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Abstract Two ensemble simulations with the ECHAM5/

MPI-OM climate model have been investigated for the

atmospheric response to a thermohaline circulation (THC)

collapse. The model forcing was specified from observa-

tions between 1950 and 2000 and it followed a rising

greenhouse gases emission scenario from 2001 to 2100. In

one ensemble, a THC collapse was induced by adding

freshwater in the northern North Atlantic, from 2001

onwards. After about 20 years, an almost stationary

response pattern develops, that is, after the THC collapse,

global mean temperature rises equally fast in both ensem-

bles with the hosing ensemble displaying a constant offset.

The atmospheric response to the freshwater hosing features

a strong zonal gradient in the anomalous 2-m air tempera-

ture over Western Europe, associated with a strong land–

sea contrast. Since Western Europe climate features a

strong marine impact due to the prevailing westerlies, the

question arises how such a strong land–sea contrast can be

maintained. We show that a strong secondary cloud

response is set up with increased cloud cover over sea and

decreased cloud cover over land. Also, the marine impact

on Western European climate decreases, which results

from a reduced transport of moist static energy from sea to

land. As a result, the change in lapse rate over the cold sea

surface temperature (SST) anomalies west of the continent

is much larger than over land, dominated by changes in

moisture content rather than temperature.
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1 Introduction

The thermohaline circulation (THC) is a key component of

the climate system. It transports large amounts of heat and

salt poleward (Manabe and Stouffer 1999; Bryden et al.

2005). A change in the strength of the THC leads to large

global and regional climate changes (Vellinga and Wood

2002). Observations in the North Atlantic Ocean indicate

that the THC is about 18.7 ± 5.6 Sv (1 Sv = 106 m3 s-1;

Cunningham et al. 2007). In models, the THC has two

stable equilibria which depend on the oceanic conditions

(Manabe and Stouffer 1988). When the THC resides in the

multiple equilibria regime, a freshwater pulse may lead to a

collapse. Under global warming, a gradual weakening of

the North Atlantic THC by 25(±25)% is expected for 2100

(Schmittner et al. 2005). Current climate models do not

project a collapse of the THC in the twenty-first century,

but the stability characteristics are not well known (Yin and

Stouffer 2007). Sensitivity studies with climate models

with a forced collapse provide scenarios on what would

happen if the THC collapsed.

A collapse of the THC results in a reduced poleward

oceanic heat transport and an increased poleward atmo-

spheric heat transport (Cheng et al. 2007). In response to

the collapse, SST decreases over the North Atlantic Ocean

and increases in the South Atlantic Ocean, leading to a

southward shift of the Intertropical Convergence Zone

(Stouffer et al. 2006; Dong and Sutton 2002). These

responses can lead to global changes such as the triggering

of an El Niño event (Dong and Sutton 2002) or the
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reduction of African monsoonal winds and rainfall over

West Africa (Chang et al. 2008).

The issue of land–sea contrast has recently been inves-

tigated by Sutton et al. (2007) in response to a greenhouse

gas forcing and by Joshi et al. 2008; hereafter, Joshi08) in

response to a homogeneous temperature forcing. Both

studies showed that in response to global temperature

change, temperatures over land change more rapidly than

over sea. However, over Western Europe, the response of

climate to a collapse of the THC is largest over the cold

SST anomalies to the west of the continent.

In this paper, we investigate this response in a climate

change scenario using output from two-five-member

ensemble simulations performed with the ECHAM5/MPI-

OM climate model. We seek to understand why a collapse

of the THC induces a strong land–sea contrast in the 2-m

air temperature response over Western Europe where a

strong marine impact due to prevailing westerlies is

expected to lead to a weak contrast. We suggest physical

mechanisms to account for the strong regional land-sea

contrast in particular in the 2-m air temperature response

with the anomaly over sea exceeding the anomaly over

land.

