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Abstract

A transient response experiment to the gradual increase in atmospheric CO2 concentration at a com-
pound rate of 1 %/yr has been performed with a coupled atmosphere-ocean general circulation model
(CGCM) developed at the Meteorological Research Institute (MRI). The model is characterized by two
aspects; one is a relatively high resolution of the oceanic part in the low latitudes to simulate El Nifio
phenomena, and the other is an elaborate sea ice model to simulate seasonal variation of sea ice coverage
and thickness.

Time integration has been performed up to 70 years over which the CO; concentration doubles. The
globally averaged surface air temperature increases 1.6°C during this period. Atmospheric response to
the CO; increase is slow in the Southern Hemisphere and over oceanic areas. However, the surface air
temperature increase in the high latitudes in the Northern Hemisphere is not dominant up to the year
50. This speed of CO2-induced warming is affected by interdecadal variation of sea ice found both in the
transient and in the control runs. It is also suggested that leads in sea ice act as a strong negative feedback
on changes in sea ice volume, affecting the timing of the warming.

Analysis of sea surface temperature shows that the dominant air-sea coupled mode in the model is very
close to what is observed. This mode shows interannual variations in the Pacific with a dominant period of
about 6 years, which is close to the typical time scale of El Nifio. It also shows variations of interdecadal
time scales, with implication of predictability for a few decades.

1. Introduction (Murphy, 1992) and MPI (Cubasch et al.,, 1992).
None of these models have fine enough horizontal
resolutions of ocean to simulate El Nino phenomena,
although Neelin (1991) has shown that the coarse-
grid coupled models are simulating an unstable cou-
pled mode that contributes to some of the ENSO
signal. There are debates on how El Nino phenom-
ena change under global warming. The GFDL group
1 Present affiliation: Japan Meteorological Agency, Tokyo shows that the amplitude of sea surface temperature

Transient response studies to a gradual increase in
atmospheric CO2 have been reported by four groups
so far (IPCC, 1992).  They are by GFDL (Stouf-
fer et al., 1989; Manabe et al.,, 1991; Manabe et
al., 1992; Delworth et al., 1993), NCAR (Washing-
ton and Meehl, 1989; Meehl et al., 1993), UKMO

100, Japan ' (SST) anomalies during ENSO-like events in the
2 E;eii?gi:;ﬁ ;¥a¥§§;oc‘%'2:f§of‘;r5§ lggtaisysmm Research,  cO,-warmed climate is slightly reduced compared
©1995, Meteorological Society of Japan to that in the control run (Knutson and Manabe,
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Fig. 1. The horizontal resolution and topography of the OGCM. Variable resolution is used in the

meridional direction, ranging from 0.5° at the equator to 2.0° at 12° latitude and further poleward.

The contour interval is 1000 m

1994). The MPI group also speculates less active
El Nifio under the warming process (Lunkeit et al.,
1993), while the NCAR group shows that there is no
significant change in SST variability with increased
COg, but there is enhanced precipitation variability
(Meehl et al., 1993). On the other hand, the UKMO
group shows no significant changes in the equatorial
SST variability between the transient and control
simulations (Tett, 1994). However, these models
have not successfully simulated the whole cycle of
El Nifio phenomena well. Unless we perform simu-
lations of transient response to the gradual increase
in CO; with a model which simulates them better
than so far, no convincing conclusion can be reached.

Some models used for transient response studies
do not simulate either sea ice thickness or its dis-
tribution well. In one model, sea ice thickness in
the Antarctic ocean in September is more than 3 m
in some area (Manabe et al., 1992). However, ob-
servation shows that thickness of the sea ice in the
Antarctic ocean is 40-60 cm in austral midwinter
(Wadhams et al., 1987). In another model, sea ice
in the Antarctic ocean has almost disappeared, even
in September (Murphy, 1992). If a model does not
simulate either thickness or distribution of sea ice or

both of them well, it is quite likely that the model
fails to evaluate feedback processes related to sea
ice quantitatively, and produces some errors in pre-
dicting possible future climate changes due to the
increase in COs.

In this quick report, we describe results of a sim-
ulation of transient response to the gradual increase
in CO, with a climate model which has been im-
proved in the aspects mentioned above. Full descrip-
tion of the present results will be presented later in
separate reports.

