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Abstract  A new climate model (ECHAM5/MPI- 
OM1) developed for the fourth assessment report of 
the Intergovernmental Panel on Climate Change 
(IPCC) at Max-Planck Institute for Meteorology is 
used to study the climate changes under the different 
increased CO2 scenarios (B1, A1B and A2). Based 
on the corresponding model results, the sea surface 
temperature and salinity structure, the variations of 
the thermohaline circulation (THC) and the changes 
of sea ice in the northern hemisphere are analyzed. It 
is concluded that from the year of 2000 to 2100, un-
der the B1, A1B and A2 scenarios, the global mean 
sea surface temperatures (SST) would increase by 
2.5℃, 3.5℃ and 4.0℃ respectively, especially in the 
region of the Arctic, the increase of SST would be 
even above 10.0℃; the maximal negative value of the 
variation of the fresh water flux is located in the sub-
tropical oceans, while the precipitation in the eastern 
tropical Pacific increases. The strength of THC de-
creases under the B1, A1B and A2 scenarios, and the 
reductions would be about 20%, 25% and 25.1% of 
the present THC strength respectively. In the north-
ern hemisphere, the area of the sea ice cover would 
decrease by about 50% under the A1B scenario. 
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Due to the anthropogenic discharge, the greenhouse 
gases concentrations (mainly CO2) continually increase 
after industrialization. The greenhouse gases absorb 
less short wave radiation from the sun, so the Earth’s 
surface is heated which radiates longer wave energy. 

Most of terrestrial long wave radiation energy is ab-
sorbed by the greenhouse gases in the atmosphere, and 
the atmosphere is heated which also radiates longer 
wave radiation mostly going back to the Earth’s surface. 
This leads to the temperature increase of the Earth’s 
surface and lower layer atmosphere, and results in 
greenhouse effect. As we know, the increases of the 
greenhouse gases concentrations will reduce the effi-
ciency with which the Earth’s surface radiates to space. 
This results in a positive radiative forcing that tends to 
warm the lower atmosphere and the Earth’s surface. 
The coupled system will become warmer. Because less 
heat escapes to space, this is the enhanced greenhouse 
effect[1]. The atmospheric concentration of CO2 has 
increased from 280 ppm in 1750 to 367 ppm in 1999 
with fossil-fuel combustion and deforestation during 
the Industrial Era. With the greenhouse gases concen-
trations increasing, the global average surface tem-
perature has increased by 0.6 ± 0.2℃ since the late 19th 
century[1]. 

The greenhouse effect leads to a series of changes of 
the Earth climate system: sea level rise; changes in 
snow cover and land- and sea-ice extent; changes in 
atmospheric circulation patterns; variation of ocean 
circulation patterns. The climate change is a large chal-
lenge to the sustainable development. Thus to forecast 
the variation of the climate system under the green-
house gases increasing scenario has very important 
scientific, social and economic meanings; it also has 
profound influences on international policies making 
(for example, Kyoto Protocol). 

In consequence of climate changes due to green-
house effect, changes of the thermohaline circulation 
(THC) are very remarkable. The present THC is char-
acterized by the Atlantic conveyor belt, and there is no 
THC in the Pacific Ocean[2,3]. The THC is normally 
defined as the density-driven global-scale oceanic cir-
culation which in the Atlantic Ocean sinks at high lati-
tudes and upwells at low latitudes. The meridional 
transport of THC is about 90% of the total global ocean 
meridional transport[4]. The THC in the Atlantic flows 
northward in the upper layer and southward in the 
deeper layer. It plays an important role in the global 
meridional heat and freshwater transport. 

The strength of THC is very important for the me-
ridional heat transport in the Atlantic Ocean and the 
climate of Europe. The surface buoyancy flux perturba-
tion can lead to the variations of the THC. With hu-
man-induced global warming due to increased atmos-
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pheric CO2 and other greenhouse gases, there is more 
moisture in the atmosphere, so the meridional moisture 
transport is expected to be strengthened[5]. The sea sur-
face freshwater flux is changed: there is more freshwa-
ter taken out of the subtropical oceans, and there is 
more freshwater added to the subpolar oceans. The sa-
linity of the subtropical oceans increases and salinity of 
the subpolar oceans decreases. As a result of this salin-
ity change, the seawater density difference between 
high latitudes and low latitudes in Atlantic decreases. 
The THC strength will thus decrease. This variation of 
THC will influence the climate of Europe[6]. 

