the ITCZ over the tropical Atlantic in individual model simulations

(mm day�1) in the 0.1-Sv experiment.
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nitude larger, the climate changes are expected to be

much larger than those in the 0.1-Sv hosing case.

In response to the 1.0-Sv freshwater input, the THC

collapses to a near shutdown condition within 50 yr of

the start of the freshwater perturbation (Fig. 13). Four

models (GFDL_CM2.1, MIT_UWash, NCAR_CCSM2.0,

and UToronto) show a rapid reintensification of the

THC once the freshwater is eliminated at the 100th

year. Although the integration time is too short for a

full response, the shutdown of the THC in the HadCM3

is also likely a reversible process. In contrast, the THC

remains inactive in the GFDL_R30 and UVic models

even after the termination of the freshwater perturba-

tion, indicating that the THC may have changed states

in these two models.

The AOGCM ensemble mean of the SAT anomalies

after the shutdown of the THC shows a large cooling in

the North Atlantic (Fig. 14a). The maximum cooling of

up to 12°C occurs between Scotland and Iceland, while

western and northern Europe becomes 4°�10°C

colder. The temperature over the tropical North Atlan-

tic also decreases about 2°�3°C. The maximum warm-

ing of up to 2.4°C occurs over the South Atlantic along

the African coast. This warming is induced by the re-

distribution of the oceanic heat carried by the THC.

On average, the Northern Hemisphere as a whole

cools about 2.3°C and the Southern Hemisphere warms

about 0.3°C. Consequently, there is a global cooling

of about 1°C after the shutdown of the THC. The

EMICs simulate similar SAT anomaly patterns as the

AOGCMs but with relatively smaller magnitude (Fig.

14b). The ensemble EMIC mean cooling of the North-

ern Hemisphere is about 1.4°C with the maximum up to

7°C in the northern North Atlantic. The warming in the

Southern Hemisphere is also smaller in the EMICs than

in the AOGCMs.

After the collapse of the THC, the northward heat

transport in the Atlantic Ocean is greatly reduced in

most models (Fig. 15). This reduction in the northward

heat transport leads to the pattern of SAT changes

noted above where the Northern Hemisphere cools and

the Southern Hemisphere warms. The magnitude of the

local SST and SSS decreases in the North Atlantic can

be up to 10°C and 10 psu, respectively (not shown). The

maximum decrease in SST and SSS occurs at the east-

ern North Atlantic. Most of the North Atlantic north of

50°N is covered by sea ice in winter.

The southward shift of the Atlantic ITCZ is very

significant in AOGCM simulations of the 1.0-Sv water-

hosing experiment (Fig. 16). There is a strong negative

anomaly over the entire North Atlantic and positive

anomalies over the South Atlantic after the shutdown

of the THC. In the multimodel AOGCM ensemble, the

maximum change in precipitation is about 2.5 mm

day�1 occurs at 8° latitude north and south of the equa-

tor. On the other hand, the precipitation response in

the EMICs’ ensemble is much weaker than that seen

in the AOGCM results. These precipitation changes

lead to negative freshwater flux anomalies over the

North Atlantic (not shown). These atmospheric flux

anomalies tend to compensate for the horizontal ad-

vection of the fresh salinity anomalies from the North

Atlantic in the tropical–subtropical North Atlantic. In

the western tropical and subtropical North Atlantic,

the atmospheric flux anomalies tend be larger than the

advective flux anomalies, so that the SSS increases. In

the rest of the tropical and subtropical North Atlantic,

the SSS decreases indicating that the advective flux

FIG. 13. Time series of the THC intensity evolution in the 1.0-Sv water-hosing experiments.
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anomalies have a large impact on the SSS changes

there.

4. Discussion and conclusions

The coordinated experiments conducted by CMIP/

PMIP are designed to improve our understanding of

the THC response. Through the increased understand-

ing, the uncertainty associated with the THC response

should decrease. This paper represents a first attempt

to document the model’s THC response in these coor-

dinated experiments.

A 0.1-Sv freshwater perturbation over the 50°�70°N

of the North Atlantic approximately resembles the pro-

jected freshwater flux anomalies over the high latitudes

of the North Atlantic induced by global warming a cen-

tury or more in the future. In response to this freshwa-

ter input, the THC gradually weakens by 30% at the

100th year in the multimodel ensemble mean, with a

range of results from the individual models. No model

presented here simulates a complete THC shutdown

during the 100-yr 0.1-Sv perturbation.

It is important to remember the experimental design

when applying these results to either past or future

climates. A caveat that applies to future climates is

that the role of the freshwater flux anomalies in the low

latitudes of the Atlantic is not taken into account. It

has been demonstrated that the freshwater flux anoma-

lies in the tropical–subtropical Atlantic induced by a

reduction in the Amazon River flow in the warmer

climate can, in some models, compensate for the high-

latitude surface ocean freshening (Latif et al. 2000;

Thorpe et al. 2001). A caveat for applying these re-

sults to past climates is that the mean state for these

experiments is today’s climate. In climates where

meltwater from melting land ice is important, it is

likely that the mean climate was much colder than to-

day.

FIG. 14. The SAT anomalies (years 81�100) in the 1.0-Sv experiment: (a) AOGCM

ensemble and (b) EMIC ensemble.
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In contrast to the uniformly large cooling typically

simulated after the shutdown of the THC, the SAT

anomalies over the northern North Atlantic present

more complex patterns after the slowdown of the THC.