2 Model and experiment

We use the ECHAM5/MPI-OM climate model developed

at the Max-Plank Institute for Meteorology in Hamburg

(Roeckner et al. 2003; Marsland et al. 2003). The atmo-

spheric component has a horizontal resolution of T63 and

has 31 levels in the vertical. The ocean model has a bipolar

grid. Away from the poles (which are placed over Green-

land and West Antarctica), the horizontal resolution is

approximately 1.4� by 1.4�, but near the equator, the

meridional resolution is refined to 0.5�. Near the poles, the

resolution is highest: O(20–40 km). The ocean model has

40 levels in the vertical.

A 17-member ensemble of model simulations was per-

formed over the period 1950–2100 as part of the

ESSENCE project (Sterl et al. 2008). From 1950 to 2000,

the simulations were forced by the concentrations of

greenhouse gases (GHG) and tropospheric sulfate aerosols

specified from observations. From 2001 to 2100, the simu-

lations followed the SRES A1b scenario (Nakicenovic

et al. 2000). Each simulation was initialized from a single

long simulation, in which historical GHG concentrations

have been used until 1950. For each ensemble member

Gaussian noise of 0.1 K was added to the initial atmo-

spheric temperature field. The initial ocean state was not

perturbed.

Here, we investigate two-five-member ensemble simu-

lations taken from the same 17-member ensemble having

exactly the same initial conditions and the same initial

forcing. In one ensemble, a freshwater anomaly of 1 Sv

was uniformly applied over the northern North Atlantic

Ocean between 50�N and 70�N from 2001 onwards,

starting from five initial states of the other ensemble. This

freshwater supply leads to a collapse of THC within

20 years. In the other ensemble the THC gradually weak-

ens by 20% after 100 years due to global warming. The

motivation for these simulations was the question how

global warming would evolve when a THC collapse would

occur during the warming episode. It appears that an

almost stationary anomaly pattern develops that is the

fingerprint of the THC on the atmosphere. In this paper we

investigate this anomaly pattern with a focus on the 2-m air

temperature response, and how this pattern is maintained,

using monthly mean output from both ensembles. The

ensemble mean of the perturbed simulations (called

HOSING) is compared to the ensemble mean of the asso-

ciated control simulations (called ENSMALL) over the

period 2091–2100 in the Western Europe region, defined

by 30�W–20�E, 30�N–60�N.

3 Regional temperature response over land and sea

The primary response to a THC collapse is ocean-driven,

given the freshwater supply over the northern North

Atlantic. Due to the additional freshwater, deep convection

is reduced in the Atlantic and SSTs and sea-ice coverage

changes in the subpolar North Atlantic. In a later stage,

SSTs change over a larger area because of advection of

anomalous SST, changing ocean currents and changing

winds. Therefore, the primary air temperature change

associated with a THC collapse must be different over the

ocean than above land (Chang et al. 2008). In regions with

a strong marine influence, however, one may expect that

the prevailing westerly winds reduce or even level out such

land-sea differences, and that the primary temperature

response of the atmosphere is modulated by the dynamics.

Indeed, the transport of moist static energy (called MSE,

MSE = gz ? cpT ? Lvq with g the gravitational constant,

z the height, cp the heat capacity of air, T the temperature,

Lv the latent heat and q the specific humidity) by the mean

winds is eastward (Fig. 1a). Moreover, there is a positive

convergence of MSE, meaning that the MSE flux decreases

eastward most notably between 36� and 52�N. The equi-

librium 2-m air temperature response over Western Europe

is shown in Fig. 1b. It features a stronger cooling above the

ocean (about 5.5�C in annual mean) than above land (about

2.5�C in annual mean) suggesting that the role of dyna-

mical processes in reducing the land–sea contrast is weak.

It is noteworthy that in other regions (i.e. away from the

cold SST anomaly located between 30�W and the Western
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European coastline) the land–sea contrast can be weaker or

even reversed. The seasonal cycle in the cooling pattern of

Fig. 1b is weak, even though the cooling penetrates more

over land in winter than in summer due to stronger

westerlies in winter (not shown). The annual mean pattern

of the 2-m temperature change is in agreement with the

AOGCM intercomparison performed by Stouffer et al.