Since the pioneering work of Manabe et al.[7], the 
variation of THC with global warming becomes a focus 
for oceanography scientists. Especially after Intergov-
ernmental Panel on Climate Change project (IPCC) 
started, many climate models simulate the evolution of 
THC with increased atmospheric CO2. Although the 
results of most models show that the THC will be 
weakened, the discrepancies of different model results 
are fairly large[1]. Therefore the numerical simulation 
about the variation of THC should be improved. A se-
ries of studies about variation of THC have been done 
earlier by Laboratory of Atmospheric Science and 
Geophysical Fluid Dynamics (LASG), Institute of At-
mospheric Physics (IAP), Chinese Academy of Sci-
ences. For example, Zhou[8] used the atmosphere- 
ocean coupled model of LASG——GOALS (GOALS 
has been involved in the third assessment report of the 
IPCC[1]), to study the variation of THC with global 
warming. Due to computation capacity limit, however, 
the resolution of this model is not very high and sea ice 
module is fairly simple. The Max-Planck Institute for 
Meteorology’s global atmosphere-ocean-sea ice model 
——ECHAM5/MPI-OM1 is a member model of the 
Coupled Model Intercomparison Project (CMIP), 
whose results of global warming are also included in 
the third assessment report of the IPCC[1]. 

In this paper, based on the Max-Planck Institute for 
Meteorology’s global atmosphere-ocean-sea ice model
——ECHAM5/MPI-OM1 with high resolution, the 
Earth system climate in the future and the variation of 
the THC under the greenhouse gases increasing sce-
narios are intensively studied.  

1  Introduction of model and design of experiments 
The model used here is the Max-Planck Institute for 

Meteorology’s global atmosphere-ocean sea ice model   
——ECHAM5/MPI-OM1. The Max-Planck Institute  

Ocean Model (MPI-OM) is a global general ocean cir-
culation model based on an orthogonal curvilinear 
Arakawa C-grid. The model contains a free surface and 
a state of the art sea ice model with viscous-plastic 
rheology and snow. An orthogonal curvilinear grid al-
lows for an arbitrary placement of the grid poles. In the 
current set-up, the model’s north pole is shifted to 
Greenland and the south pole is moved toward the cen-
ter of the Antarctic continent. This approach not only 
removes the numerical singularity associated with the 
convergence of meridians at the geographical poles but 
also produces higher resolution in the North Atlantic 
deep water (NADW) formation regions near Greenland 
(Greenland Sea, Labrador Sea) and in the Weddell Sea. 
In fact, the grid spacing has a minimum of about 15km 
around Greenland and a maximum of 184 km in the 
Pacific. The ocean has a 1.5° × 1.5° average horizontal 
grid spacing with 40 unevenly spaced vertical levels. 
The Max-Planck Institute Atmosphere Model  
(ECHAM) has its original roots in global forecast mod-
els developed at European Centre for Medium-Range 
Weather Forecasts (ECMWF). This model has been 
modified for climate research, and its development 
continued to the current version ECHAM5. The at-
mosphere model uses version 5.2 of the ECHAM 
model family and is run at T63 resolution (1.875° × 
1.875°) with 31 vertical (hybrid) levels. There is no 
flux adjustment in ECHAM5/MPI-OM1, which is an 
advantage of this coupled model. Compared to exten-
sively used ECHAM4, there are some modifications in 
ECHAM5. The aerosol module of ECHAM5 has been 
improved, and a new cloud cover parameterization is 
employed. At the same time, separate treatment has 
been used to cloud water and cloud ice, which im-
proves the simulation of precipitation. A new set of 
land surface data (vegetation ratio, leaf area index and 
forest ratio) has been updated in the ECHAM5[9]. The 
changes of MPI-OM1 compared to MPI-OM are the 
improvement of sea surface wind stress calculation 
considering the influence of local current makes the 
ocean upper layer dynamics more accurate, and the 
modification of the sea ice module, describing the 
growing, melting and transport of sea ice more ex-
actly[10]. 

The coupled model is run under different increased 
atmospheric CO2 scenarios, which belong to the sce-
narios (Fig. 1) that are listed in the IPCC assessment 
report. From 1860 to 2000, the CO2 forcing used is of 
observed values. From 2000, the coupled model is run 
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under three scenarios of IPCC (B1, A1B and A2). The 
A2 scenario describes such a world in the future: the 
global economies develop very quickly, the global 
population also increases very quickly, and new energy 
resources and technologies will not be used, CO2 con-
centrations will thus increase rapidly. In the A1B sce-
nario, the global population and economies develop 
very quickly, and make a balance across all energy 
sources, where balance is defined as not relying too 
heavily on one particular energy source, on the as-
sumption that similar improvement rates apply to all 
energy supplies and end use technologies. In the B1 
scenario, the global population will peak in middle of 
the 21st century and decline thereafter, and there is 
rapid change in economic structures toward a service 
and information economy with reduction in material 
intensity and the introduction of clean and efficient 
technologies. Here, CO2 concentration will increase 
gradually slowly and reach stabilization, and this sce-
nario is an optimistic assumption. 
 