2. Model

The atmospheric part of the model (AGCM) is
identical to that used for the Atmospheric Model In-
tercomparison Project (AMIP) and its performance
is described in Kitoh et al. (1995). Horizontal res-
olution of the AGCM is 5° by 4° in longitudinal
and latitudinal directions, respectively. There are
15 vertical levels with a top at 1 hPa. Short-wave
radiation calculation is based on Lacis and Hansen
(1974) and long-wave radiation calculation on Shi-
bata and Aoki (1989). Five types of clouds are
diagnostically determined: i.e., penetrative cumu-
lus cloud, middle level convective cloud, planetary
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Fig. 2. Time evolution of annual-mean sur-
face air temperature averaged over the
Northern Hemisphere (top), the South-
ern Hemisphere (middle) and the globe
(bottom). Solid and dashed lines indi-
cate the G run and the C run, respec-

tively. The zero point is the annual
mean for the first year of the C run.
In the G run, CO, concentration is in-
creased at a compound rate of 1 %/yr,
while it is fixed in the C run.

boundary layer stratus cloud, large-scale condensa-
tion cloud and cirrus anvil cloud. Partial cloudiness
is allowed for the convective clouds. Effect of sub-
grid-scale topography on the grid-scale flow is in-
cluded as gravity-wave drag following Palmer et al.
(1986), with quantitative adjustment described by
Yagai and Yamazaki (1988). Thermodynamic and
hydrological processes of land surface are based on
a multi-layer soil model. There are four layers with
a bottom at 10 m depth. Ground temperature, soil
moisture and frozen soil moisture are predicted at
each level.

The oceanic part of the model (OGCM) is a global
ocean general circulation model developed at the
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Meteorological Research Institute (MRI) (see Na-
gal et al., 1992). The model is now extended to
include a realistic ocean bottom topography and a
variable resolution in the meridional direction, rang-
ing from 0.5° at the equator to 2.0° at 12° latitude
and further poleward (see Fig. 1). The resolution
in the longitudinal direction is 2.5° and there are
21 vertical layers, 11 of which are located in the
first 300 m. The Mellor-Yamada level 2 turbulence
closure scheme is included to simulate the oceanic
mixed layer. The lateral eddy viscosity and diffusiv-
ity are set to 2.0 x 10° cm?/s and 5.0 x 107 cm?/s,
respectively, between 78°N and 78°S. The vertical
eddy viscosity and diffusivity are calculated follow-
ing Mellor and Yamada (1974, 1982) and Mellor and
Durbin (1975).

A sea ice model is included. The model predicts
compactness (areal coverage ratio of sea ice) as well
as thickness and surface temperature of sea ice. The
movement of sea ice is predicted by considering ad-
vection due to oceanic current at the first level of the
ocean. The thermodynamics of sea ice is parame-
terized following Mellor and Kantha (1989). Energy
exchanges through the surface are calculated both
in the sea ice area and “leads” separately and are
weighted with the respective coverage ratio. The
model can simulate seasonal variations of sea ice
compactness and thickness realistically not only in
the Arctic but also in the circum-Antarctic area.
The performances of the sea ice model will be de-
scribed fully in a separate paper.

The climate model used has different horizontal
resolution between the AGCM and the OGCM. Fur-
thermore, we predict areal coverage ratio of sea ice
in each ocean grid, as explained above. We calculate
the surface energy fluxes in one atmospheric grid as
the sum of area-weighted energy fluxes between the
atmosphere and the underlying surface component
(which is either land, open ocean or sea ice) within
the atmosphere grid. We allow partial coverage of
land at both coastal and island grids.

3. Experiment

The ocean was spun up with an acceleration
method for 1500 years from an isothermal motion-
less state with a uniform salinity. Then a time in-
tegration was made for 30 years by coupling the
AGCM with the OGCM, to obtain flux corrections
in the surface energy and water fluxes. In these runs,
SST and sea surface salinity (SSS) were relaxed to
observed climatological fields (Levitus, 1982).

Two runs were performed, i.e., a run with a
fixed atmospheric CO, concentration (C run) at
345 ppmv and a run with a gradual increase in CO,
at a compound rate of 1 %/yr (G run). This increas-
ing rate of CO2 roughly corresponds to the actual
increase of radiative forcing due to the increase in
several greenhouse gases and has been used in other
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Fig. 3. Latitude-time section of zonally averaged surface air temperature difference, which is taken
between the G run and the C run at the same time instance. Periods shorter than 12 years have

been filtered out.

studies (Stouffer et al., 1989; Manabe et al., 1991;
Murphy, 1992). In both C and G runs the flux cor-
rections in the surface energy and water fluxes were
included to predict realistic SST and surface salin-
ity. Runs were continued up to the year 70 in both
C and G runs.

4. Results

In this paper, most analyses will be based on the
difference between the G run and the C run (G-C).
The C run has succeeded in reproducing not only ba-
sic climatological characteristics of time mean fields
including SST but also variabilities in from interan-
nual to interdecadal time scales.

4.1 Global mean temperature

Figure 2 shows the time evolution of the area-
averaged, annual-mean surface air temperature for
the C run and the G run. There remains a weak sec-
ular trend in the Southern Hemisphere in the C run,
which is, however, smaller than the CO; warming
signal. The globally averaged surface air tempera-
ture difference, G-C, increases by 1.6°C during the
seventy-year period.