(2006) and with results from Vellinga and Wood (2002,

2006), Cheng et al. (2007), and Chang et al. (2008).

The question arises as why the land is only weakly cooled,

while the SSTs just westward of it are much lower. Although

MSE is transported from sea to land (Fig. 1a) and the region

of marine influence extends towards Eastern Europe,

homogenization of the cooling pattern between sea and land

does not occur. In the following, we investigate the mecha-

nisms that maintain this land–sea contrast in the presence of a

strong zonal cross-gradient advection (highlighted by the

2-m mean winds on Fig. 1b), by analyzing the radiative

response, the cloud response and associated feedbacks on

temperature, and the change in moisture over land and sea.

4 Mechanisms leading to a different response

over the ocean and above land

4.1 Response of the atmospheric radiative

and turbulent fluxes

The primary ocean-driven atmospheric response to the

THC collapse induces changes in net turbulent fluxes

(sensible heat and latent heat fluxes) and in net radiative

fluxes (long wave and short wave radiation) which affect

the temperature response above land. The net atmospheric

surface heat flux anomalies above the ocean are on the

order of 85 W m-2 (Fig. 2a). They are dominated by the

reduced latent heat release. Positive values above sea

a) b)

c)

Fig. 1 a Annual mean column-integrated convergence of zonal moist

static energy transport (m3 s-3) over the period 2091–2100 in

ENSMALL. The annual mean column-integrated MSE flux is shown

by the arrows. b Annual mean change in 2-m air temperature (�C)

over the period 2091–2100 calculated as the difference between

HOSING and ENSMALL. The annual mean 2-m winds in EN-

SMALL are shown by the arrows (in m s-1). c Net top of the

atmosphere heat flux anomalies (positive downward; in W m-2)
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indicate that the ocean cools the atmosphere and the

atmosphere anomalously warms the ocean, to compensate

for the reduced ocean heat transport divergence. Thus the

ocean is driving the atmospheric cooling. Because the eddy

correlation between velocity, pressure and MSE was not

diagnosed, we can only determine the change in MSE flux

divergence indirectly by assuming it to be the opposite of

the change in atmospheric fluxes. The divergence of MSE

flux (it is very close to the negative of Fig. 2a), strongly

decreases over the ocean. Also over land, the surface MSE

flux is 0 (Fig. 2a). The response in TOA flux over land is

an increase in downward radiation (Fig. 1c) which implies

a reduced convergence of MSE over land. Together, these

suggest that there is less transport of MSE from the ocean

to the land in response to a THC collapse.

The net flux anomalies at the top of the atmosphere

(TOA) are about 10% of the net flux anomalies at the

surface (not shown, in agreement with Cheng et al. 2007;

their Fig. 4). These TOA fluxes feature enhanced down-

ward fluxes over land (by about 4.5�W m-2) suggesting a

(secondary) cloud response. The change in short wave

radiation at the surface (Fig. 2b) clearly supports the sug-

gestion of a cloud response. We find decreased short wave

radiation by about 6.5 W m-2 over sea, suggesting an

increase of clouds blocking the penetration of short wave

radiation; and increased short wave radiation by about

4.5 W m-2 over land, suggesting a decrease of clouds

allowing more short wave radiation to reach the surface.

4.2 Change in clouds and associated feedbacks

4.2.1 Cloud radiative forcing and associated changes

in radiative fluxes

Clouds can have multiple effects on the radiation balance.