 
 
Fig. 1. CO2 concentrations of scenarios of IPCC assessment report (data 
from ref. [1]). 
 

Based on the model configured above, we run the 
coupled model under different greenhouse gases in-
creasing scenarios on the super computer of German 
Climate Center. Firstly the coupled model spins up for 
500 years with the fixed CO2 concentration −280 ppmv 
which is the CO2 concentration before industrialization. 
Secondly the coupled model is run from 1860 to 2000 
with the observed CO2 concentration. Finally drive the 
model under the B1, A1B and A2 scenarios after 2000. 
Because the computation is very huge, only one test is 
run for each scenario. Output result is of yearly mean 
format. 

2  Analyses of results  

2.1  Variation of global temperature and salinity field 

Extensive evaluation on the performance of a model 
system is the precondition of using the model as useful 
tool in projecting possible future climate change. The 
widely used evaluation criteria are from CMIP1). The 
precipitation, sea surface pressure and temperature 
simulated by ECHAM5/MPI-OM1 closely resemble 
observation, and the correlation coefficients are 0.51, 
0.8 and 0.95 respectively. The standard deviations of 
precipitation, sea surface pressure and temperature are 
less than ±25% of the observation. The performance of 
this model in simulating the climate state such as the 
zonal mean condition, the seasonal cycle and especially 
the precipitation is better than that of ECHAM4/MPI- 
OM[9]. 

As a result of greenhouse effect, under increased at-
mospheric CO2 scenarios, global warming will happen. 
Fig. 2 (a) shows time series of global mean sea surface 
temperature (SST) under the different scenarios. From 
2000 to 2100, under the B1, A1B and A2 scenarios, 
global mean SST increases by 2.5 °C, 3.5 °C and 4.0 °C 
respectively (green line indicates the global mean SST 
from 1860 to 2000 under the observed CO2 concentra-
tion forcing, and that after 2000 with the fixed CO2 
concentration in 2000). Annual mean linear trends of 
global mean SST are 0.025 °C · a−1, 0.035 °C · a−1 and 
0.04 °C · a−1 under the B1, A1B and A2 scenarios, and 
the correlations all exceed 95% confidence level. The 
temperature increase simulated by ECHAM5/MPI- 
OM1 is weaker than that of GFDL Model[11], and is 
stronger than that of Hadley Center Model[12]. 

Fig. 3(a) shows the differences in the SST between 
the 20th century and the 21st century under the A1B 
scenario. The SST globally increases with greenhouse 
gases increasing, especially in the Arctic Ocean where 
the increase of SST is about 10°C. The Arctic Ocean is 
mainly covered by the sea ice. When the Earth system 
globally becomes warmer, the sea ice in the Arctic 
Ocean melts in large scale especially in the summer. As 
we know, the sea ice has high reflectivity to radiation. 
When the sea ice area decreases, the albedo of the Arc-
tic Ocean will decrease. The Arctic Ocean will then 
absorb more radiation, and the temperature will in-
crease more quickly, thus this would lead to a positive 
feedback. As a result of this positive feedback, more 

                       
  1) http://www.pcmdi.llnl.gov/cmip/ 
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Fig. 2.  Time series of (a) global mean sea surface temperature (SST) and (b) the maximum value of the annual mean THC strength with global warm-
ing under different scenarios. Green line indicates the global mean SST from 1860 to 2000 under the observed CO2 concentration forcing, and that after 
2000 with the fixed CO2 concentration in 2000. 
 
sea ice will be melted in the Arctic Ocean. Therefore 
the sea ice area becomes smaller. However the tem-
perature increase by the Antarctic is not very large 
compared with that in the Arctic Ocean, because the sea 
ice around the Antarctic is very thick, at the same time, 
because of the Antarctic continent, the sea ice area will 
not decrease much with global warming, and the posi-
tive feedback will not be formed. 

The increase of SST in the North Atlantic is not so 
noticeable. With global warming, the meridional THC 
fairly weakens, so the meridional heat transport by 
THC also decreases. This is why the increase of SST in 
the North Atlantic is not so noticeable. 

Fig. 3(b) shows the differences in fresh water flux 
between the 20th century and the 21st century under the 
A1B scenario. Positive value means fresh water enter-
ing the oceans. With global warming, there is more 
freshwater taken out of the subtropical oceans, while 
more freshwater is added to the subpolar oceans. With 
global warming, there is more moisture in the atmos-
phere, so the meridional moisture transport is expected 
to be strengthened. Thus the evaporation of subtropical 
oceans increases and the precipitation of subpolar 
oceans is strengthened[13]. On the other hand, the zonal 
interbasin moisture transport is also strengthened with 
global warming. There is zonal interbasin fresh water 
transport between the Pacific Ocean and the Atlantic 
Ocean. And fresh water is transported by atmosphere 

from the Atlantic Ocean to the low latitude district of 
the Pacific Ocean. This transport is about 0.3Sv (1 Sv = 
106 m3

 · s−1) at present[14]. With global warming, this 
transport is strengthened, leading to the increase of the 
precipitation in the eastern tropics in the Pacific 
Ocean[15,16]. 