Murphy (1992) and Cubasch et al. (1992) have

SEA ICE VOLUME (Northern Hemisphere)

Fig. 4. Temporal variation of sea ice volume
(10® km®) in the Northern Hemisphere
for the G run (solid lines) and the C run
(dotted lines). Thin and thick lines in-
dicate annual mean and 11-year running
mean, respectively.

mentioned initial slow rise in the globally averaged
surface air temperature in relation to the initial spin-
up problem or the cold start problem (Hasselmann
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Fig. 5. The first mode of empirical orthogonal function (EOF) analysis of the annually averaged sea
surface temperature (SST) difference between the G run and the C run. (right) Spatial pattern, (left)
time evolution of the amplitude of the mode. Periods shorter than 12 years have been filtered out.
Contribution of this mode is shown in the parentheses at the top of the figure.

et al., 1992). However, in our experiment, the glob-
ally averaged surface air temperature increases al-
most linearly, as shown in Fig. 2.

4.2 Zonal mean temperature and sea ice

Figure 3 shows the latitude-time section of zon-
ally averaged surface air temperature change. The
delay of temperature rise in the Southern Hemi-
sphere, especially around 50°S, is dominant, as al-
ready pointed out by Stouffer et al. (1989). It is also
worthy to note that the rise of surface air temper-
ature in the Arctic region is rather small up to the
year 50. However, it starts to increase at a higher
rate after the year 50. This has not been stressed
before although a similar tendency is seen in Fig. 1
of Stouffer et al. (1989) and Fig. 1 of Meehl et al.
(1993).

Figure 4 shows the temporal variation of sea ice
volume in the Northern Hemisphere for the C and
G runs. It can be seen that there are interdecadal
variations as well as interannual variations in the
simulated sea ice volume, and that the interdecadal
variations have amplitudes comparable to those due
to the doubled CO, radiative forcing around the
year 70. This indicates that the temporal evolu-
tion of CO2 warming in the northern high latitudes
is much affected by not only the amplitude but also
the phase of the natural variability in sea ice. In
the present experiment, a transition from the posi-
tive to the negative anomaly phase in sea ice volume
happens to be around the year 50, so that a delay
(acceleration) of the warming is found before (after)
that time. This ice variability may be indicative of
some kind of global low-frequency variability that is
most readily manifested by the sea ice.

Although the temperature increase is dominant in
high latitudes of the Northern Hemisphere, it is not
so large compared with the result at GFDL (Stouffer
et al., 1989). The increase occurs mostly in the last
20 years, as shown in Fig. 3. In the present model,
sensible and latent heat fluxes from leads increase in
proportion to the increase of area of leads when the
SST increases. This works as a negative feedback
to the SST rise. Another negative feedback works
in sea ice region because heat conduction increases
as ice thickness decreases. However, the feedback in
the lead region is much stronger than that in the
sea ice region. The difference in the magnitude of
the negative feedback may partly be responsible for
the smaller temperature rise in the Arctic in the
present simulation than in the GFDL’s where no
lead is considered in the sea ice model.

4.3 EOF analysis

Figure 5 shows the spatial pattern of the first
mode of the empirical orthogonal function (EOF)
analysis for the annual mean SST difference (G-C)
and the time variation of the coefficient. Temporal
variations shorter than 12 years have been filtered
out for the SST difference. The first EOF of SST of
the G run is almost identical to that shown in Fig.
5 for G-C. The coeflicient shows an overall linear in-
creasing trend over 70 years, indicating that this is a
response mode to the gradual increase in CO5. The
SST rise is large in the sea of Okhotsk as the sea
ice has partially disappeared. This is expected from
the fact that the area is located near the southern-
most boundary of sea ice formation in the Northern
Hemisphere, so that the sea ice-albedo feedback may
work early and effectively. Between 40°S and 60°S
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Fig. 6. The increase in surface air temperature during 70 years estimated from a linear regression of the

temperature difference G-C.
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Fig. 7. The second mode of EOF analysis of the annually averaged SST for the G run. No low-pass

filter has been applied.

where most area is covered by ocean, the SST rise is
generally delayed as in other studies (Stouffer et al.,
1989; Murphy, 1992; Cubasch et al., 1992; Meehl et
al., 1993). There is dominant warming in the North
Pacific, the North Atlantic and the subtropical lat-
itudes of the Southern Hemisphere. The warming
in the North Atlantic may reflect the fact that the
meridional circulation in the North Atlantic is weak
in the present experiment.

Figure 6 shows the spatial pattern of the increase
in annual mean surface air temperature during 70
years estimated from a linear regression of the tem-
perature difference G-C. As is expected, the spatial
pattern in Fig. 6 is almost identical to that in Fig.
5 over the ocean. There are pronounced increases

in temperature over the continent in mid-latitudes
in both hemispheres. This land-sea contrast of the
warming is explained by Saito and Tokioka (1994).
The most dominant increase is found over the sea
of Okhotsk due to the disappearance of sea ice, as
mentioned above.