They decrease the incoming short wave radiation at the

surface which is a cooling effect, but they also decrease the

net outgoing long wave radiation at the surface which is a

warming effect. The cloud radiative forcing net effect of

clouds in the mid latitudes, however, is to cool the surface

which implies that the change in TOA short wave radiation

dominates the change in surface long wave radiation

(Harrison et al. 1990). Over the ocean, the net reduction

mounts to about 60 W m-2, over land it becomes about

25 W m-2, but only north of the Mediterranean Sea

(Fig. 3a). The change in cloud radiative forcing in response

to a THC collapse is shown in Fig. 3b. Over the ocean, we

find a decrease of the order of 8 W m-2 (both in winter and

summer, not shown) consistent with an increase of clouds

over the ocean. Increased cloud cover over the ocean

enhances the cooling of the atmosphere that already results

from the anomalous downward (latent heat) flux into the

ocean. Above land, an increase of 4 W m-2 (mainly in

winter, not shown) is consistent with a decrease of cloud

cover over land. Decreased cloud cover above land tempers

the cooling in the atmosphere which results from the

advection of cold air from above sea. We hypothesize

that a strong secondary cloud response is set up with a

positive feedback over the ocean and a negative feedback

above land, enhancing the land–sea contrast in the

temperature response. In the following we will explore this

hypothesis.

4.2.2 Change in liquid water

The annual mean change in column-integrated liquid water

(Fig. 4a) confirms the decrease of liquid water over land by

about 0.1 g m-2 and the increase of liquid water over sea by

about 0.03 g m-2, as suggested by the change in short wave

radiation (Fig. 2b) and the change in net cooling by clouds

as displayed in Fig. 3b. The change in liquid water has a

strong seasonality. Liquid water decreases over land mainly
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a) b)

Fig. 2 a Net atmospheric surface heat flux anomalies. b Short wave radiation anomalies at the surface. Downward fluxes are positive (W m-2).

Note that the color scales are different
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in winter (Fig. 4b) and increases over the ocean mainly in

summer (Fig. 4c). So, both seasons contribute to the annual

mean pattern. Note that this liquid water response pattern is

a column-integrated view of clouds that may have different

effects on the radiative fluxes response at different height.

The vertical distribution of the change in liquid water at

48�N shows that the increase over the ocean occurs below

900 hPa both in winter and in summer (Fig. 5). Above

land, the decrease of liquid water occurs between 900 and

600 hPa mainly in winter (Fig. 5a).

The cooler air temperature over the ocean in response to

the THC collapse (Fig. 1b) results in an increased stability

of the atmospheric boundary layer (not shown), reducing

entrainment of dryer air at the top of the marine boundary

layer. This leads to an increase of lower clouds over the

ocean all year long as seen in Fig. 5. Above land, another

mechanism must be responsible for the strong decrease of

mid level clouds (below 600 hPa) occurring mainly in

winter (Fig. 5a). We will explore that now.

4.2.3 Changes in specific humidity and in relative humidity

The response of cloud cover to a THC collapse is expected

to be associated with a similar response in relative

humidity, although clouds are a more intermittent pheno-

menon. Since the 2-m temperature decreases everywhere in

response to the THC collapse (Fig. 1b), the specific

humidity at the surface is also expected to be lower. First,

evaporation decreases, and second, the colder air is more

easily saturated. Decreases in temperature and specific

humidity have opposing effects on the relative humidity.

Figure 6a shows the annual mean response of the specific

humidity at the surface. It decreases over the whole

domain, by about 2 g kg-1 over the ocean and 1.2 g kg-1

over land. The response pattern features similar zonal

contrasts as the 2-m temperature response. The response in

relative humidity shows an increase over sea by about 5%

and a decrease over land by about 1% (Fig. 6b). This

strong land–sea contrast in the relative humidity response

is consistent with the decreased clouds over land and the

increased clouds over sea as suggested by Figs. 4 and 5.

In order to understand what causes the land–sea contrast

in the relative humidity response, we investigated the

respective roles of the temperature and specific humidity

changes using the Clausius–Clapeyron equation. A linear

decomposition of the change in relative humidity (DRH)

can be written as a function of the changes in temperature

(DT) and in specific humidity (Dq) such that

DRH ¼ RH
Dq

q
� 0:622Lv

RT2
DT

� �

where R is the gas constant for dry air. From a linear

decomposition of the change in relative humidity, it can be

concluded that the net change in relative humidity is domi-

nated by the negative temperature change over the ocean and

by the decrease in specific humidity over land (not shown).