Fig. 3(c) shows the differences in the sea surface sa-
linity (SSS) between the 20th century and the 21st cen-
tury under the A1B scenario. The changing pattern of 
SSS is similar to that of fresh water flux.  

2.2  Variation of the THC 

Zonally integrate the meridional current field in the 
Atlantic, and get the meridional streamfunction. Select 
the maximal value of this streamfunction as the THC 
strength index. Fig. 2(b) shows the time evolution of 
the maximum values of the annual mean THC strength 
under global warming. From 2000 to 2100, the strength 
of THC would decrease by 4 Sv, 5.1Sv and 5.2 Sv under 
the B1, A1B and A2 scenarios respectively, approxi-
mating 20%, 25% and 25.1% of the present THC 
strength. The deep water formation of the THC is 
highly localized in Labrador Sea and Greenland Sea 
which are in North Atlantic subpolar area. With global 
warming, there is more freshwater added to the subpo-
lar oceans, and the temperature of these areas increases. 
As a result of these salinity and temperature changes, 
the seawater density difference between high latitudes and 
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Fig. 3.  The differences in (a) sea surface temperature (°C), (b) fresh water flux (m·a−1), and (c) sea surface salinity (psu) between 20th century and 
21st century under the A1B scenario. Solid line denotes positive value; dash line denotes negative value. 
 
low latitudes in Atlantic decreases. Thus the deep water 
formation rate will decrease and the THC strength will 
also decrease. This THC strength weakening is a kind 
of total basin-wide weakening, different from the result 
of GOALS in IAP/LASG which shows that the weak-
ening of THC is only located in the North Atlantic[8]. 

2.3  Variation of the sea ice in the Northern Hemi-
sphere 

According to the observation, the annual mean 
Northern Hemispheric sea ice area is about 12×106 km2 
in 1978－1998, and the yearly variation is about 1×106 

km2 [17]. The simulated result of GFDL Model closely 
resembles the observation[11]. And the output of Hadley 
Center Model is fairly smaller, about 10×106 km2 in 
1978－1998[12]. The northern hemispheric sea ice area 
in 1978 to 1998 simulated by ECHAM5/MPI-OM1 is 
similar to that of Hadley Center Model. Fig. 4 shows 
time series of annual mean Northern Hemispheric sea 
ice area with global warming under different scenarios. 
From 2000 to 2100, the Northern Hemispheric sea ice 
area would decrease by approximately 20%, 25% and  

 
 

Fig. 4.  Time series of annual mean Northern Hemispheric sea ice area 
with global warming under different scenarios. 
 
25.1% of the present sea ice area respectively, under the 
B1, A1B and A2 scenarios. At the end of 21st century, 
with global warming, the sea ice and snow of the 
Northern Hemisphere will melt in large scale under the 
greenhouse gases increasing scenario. Especially in the 
summer, the sea ice in the Arctic Ocean will almost 
totally melt. Due to the melting of sea ice, the Arctic 
Ocean absorbs more radiation, and sea temperature in-



 
 

ARTICLES 

2656 Chinese Science Bulletin  Vol. 51  No. 21  November  2006 

creases rapidly; at the same time a lot of fresh water is 
set out to the ocean, leading to the decrease of salinity 
of the Arctic Ocean.  

3  Conclusions 
A new climate model (ECHAM5/MPI-OM1) devel-

oped for the fourth assessment report of the IPCC at 
Max-Planck Institute for Meteorology is used to simu-
late the climate changes under different increased CO2 
scenarios (B1, A1B and A2). Based on the correspond-
ing model results, the sea surface temperature and sa-
linity structure, the variations of the THC and the 
changes of sea ice in the Northern Hemisphere were 
analyzed. It is concluded that from 2000 to 2100, under 
the B1, A1B and A2 scenarios, the global mean sea 
surface temperatures (SST) would increase by 2.5°C, 
3.5°C and 4.0°C respectively, especially in Arctic Re-
gions, the increase of SST is even above 10.0°C; the 
maximal negative value of the variation of the fresh 
water flux is located in the subtropical oceans, while 
the precipitation in the eastern tropical Pacific increases. 
The strength of THC decreases under the B1, A1B and 
A2 scenarios, and the reductions are approximately 
20%, 25% and 25.1% of the present THC strength re-
spectively. In the Northern Hemisphere, the area of the 
sea ice cover decreases by about 50% under the A1B 
scenario. 
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