Figure 7 is the second EOF of SST for the G
run. This mode has large amplitudes in the Pa-
cific. The most notable feature is a wedge like pat-
tern in the central Pacific, with an opposite polarity
in the north-western and the south-western mid Pa-
cific. An almost identical spatial pattern is observed
in the first EOF for the C run, as shown in Fig. 8, in-
dicating that this is an internal mode of the climate
system. A similar correspondence between the first
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Fig. 8. The same as in Fig. 7, but for the first EOF of the SST for the C run.
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Fig. 9. The same as in Fig. 7, but for the first EOF for the observed SST, which is a combination of
COADS data from 1946 to 1985 and the JMA analysis from 1986 to 1992.

EOF for the control run and the second EOF for the
transient CO; run is found in Fig. 12 of Cubasch et
al. (1992), although the spatial pattern of the mode
is different from that for the present experiment. It
can be seen in Figs. 7 and 8 that the coefficients of
these two EOF's show dominant 6-year cycles, which
is close to the typical time scale of El Nino, and in-
terdecadal modulations of them of about 30 years.
Another important point to be noted is that the in-
terdecadal time evolutions of both modes are almost
identical to each other up to the year 30 or so. This
type of variation could be little affected by the in-
crease in CO2 concentration, and thus could be pre-
dicted about 30 years ahead. The mechanisms of the
variability of this mode is being studied and will be
reported separately from this study. This mode has

a characteristic structure in the Pacific sub-tropical
gyre down to about 500 m depth, which will be the
main reason for the long time predictability of over
30 years.

Figure 9 shows the first EOF of the observed an-
nually averaged SST data, which are combinations
of the COADS data (before 1985) and the JMA anal-
yses (after 1986). Figure 9 has several common char-
acteristic features to those of Figs. 7 and 8. As the
time evolution in Fig. 9 shows, there is a kind of
jump in the latter half of 1970s. Before this, it re-
mains negative. However, it remains positive there-
after. Above-normal SST in the eastern equatorial
Pacific, and below-normal SST in the Northern mid
Pacific observed in recent years are captured by this
mode.
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Quick comparison of variability in the El Nino
time scale between time evolutions of Figs. 7 and
8 does not show clear differences. Here, we do not
make any conclusive statements on the change of El
Ninio phenomena due to the increase in CO,. This
point will be studied further, separately.

5. Concluding remarks

A coupled atmosphere-ocean general circulation
model has been developed. The model is character-
ized by two aspects; one is a relatively high resolu-
tion of the oceanic part in low latitudes to simulate
El Nino phenomena, and the other is an elaborate
sea ice model to simulate seasonal variation of sea ice
coverage and thickness. A transient response exper-
iment to the gradual increase in atmospheric CO5
concentration at a compound rate of 1 %/yr has
been performed. We have focused on topics rele-
vant to these aspects in this report. Other topics
and model performance will be presented in detail
elsewhere.

Time integration has been performed using flux
corrections in the surface energy and water fluxes up
to 70 years, when the CO3 concentration has dou-
bled. Not only the sea ice volume as shown in Fig. 4
but also its extent, distribution and thickness have
stayed stable during the time integration, and such a
systematic sea ice drift as in Cubasch et al. (1994) is
not found in the present experiment. However, the
interdecadal sea ice variability is evident both in the
C and G runs. This low frequency variability is cou-
pled with the constantly increasing COs radiative
forcing to affect the timing of the rapid warming af-
ter the year 50. The speed of COz-induced warming
in high latitudes in the Northern Hemisphere in the
present experiment is slower than those obtained by
the GFDL group (Stouffer et al., 1989) where lead
is not considered in the sea ice model. This sug-
gests that the negative feedback effect of lead on
sea ice change may be playing an important role in
determing the warming speed.

The ENSO-like phenomena have been simulated
both in the C and G runs. Analysis of SST shows
that the most dominant air-sea coupled mode in the
model is very close to what is observed. The most
notable feature is a wedge like pattern in the cen-
tral Pacific, with an opposite polarity in the north-
western and the south-western mid Pacific. This
mode shows interannual variations in the Pacific
with a dominant period of about 6 years, which
is close to the typical time scale of El Nino. It
also shows variations of interdecadal time scales,
with implication of predictability over a few decades.
Although no definite indication is found that the
ENSO is affected by the CO2-induced warming, the
present study suggests that the low-frequency vari-
ability interacts with COs-induced climate changes.
The sea ice variability presented in this report may

Vol. 73, No. 4

be indicative of some kind of global low-frequency
variability that is mostly readily manifested by the
sea ice.
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