4.3 Change in moisture transport: reduced marine

influence over Western Europe

Change in moisture transport is the final element that we

investigate in order to understand the decrease in cloud

cover and relative humidity over land. The change in

moisture sink (precipitation minus evaporation, noted P–E)

is balanced by the change in moisture divergence by

advection. Over the ocean, the annual mean transport of

moist air towards land is reduced by about 1 mm day-1

(Fig. 7). This reduction is largest in winter (not shown).

The reduced transport of moisture towards land is consis-

tent with the strong decrease in evaporation over the ocean

related to the strong decrease in latent heat flux (Fig. 2a).

A decomposition of the anomalous advection of mois-

ture ðDðU~ � r~qÞÞ into a dynamical term ðDU~ � r~qÞ and a

thermodynamical term ðU~ � Dðr~qÞÞ indicates that the

a) ENSMALL b) HOSING - ENSMALL

Fig. 3 Cloud radiative forcing, calculated as the annual mean difference between the radiative fluxes at the top of the atmosphere with clouds

and under clear sky conditions (in W m-2) in ENSMALL (a) and in HOSING–ENSMALL (b). Note that the color scales are different
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reduction of moisture transport towards land is mainly

driven by the decrease in specific humidity (not shown).

As a result, the marine impact on Western European cli-

mate is reduced, mainly due to a reduced transport of

moisture towards land because of reduced evaporation above

the ocean. This results in decreased cloud cover above land,

mainly in winter, which acts as a secondary response main-

taining the land–sea contrast of the temperature response.

The mechanisms responsible for the strong land–sea

contrast in the response of Western European climate to a

collapse of the THC are summarized in Fig. 8.

5 Comparison between the response over Western

Europe and the globally averaged response

Over Western Europe, the vertical profile of the domain-

averaged mean temperature shows a cooling of about 2�C

from the surface up to 300 hPa. This cooling is dominated

by cooling over the ocean (Fig. 9a). In contrast, the ver-

tical profile of the global mean temperature shows a

cooling of about 0.6�C up to 300 hPa which is dominated

by cooling over land (Fig. 9b). This global cooling is

consistent with the response described in Joshi08 for

a) Annual mean

b) DJF c) JJA

Fig. 4 Change in column-integrated liquid water (g m-2) in annual mean (a), in December–January–February (b) and in June–July–August (c)

a) DJF b) JJA

Fig. 5 Change in liquid water (g kg-1) at 48�N in winter (a) and in summer (b).The dashed line indicates the coastline at this latitude
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instance, but it is opposite to the land–sea contrast over

Western Europe.

Joshi08 suggest that changes in the environmental lapse

rate (C = - qT/qz) can explain the land–sea contrast. In

their study, C increases in response to a homogeneous

global SST cooling. This implies that the cooling in the

upper troposphere is stronger than at the surface. The

environmental lapse rate increases even more over sea, and

therefore, near the surface, the cooling over sea is smaller

than over land. This result found by Joshi08 is confirmed in

our study on the global scale: near the surface the cooling

over sea is smaller than over land, but the lapse rate

response in our study is opposite to the one found by

Joshi08, the lapse rate decreases in response to cooling and

the cooling in the upper troposphere is everywhere smaller

than at the surface (Fig. 9b). However in Western Europe

and in the North-eastern Atlantic, and in particular above

the cold SST anomaly near Western Europe, the environ-

mental lapse rate decreases more over sea than over land in

response to the cooling due to the THC collapse (Fig. 10).

The decrease in C is strongest over the North-eastern

Atlantic, where the SST anomalies are the largest. Higher

up in the atmosphere, land–sea contrasts and regional

differences become smaller. To be compatible with the

strong SST forcing and the decrease in C, the anomaly in

the upper troposphere must therefore be smaller than at the

surface. Away from the North-eastern Atlantic and Wes-

tern Europe, the non homogeneous surface forcing is

weaker and the cooling in the upper troposphere is larger

than (or even opposite to) the surface cooling, as in

Joshi08.

