Chapter 1 Atmospheric and Oceanic Simulation

Multi-century Ensemble Global War ming Projections by
CCSM 3 Using the Earth Simulator

Project Representative
Koki Maruyama

Authors

Central Research Institute of Electric Power Industry

Koki Maruyama*?, Yoshikatsu Yoshida*?*, Junichi Tsutsui *, Norikazu Nakashiki **,
Keiichi Nishizawa*!, Hideyuki Kitabata*!, Dong-Hoon Kim*?, Daisuke Tsumune*!

and Jong-Hwan Yoon*2

*1 Central Research Institute of Electric Power Industry, Abiko, Chiba, 270-1194, Japan

* 2 Research Ingtitute for Applied Mechanics, Kyushu University

To get good understanding of an effect of stabilization of atmospheric concentrations of greenhouse gases, such as CO,,
methane and CFCs, multi-century three-member ensemble global warming projections were conducted on the Earth Simulator
using the optimized codes based on NCAR coupled climate model CCSM3. For the projections, we applied two scenarios for
the 21st century, stabilization and overshoot scenarios beyond the 21st century. We analyzed the long-term response of cli-
mate system to stabilization levels of atmospheric concentrations of greenhouse gases. Future changes in surface air tempera-
ture, sea ice volume, thermohaline circulation and sea level rise were projected including hysteresis effects in the climate sys-
tem reveal ed through the projection experiment of the overshoot scenario.
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1. Introduction

The ultimate goal of the United Nations Framework
Convention on Climate Change (UNFCCC) [1] isto achieve
stabilization of greenhouse gas (GHG) concentrations in the
atmosphere at a level that would prevent dangerous anthro-
pogenic interference with climate system. There remain,
however, number of crucial questions, such as, what a level
of GHG concentrations in the atmosphere should be appro-
priate to prevent the dangerous anthropogenic interference
with the climate system or when we should stop the increase
of GHG concentrations in the atmosphere. Such questions
have to be resolved for forthcoming discussions on emission
reduction of GHGs beyond the Kyoto Protocol.

In order to get good understanding about stabilization
effects of GHG concentrations in the atmosphere to prevent
global warming, we have conducted the five-year Kyosei
project supported by MEXT using the Earth Simulator (ES)
since FY 2002 through the international research collabora-
tion with CRIEPI, Kyushu University, National Center for
Atmospheric Research (NCAR) and Los Alamos National
Laboratory (LANL). The first goal of this project is to con-
duct global warming projections for the IPCC Forth
Assessment Report (2007). To meet the goal, we succeeded
in multi-century ensemble projections of global warming
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(IPCC runs) using the ESin the FY 2004 ([2]- [6]). Moreover,
for the second goal of this project we developed a high-reso-
lution atmosphere model and ocean models including the
regional ocean model (RIAMOM) applied to Japan Sea by
Kyushu University. However, in this report, we described
results of globa warming projections (IPCC runs) with spe-
cial emphasis on stabilization effects of GHG concentrations.

2. Climate model

We used the optimized codes of CCSM3 for projections.
The CCSM3 is the third generation coupled climate model
developed at NCAR and it consists of atmosphere, land, sea
ice and ocean components and flux coupler (Collins et al.
[7]). 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,
supports nominal 1 degree and 3 degree horizontal resolu-
tion with 40 vertical layers with the displaced computational
north pole on Greenland. The land component, CLM, and
sea ice component, CSIM, have the same horizontal resolu-
tion as CAM and POP, respectively. The flux coupler, CPL,
has a role of exchanging fluxes and state variables among
the four model components such as atmosphere, land, seaice
and ocean. In the present study, we employ the moderate
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resolution model with the atmosphere component based
upon the spectral dynamical core at T85 resolution and the
nominal 1 degree ocean component.