A SAT dipole, with cooling south of Greenland and

warming over the Barents and Nordic Seas, is indicated

by the multimodel ensemble change. Although this di-

pole might be a function of the location of the hosing

region, it reveals that in response to a moderate fresh-

water addition, the northern convection sites have an

anticorrelation with the more southern convection sites

in the North Atlantic. The SAT changes seen here also

have this pattern. Given the rapid freshening recently

observed in the Labrador Sea (Dickson et al. 2002) and

FIG. 16. The precipitation zonally averaged over the Atlantic Ocean. Red: Control precipi-

tation; green: precipitation anomalies in the 0.1-Sv water-hosing experiment; blue: precipita-

tion anomalies in the 1.0-Sv water-hosing experiment. Solid line is the AOCGM ensemble

mean and dashed line is the EMIC ensemble mean.

FIG. 15. Northward heat transport in the Atlantic Ocean in the 1.0-Sv water-hosing experi-

ment (years 81�100). Lines with triangles are 1.0-Sv experiments. The others are the controls

(PW).
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the reconstruction of the 8200 years before present day

event, a period where the Labrador Sea deep convec-

tion was disrupted (Barber et al. 1999), this SAT

change pattern provides important implications for

both past and future climate changes. The maximum

cooling about 3°C south of Greenland in response to

the 0.1-Sv hosing tends to offset the CO2-induced

warming in the future, so that most models simulate

little surface temperature change in this area as the

greenhouse gases (GHGs) increase (Cubasch et al.

2001).

The 1.0-Sv experiment is more relevant to the past

abrupt climate changes. In response to 1.0-Sv freshwa-

ter perturbation, the THC weakens rapidly and almost

disappears in most models. Both the northward heat

and salt transports in the Atlantic Ocean reduce dra-

matically as the THC shuts down in this experiment.

Consequently, the Northern Hemisphere cools and the

Southern Hemisphere warms relative to the control in-

tegration, with the NH cooling being much larger than

the SH warming. The simulated SAT change over the

North Atlantic is comparable in magnitude to the pa-

leoclimate reconstruction of the SAT change during the

past abrupt climate changes such as the Younger Dryas

event (Alley 2000).

Some models show a recovery of the THC after the

elimination of the 1.0-Sv freshwater perturbation

whereas others do not. The mechanism for this differ-

ent dynamical behavior of the THC is not completely

understood. Possible reasons could be the following: 1)

some models may not have a stable off state of the THC

(Gregory et al. 2003, Romanova et al. 2004), 2) the

hosing duration is too short, or 3) the hosing amount is

too small. For the first reason, it has been shown that

the effective oceanic vertical diffusivity (Manabe and

Stouffer 1999b; Schmittner and Weaver 2001; Prange et

al. 2003), the representation of feedback processes

(Vellinga and Wood 2002; de Vries and Weber 2005),

and the boundary conditions (Ganopolski and Rahm-

storf 2001) are crucial factors to influence the stability

of the off mode of the THC. Their different represen-

tations result in differing strengths of the nonlinearity

of the THC and differing locations of the bifurcation (if

it exists). Considering the potential slowdown of the

THC during this century, the reversibility/irreversibility

of the THC after its shutdown is an important issue for

policy makers.

One of the interesting features of this study is the

mixture of AOGCM and EMIC results in the same

study. This allows the comparison of the EMIC model

responses to the AOGCM responses given a common

forcing. The EMICs used in this study can be split into

three groups. In one group, the atmosphere is greatly

simplified; however the other components are similar in

complexity (in some cases, even more complex) to

those found in the AOGCMs. The CLIMBER_3�,

MIT-UWash, and UVic models are examples of this

group. A second EMIC group is the models where the

atmosphere is somewhat simplified and again the ocean

is a general circulation model (GCM). ECBILT_CLIO

is an example of this group. Finally, there are EMICs

where both the atmosphere and ocean are quite simple.

CLIMBER_2 is an example of this last group (Claussen

et al. 2002).

Using these groupings, the EMIC’s response is com-

pared to the AOGCMs for this particular study where

the forcing is applied to the ocean. For the first and

second groups where the ocean component is a GCM,

the oceanic responses are very similar to the AOGCMs.

When the forcing is quite large (1.0 Sv), the atmo-

spheric response seems different. The longitudinal SAT

changes have smaller magnitude than those found in

the AOGCMs. Also, the southward movement of the

ITCZ was not as pronounced or sharp in these EMICs.

The response of the last group using simplified atmo-

sphere and ocean components is also quite similar to

the AOGCMs. There are some noticeable differences

even in the relatively small forcing case (0.1 Sv; e.g., see

the heat transport changes). It is unclear if those

changes are statistically or physically significant. In

spite of the differences noted above, it is surprising how

well the EMIC responses compare to the AOGCM re-

sponses. In most of the figures presented here, the

EMIC and AOGCM responses are quite similar. This

result gives added confidence to the use of EMICs to

study other aspects of climate.

Although many robust simulation features have been

revealed, there are still clear differences and disagree-

ments among models in simulating the THC, such as its

sensitivity to freshwater addition, its multidecadal

variations, and the reversibility after its shutdown. The

understanding of these differences needs more detailed

analyses in the future and will help further improve the

ability to simulate this critical system.
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