
This paper describes an overview of results obtained in the 5-year research on global warming projections done by Central

Research Institute of Electric Power Industry jointly with National Center for Atmospheric Research. To contribute to the

IPCC Fourth Assessment Report, multi-century global warming projections based on the IPCC SRES scenarios were conduct-

ed using the Earth Simulator. One of the features of our experiments is multi-century long-term projections under the stabi-

lized radiative forcings of greenhouse gases. In addition, simple overshoot scenarios are proposed and hysteresis effects in cli-

mate system were investigated.
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1. Introduction
The ultimate goal of the United Nations Framework

Convention on Climate Change (UNFCCC) is to achieve

stabilization of concentrations of greenhouse gases (GHGs)

in atmosphere at a level that would prevent dangerous

anthropogenic interference with climate system. However,

there exist a number of crucial questions about this goal. For

example, what is the dangerous anthropogenic interference.

What a level of GHG concentrations should be appropriate

to prevent the dangerous anthropogenic interference. Such

questions have to be resolved in discussion and negotiation

on the next international framework (post-Kyoto framework)

for the GHGs emission reduction and state-of-the-art scien-

tific knowledge has to support such discussions.

To contribute to the IPCC Fourth Assessment Report,

AR4 (2007), and the discussion on the post-Kyoto frame-

work, with a special attention to scientific knowledge about

the dangerous anthropogenic interference, we conducted a

series of global warming projection experiments jointly

with National Center for Atmospheric Research (NCAR)

under the Project for Sustainable Coexistence of Human,

Nature and the Earth of the Japanese Ministry of Education,

Culture, Sports, Science and Technology. This paper

describes an overview of this 5-year research project.

2. Model
The Community Climate System Model, CCSM3, is used

to simulate past and future climate under prescribed radia-

tive forcings. The CCSM3 is the third generation coupled

climate model developed by NCAR and it consists of

atmosphere, land, sea ice and ocean components and flux

coupler. The atmosphere component, CAM, is based on the

Eulerian spectral dynamical core at T31, T42 and T85 reso-

lution with 26 vertical layers. The ocean component, POP,

is based on a displaced grid system where the computation-

al north pole is displaced onto Greenland. It supports nomi-

nal 1 degree and 3 degree horizontal resolution with 40 ver-

tical layers. The land component, CLM, and sea ice compo-

nent, CSIM, have the same horizontal resolution as CAM

and POP, respectively. The flux coupler, CPL, has a role of

exchanging fluxes and state variables among the four physi-

cal components for atmosphere, land, sea ice and ocean. In

the present study, we employ the atmosphere component at

T85 resolution and the nominal 1 degree ocean component.

The equilibrium climate sensitivity of this resolution of

CCSM3 is 2.7˚C and the transient climate response is 1.5˚C

[1]. A comprehensive overview of the CCSM3 is given by

Collins et al. [2] as well as the model performance obtained

in its control simulations. 

3. GHG concentration scenarios
Future global warming projection experiments in the pres-

ent study employ GHGs concentration profiles based on

IPCC SRES (Special Report on Emission Scenarios) A2,
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A1B and B1 scenarios [3]. The socioeconomic backgrounds

of these scenarios are as follows: The SRES A2 scenario

(high-emission scenario) assumes high population growth

rate and significant shift to coal at year 2100. The A1B sce-

nario (medium-emission scenario) assumes higher economic

growth and measurable introduction of renewable energies.

The B1 scenario also assumes high economic growth but

with substantial shift to nuclear energy.

Time-varying radiative forcings included in the numerical

experiments are CO2, CH4, N2O, CFC-11, CFC-12, tropos-

pheric and stratospheric ozone, carbon and sulfate aerosols.

In addition, aerosols due to volcanic eruptions and solar

variability are taken into account in the 20th century histori-

cal simulation. Figure 1 shows the CO2-equivalent concen-

tration of GHGs (CO2, CH4, N2O, CFC-11 and CFC-12) for

each SRES scenario used in the numerical experiments. At

the year 2100, the CO2-equivalent concentration reaches

1235, 860, 638 ppmv under the A2, A1B and B1 scenarios,

respectively.