The change in environmental lapse rate can be decom-

posed into a term containing temperature effects that are

due to changes in saturated lapse rate, and a term con-

taining moisture effects that are due to changes in relative

humidity such that

DC ¼ DCS þ DCM

where DCS is the saturated lapse rate (e.g. Stone and

Carlson 1979) and the moist lapse rate DCM is approxi-

mated by DC - DCS. In reality, the temperature effect in

the change in environmental lapse rate is smaller than DCS,

because the air is not saturated, and the estimate of the

temperature effect is only an upper bound. Because we

want to demonstrate that the temperature effect is not the

a) Specific humidity b) Relative humidity

Fig. 6 Annual mean changes in surface specific humidity (a, g kg-1) and in relative humidity (b, fraction)

Fig. 7 Annual mean change in P–E (mm day-1)
Fig. 8 Schematic of the mechanisms responsible for the land–sea

contrasts discussed in the paper
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main process causing the change in environmental lapse

rate here, this difference is irrelevant.

In our study, the global mean change in environmental

lapse rate can be explained by the temperature effect.

However, above the cold SST anomaly near Western

Europe, the change in environmental lapse rate is domi-

nated by the moisture effect (i.e. the change in relative

humidity) over the whole column (Fig. 11) and in parti-

cular over the ocean as a result of the non homogeneous

SST forcing. Moreover over Western Europe, the change in

saturated lapse rate (DCS) is of opposite sign compared to

the change in environmental lapse rate (DC). Therefore,

temperature effects cannot be the cause of the decrease of

C and changes in moisture have to be the main cause.

These moisture changes consist of an increase of the rel-

ative humidity and an associated increase of clouds over

the SST minimum (Figs. 4 and 6b).

6 Summary and conclusions

The response of Western European climate to a collapse of

the THC has been investigated in the ECHAM5/MPI-OM

coupled model under global change conditions. The pri-

mary response is ocean-driven. This response features a

strong zonal gradient of surface air temperature between

the ocean and the continent. Advection of temperature and

moist static energy from the ocean to the continent is

expected to homogenize this gradient. This homogeniza-

tion, however, does not take place. We investigated the

causes which maintain the ocean–land gradient. Above the

ocean, more low clouds are formed due to an increase in

relative humidity and a more stable marine boundary layer.

These clouds have a cooling effect over the ocean which

enhances the cooling due to the primary ocean-driven

response. A decrease in convergence of moist static energy

a) Western Europe b) Global

Fig. 9 Temperature change (in �C) computed as the difference between HOSING and ENSMALL over Western Europe (a) and over the globe

(b). The response is averaged over the whole region (black), over the ocean (red) and over land (green). Note the different horizontal axis

Fig. 10 Change in environmental lapse rate computed as the

difference between HOSING and ENSMALL in Western Europe,

averaged over the whole region (black), over the ocean (red) and over

land (green) (�C km-1)

Fig. 11 Change in lapse rate averaged over Western Europe (black,

�C km-1). Changes in temperature effects (blue) and in moisture

effects (magenta) are also shown
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above land is responsible for a decrease of clouds above

land. The effect of this is to warm the atmosphere over

land, thereby weakening the cooling over land that results

from advection of colder and dryer air from the sea. The

secondary cloud response therefore acts to enhance the

land–sea contrast in surface air temperature response.

It appears that the surface temperature forcing pattern is

a crucial element to understand the atmospheric response.

On the global scale, we find a land–sea contrast with

cooling above land being larger than cooling over the

ocean. However, in Western Europe and especially over

the cold SST anomalies west of the continent, we find an

opposite land–sea contrast. The difference arises from the

non homogeneous SST forcing. Above the cold SST

anomalies, the change in lapse rate is more affected by a

change in moisture, while over the whole globe, it is more

affected by a change in temperature.
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