3. Experimental design

As shown in Fig.1, several kinds of stabilization scenarios
were applied for projections based on A1B and B1 scenarios
in the IPCC SRES (2001) [8], which deal with a term up to
the year 2100. Both scenarios assume a high economic growth
(3% and 2.5%, respectively) and A1B shows the world with
reduction in regional difference in per capita income among
nations, while B1 shows the world with emphasis on sustain-
ability of environment. As for primary energy supply system
in the world, A1B features significant shift to renewable ener-
gy sources, while B1 features drastic shift to nuclear power
generation particularly in Asian countries.

As discussed in the IPCC Synthesis Report (2001) [9], long-
term climate responses have to be investigated to estimate
effects of stabilization of GHG concentrations in the atmos-
phere. For this purpose, the SRES A1B and B1 scenario are
extended beyond year 2100 till year 2350 to 2450 (one ensem-
ble member, discussed later) with constant concentrations at
the year 2100 concentration levels of the "nomina" 750 ppm
and "nomina" 550 ppm, respectively. The term of "nominal”
means the nominal level of CO, concentration but with the
combined anthropogenic climate forcing of GHGs, such as
CH,, N,O, CFCs, tropospheric and stratospheric ozone, and
sulfate and carbon aerosols. These two stabilization scenarios
are referred as the A1B stabilization and B1 stabilization sce-
narios, respectively. A commitment scenario is akind of stabi-
lization scenario requested by the IPCC Working Group 1,
where the GHG concentrations are held fixed to the contempo-
rary (year 2000) level after year 2000 until year 2050. The pur-
pose of this scenario is to demonstrate how humans have
already committed to the global warming in the future.

In addition to above scenarios, CRIEPI proposed an over-
shoot scenario with linearly decreased GHG concentrations
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from stabilized A1B level at "nomina" 750 ppm of CO,
concentration to stabilized B1 level at "nomina "550 ppm
during 2150-2250 and with subsequent stabilization at
"nominal” 550 ppm up to 2350-2450 (one ensemble). This
scenario is to be used to investigate hysteresis or irreversible
effects in the climate system against different pathways of
stabilization of GHG concentrations.

Moreover, we newly adopted an ensemble projection
method with three members, where each member adopted dif-
ferent initial condition and ensemble mean of projections of
all members were taken to obtain statistically reliable results.

4. Results
Validation of the model compared with observed data

Fig. 2(a)(b) show ensemble means of simulated surface
air temperatures and precipitations for the period from year
1990 till year 1999 averaged over 43 regions in the world,
respectively. The observed data are also plotted for compari-
son. The simulated surface temperatures agree very well
with the observations. The precipitation results are also fairy
in good agreement although there are some differences, in
particular, over the tropical regions such as Amazon, Central
America and so on.

Surface air temperature

Fig. 3 shows projection results of globally averaged annual
mean surface air temperatures from all the scenario experi-
ments, where three ensemble members are denoted by mem-
bers"b", "f" and "g". Compared to the temperature at the end
of 20th century (years 1990-1999), the ensemble mean of
surface air temperatures at the end of 21st century (years
2090-2099) is projected to increase by about 2.5°C and about
1.5°C under the A1B and B1 scenarios, respectively.
Furthermore, the surface air temperatures keep increasing
even under the stabilized GHG concentrations beyond year
2100 both in the A1B and B1 scenarios. In the committed cli-
mate change experiment, the surface air temperature rises by
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Fig. 1 A schematic of scenarios based on IPCC SRES used for global warming projections.
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Fig. 2 Ensemble means of (a) surface air temperature and (b) precipitation at the end of 20th century (years 1990-1999)
averaged over 43 regionsin the world. Model results are compared to climatological observed data.
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Fig. 3 Time-series of globally averaged annual mean surface air temperature from all the ensemble projections
(20th century historical simulation, SRES A1B, B1, A1B stabilization, B1 stabilization, committed climate
change, and overshoot scenario experiments).
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about 0.2°C from year 2000 to year 2050. Under the over-
shoot scenario, the globally averaged surface air temperatures
decreased to almost the same level as the B1 stabilization
after year 2300 and hysteresis effects are not significant.