The 20th century historical simulation and 21st century

projections based on the SRES scenarios are followed by the

GHGs stabilization experiments. Under the coordination by

IPCC Working Group I, the stabilization experiments were

carried out in such a way that the 21st century projections

based on the SRES scenarios are extended beyond year 2100

with constant GHGs concentration at year 2100 levels. As dis-

cussed in the IPCC Synthesis Report [4], long-term climate

responses have to be investigated for discussion about the sta-

bilization effect of GHGs. For this purpose, we conducted

multi-century stabilization experiments up till year 2450.

In addition to the GHGs stabilization experiments, simple

overshoot scenario experiments are proposed. Under the

overshoot scenarios, the GHG concentrations once overshoot

to higher levels, then, they are decreased to and stabilized at

a lower target level. This scenario implies that the GHG con-

centrations in atmosphere may be reduced due to innovative

technologies in future. Even with introduction of such tech-

nologies, the influence of taking different development path-

ways on the climate system is unknown and should be made

clear. Therefore, the aim of this experiment is to investigate

hysteresis and irreversible effects in climate system against

different pathways of GHG concentrations. In the present

study, we assume that the GHG concentrations overshoot to

the A2 and A1B levels, then, linearly decrease to the B1 sta-

bilization level from year 2150 with 100-year or 200-year

GHGs decline phase as shown in Fig. 1. 

4. Results
4.1 Surface air temperature

Figure 2 shows the time-series of globally averaged annu-

al mean surface air temperatures from all the experiments.

Compared to the temperature at the end of 20th century

(years 1990–1999), the surface air temperatures at the end of

21st century (years 2090–2099) is predicted to increase by

3.7, 2.5 and 1.5˚C under the A2, A1B and B1 scenarios,

respectively. Furthermore, the surface air temperature keeps

increasing even under the stabilized radiative forcings

beyond year 2100 at all the GHGs stabilization levels. Under

the overshoot scenarios, the globally averaged surface air

temperatures decreases to almost the same level as the B1

level and hysteresis effects are not significant.

The spatial patterns of future change in surface tempera-

ture under the A2 and A1B scenarios are shown in Fig. 3.

The future change is defined as a deviation of temperature

averaged over years 2090–2099 from that averaged over

years 1990–1999. The warming is significant particularly in

northern hemisphere high-latitude regions and over conti-

nents. Although the magnitude of temperature change is

dependent on GHGs concentration levels, the spatial pattern

of possible future change is very similar among all the SRES

scenario experiments.

Fig. 1  GHGs concentration profiles used in numerical experiments.

Fig. 2  Time-series of globally averaged annual mean surface air tem-

perature.
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4.2 Sea ice

Figure 4 shows the projected seasonal cycle of sea ice

area in northern hemisphere at the end of 21st century (years

2090–2099) and at the end of 24th century (years

2390–2399) and Fig. 5 shows spatial distribution of sea ice

concentration in the Arctic region under the SRES A2 sce-

nario. In the cases of the A2 and A1B scenarios, the sea ice

in the Arctic region almost disappears in late summer.

Furthermore, at the highest GHGs concentration level of the

A2 scenario, substantial reduction of sea ice in winter is also

projected. These model results suggest that the ecosystem in

the Arctic region should be subjected to severe global warm-

ing impacts, thus, the GHGs concentration levels in the A1B

and A2 scenarios could be higher than a target level which

satisfies the goal of UNFCCC. 

4.3 Sea level

Figure 6 shows globally averaged time-series of sea level

rise due to thermal expansion of seawater projected under

SRES scenarios. In general, the change in sea level is attrib-

uted to the thermal expansion of seawater, melting of ice cap

and glaciers on lands, and melting of ice sheets on Greenland

and Antarctica. Among them, only the thermal expansion is

taken into account to evaluate future change in sea level in

Fig. 3  Spatial pattern of surface temperature change during 21st century.

Fig. 4  Seasonal cycle of sea ice area in northern hemisphere.