Fig. 4 shows the spatial patterns of future change in sur-
face air temperature under the A1B scenario (the upper
panel) and B1 scenario (the lower panel). The future change
is defined as a deviation of temperatures averaged over years
2090-2099 from that averaged over years 1990-1999. The
warming is significant especialy over high-latitude regions
in the northern hemisphere. Although the magnitude of tem-
perature change is dependent on GHG concentration levels,
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Fig. 4 Spatial distributions of change in annua mean surface air tem-
peratures during the 21st century under the A1B (the upper
panel) and B1 (the lower panel) scenarios.

the spatial pattern of possible future change is very similar
under both scenarios. One remarkable point in Fig. 4 is that
less warming can be seen in the North Atlantic and southern
oceans. Thisis significant under the B1 scenario where local
cooling can be seen in Ross Sea and near Greenland.

Seaice volume

Fig. 5 shows the projected annual mean seaice volumein
the Arctic region. Under the A1B scenario, the sea ice vol-
ume at the end of the 21st century is reduced by about 80%
compared to the end of 20th century. In the B1 scenario, the
decrease in ice volume is slower but about 65% of ice vol-
ume disappears at the end of the 21st century. Furthermore,
the ice volume keeps decreasing slightly even under the sta-
bilized GHG concentrations. Such decrease is more signifi-
cant under the A1B stabilization than under the B1 stabiliza-
tion. This suggests that the concentration level in the A1B
stabilization case might be higher than a target level, which
satisfies the goal of UNFCCC. The ice volume is rapidly
restored to the state of the B1 stabilization under the over-
shoot scenario and hysteresis effect is not significant.

Thermohaline circulation

The thermohaline circulation has an important role of trans-
porting the heat into high latitudesin the northern hemisphere.
Fig. 6 shows time-series of maximum stream function of the
meridional overturning circulation (MOC) in the North
Atlantic (30°N to 50°N, below 500 m). During the 21st centu-
ry, the thermohaline circulation is weakened due to the global
warming. The maximum values of MOC stream function are
reduced by about 24% and 16%, respectively, under the A1B
and B1 scenarios. However, the MOC tends to recover gradu-
ally once the GHG concentrations are stabilized. Under the
overshoot scenario, the MOC stream functions immediately
recover to the level of the B1 stabilization scenario.

The shutdown of thermohaline circulation predicted by
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Fig. 5 Time series of the projected annual mean seaice volume in the Arctic region.



Stocker and Schmittner [10] cannot be seen in our projections.
Even with the weakened MOC, the warming is still dominant
over Europe as shown in Fig. 4 and only less warming or
dlight cooling areas can be seen near Greenland and around
Antarctica. The mechanism of the local cooling is complicat-
ed because there are many factors such as the weakened
MOC, melting of sea ice, and changes in current path of the
Gulf Stream and the Antarctic Circumpolar Current. Further
investigations are necessary to reveal the mechanism.

Sealevel rise

The causes of sea level rise due to global warming are
very complicated and are attributed to the thermal expansion
of seawater, melting of ice sheet and glaciers over Greenland
and Antarctica and so on. However, Fig. 7 shows the sea
level change averaged over the world oceans due to only the
thermal expansion of seawater. At the end of 21st century,
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the globally averaged sea level increases by 13 cm and 8 cm
relative to year 2000 under the A1B and B1 scenarios,
respectively. Even after the stabilization of GHGs starting
from year 2100, the sea level isfound to keep increasing for
long time. The sea level under the overshoot scenario does
not recover to that at the B1 stabilization level. Thisis
because the heat transported in the deep ocean before year
2250 contributes to the thermal expansion and might be one
of the hysteresis effects revealed in our projection results.
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Fig. 6 Time series of projected maximum stream function of the meridional overturning
circulation in the North Atlantic (30°N to 50°N , below 500 m).
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