Fig. 5  Sea ice concentration in northern hemisphere under A2 scenario.
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this study. Here, the sea level change due to thermal expan-

sion is calculated offline. Then, the linear trend observed in

the control run is eliminated to avoid model errors. 

At the end of 21st century, the globally averaged sea level

increases by 30, 24 and 16.5 cm relative to year 2000,

respectively, under the A2, A1B and B1 scenarios. Even

after the stabilization of GHGs starting from year 2100, the

sea level is found to keep increasing for long time due to

large thermal inertia of seawater. Note that the sea level

under the overshoot scenarios does not recover to that at the

B1 stabilization level. This is because the heat stored in inte-

rior ocean before year 2250 contributes to the residual ther-

mal expansion and this is one of the hysteresis effects found

in our simulation results.

4.4 Thermohaline circulation

Figure 7 shows time-series of maximum stream function

of the Meridional Overturning Circulation (MOC) in the

North Atlantic. During the 21st century, the thermohaline

circulation is weakened due to the global warming: the max-

imum values of MOC stream function are reduced by about

35, 25 and 15%, respectively, under the A2, A1B and B1

scenarios. However, the MOC tends to recover gradually

once the GHG concentrations are stabilized. Under the over-

shoot scenarios, the MOC immediately recovers to the level

of the B1 stabilization scenario. The shutdown of MOC pre-

dicted by Stocker and Schmittner [5] cannot be seen in our

simulations. Even with the weakened MOC, the warming is

still dominant over Europe as shown in Fig. 3 and only less

warming or slight cooling areas can be seen near Greenland

and around Antarctica. 

Additional CMIP2-type numerical experiments were carried

out to learn more about simulated MOC behavior and to make

directly comparison with the Stocker-Schmittner hypothesis.

In these experiments, the CO2 concentration increases from

present-day level at constant increase rates of 1, 2 and 4

%/year, then, CO2 concentration is stabilized at doubled,

quadrupled and octupled levels. Figure 8 shows time series of

the maximum stream function of MOC at CO2 stabilization

phase. Even under the octupled CO2 level, simulated MOC

slightly recovers to the present-day level. As far as the

CCSM3 model projected, the shutdown of MOC and resulting

abrupt cooling event such as glacial age is very unlikely to

occur. However, note that the model does not take into account

the fresh water supply due to melting of Greenland ice sheet.

5. Summary
The multi-century global warming projection experiments

based on SRES A2, A1B and B1 scenarios were conducted

using the CCSM3. The obtained results are summarized as

follows:

(1) Globally averaged surface air temperature increase dur-

ing 21st century under the A2, A1B and B1 scenarios are

Fig. 6  Time-series of sea level rise due to thermal expansion of sea water. Fig. 7  Time-series of maximum stream function of Meridional

Overturning Circulation (MOC) in North Atlantic (21-year running

mean, below 500m) obtained in the SRES scenario experiments.

Fig. 8  Time-series of maximum stream function of MOC in North

Atlantic (21-year running mean, below 500m) obtained in the

increasing CO2 experiments.
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respectively 3.7, 2.5 and 1.5˚C. The surface temperature

keeps increasing even after the GHGs concentrations are

stabilized, and it takes very long time for climate system

to be stabilized.

(2) The reduction of sea ice in the Arctic region is significant

under the stabilized radiative forcing at the A2 and A1B

levels. The sea ice in late summer almost disappears in

mid-21st century under the A2 and A1B scenarios, and

the substantial reduction of winter sea ice is projected

under the A2 scenario. 

(3) The thermohaline circulation in North Atlantic, MOC, is

weakened in response to the increasing GHGs during

21st century. However, it tends to recover under the sta-

bilized GHGs concentrations and the shutdown of MOC

is unlikely to occur.

(4) A further research of overshoot scenarios should be pur-

sued because it is expected to be useful for risk manage-

ments to cope with low and late emission reduction of

carbon dioxide in the world. Feedbacks from ecosystem

and carbon cycle should also be taken into account for

this purpose.
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