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1. Introduction

Recent study on global warming by use of cou-
pled ocean-stmosphere general circulation model
{CGCM) has shown that oceans substantially in-
fluence the timing and patterns of climate change,
mainly, through the vertical mixing of heat be-
tween the surface layer and deeper 1ayers.1'2 The
influence is particularly pronounced in the circum-
polar ocean of the Southern Hemisphere and in
the northern North Atlantic. In these region, sea
ice plays an important role for the vertical mix-
ing, but simulations of sea ice have been quite
unsatisfactory yet.

On the other hand, it has been well known
that the sea-surface ternperature (SST) anomalies
due to El Nifio-Southern Oscillation {ENSQO) in the
tropics have a great impact on seasonal climate
not only over tropics but also in the extratropics
through teleconnections. Nagai et al. 3 successfully
simulated the ENSO phenomenon but they required
an ocean model which has a finer resolution than
those so far used for global warming.

There remains, thercfore, much to be done to
predict global climate change. We have been de-
veloping a CGCM to study global climate change
and climate sensitivity. The purpose of the present
study is to simulate a present climate and then
to evaluate the climate sensitivity on a gradual in-
crease in COg by using the CGCM developed at
the MRI (Meteorological Research Institute). The
ocean part of the CGCM has finer resolutions in
the tropics so that the model can simulate ENSO
phenomenon. Since the computation is now con-
tinuing, we will briefly describe the CGCM and
present preliminary results. We hope that this
study will make a contribution to the fortheom-
ing TPCC (Intergovernmental Panel on Climate
Change) report.

2. Description of the model

The CGCM used for this study consists of
a general circulation model of the world oceans
{OGCM) coupled to a general circulation model
of the atmosphere (AGCM) with a sea-ice model
and a land surface model, developed at the MRI.
The method how to couple the models is an im-
portant part for climate modeling. [t controls the
exchange of momentum, heat and water fluxes be-
tween atmosphere and ocean and then influences
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the simulated fields of the model. Each component
of the CGCM and the method of coupling will be
described in this section.

{

2.1. Atmospheric model

’

The AGCM is a new version of MRI-GCM.
The earlier version is described in Tokioka et al. 4 in
detail. Subsequent modifications include increases
in the vertical resolution, and changes in parame-
terizations of gravity-wave drag, atmospheric radi-
ation, convection, surface characteristics, and land
surface processes. Only the main modifications will
be described here.

The horizontal resolution of the AGCM is
4°x%5° latitude/longitude grid. In order to allow

" different horizontal resclutions between AGCM and
OGCM, different types of surface characteristics
{ocean, land, sea ice and ice sheet) are considered
in a single AGCM grid cell. The fractional rate of
land coverage of the AGCM grid points is shown in
Fig. 1.

Fig. 1 The fractional rate of land coverage (%) of
the AGCM grid points.

The vertical resolution is 15 hybrid levels
between surface to model top at 1hPa. Above
100hPa log-pressure coordinates, and below 100hPa
modified sigma coordinates are used. The vertical
structure of the AGCM is shown in Fig. 2.

Orographic gravity-wave drag is simulated fol-
lowing Palmer et al, ® with quantitative adjust-
ments described by Yagai and Yamazaki.® Param.
eterization of cumulus convection is based on the
scheme of Arakawa and Schubert.” The scheme
predicts mass fluxes from mutually interacting cu-
mulus subensembles which have different entrain-
ment rates and cloud top. The Arakawa-Schubert



scheme is modified® to impose an additional con.
straint between the minimum entrainment rate and
the depth of the predicted PBL layer.
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Fig. 2 The vertical structure of the AGCM.

Five types of cloud are simnulated: penetrative

curnulus cloud, mid-level convective clouq, PBL
stratus cloud, large-scale condensation cloud, and
cirrus anvil cloud. Partial cloudiness is allowed for
the convective clouds.

The calculation of shortwave radiation follows
the method of Lacis and Hansen.? Rayleigh scat-
tering and absorption by ozone, watervapor and
carbon dioxide are calculated. The calculations of
longwave radiation are based on the multiparame-
ter random meodel by Shibata and Aoki!? applied
in four spectral regions (20-550, 550-800, 800-1200,
1200-2200 em™!). Absorption bands of carbon
dioxide, ozone and water vapor, and continuum
absorption by water vapor are treated.

Thermodynamic and hydrological treatment of
land surface are based on multi-layer soil model.
The model has four layers with the bottom at 10
m depth. Ground temperature, soil moisture and
frozen soil moisture are predicted at each levels.
The melt of frozen soil of tundra in case of global
warming is taken into account. The effects of
vegetation canopy are not explicitly modeled.

2.2. Ocean model

The ocean model is a world ocean general cir-
culation model developed at the MRI. It follows
basically the ocean general circulation model of
Bryan.!! The Mellor and Yarnada!? level 2 tur.
bulence closure schemne is included to improve the
simulations of the ocean mixed layer.

The physical condition af the occan is specified
by seven variables, velocity (u,v and w), pressure
(P), in-situ density (p), potential termnperature (7,
and salinity (§) in the model. The model employs
the Boussinesq and rigid-lid approximations and
hydrostatic assumption. The governing equations
of the model are momentum equations, the mass
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continuity equation, the conservation equations for
heat and salt, and the equation of state.

The convective adjustment is employed for
T and S such that statically unstable water is
mixed to neutral stratification. The equation of
state for in-situ density from in-situ temperature!3
and the Fofonoff’s procedure for calculating in-
situ temperature from potential temperature are
combined to give a function for in-situ density.

The lateral eddy viscosity and diffusivity are
set to be 2.0 x 109cm2/s and 5.0 x 10?cm2/s, re-
spectively, between 78°N and 78°S. Smaller values
are used in other area, corresponding to the smaller
zonal grid distance near the poles.

The vertical eddy viscosity and diffusivity
are calculated following Mellor and Yamada!?'!%
and Mellor a.hd\ Durbin,*® the minimum values
of which are introduced (1.0cm2/s and 0.5cm?/s,
respectively) to guarantee subgrid-scale mixing.

The bottom friction is formulated based on the
Ekman boundary layer theory with 1.0 x 10%cm?/s
for the coefficient of the vertical eddy viscosity in
the bottom Ekman layer.

The method for calculation of the stream
function with many isolated continents and islands
has been originally proposed by Kamenkovich!®
and extended to the time-dependent problem by
Bryan'! and Bryan and Cox.!” The same method
is introduced in the model to obtain the time
tendency of the stream function. In the Arctic
Ocean {poleward of 82°N) only, pressure gradient as
well as mass divergence is smoothed longitudinally
to avoid a computational restriction on the time
step because of the small geographical distances
in the longitudinal direction. The method of
smoothing follows the idea proposed by Arakawa. 18

The governing equations, along with their
boundary conditions, are solved by finite difference
techniques with a staggered “B” grid configura-
tion. The finite difference scheme is energetically
consistent and is of second-oder accuracy in space
and time. A formulation of finite differencing for
diagonally upward (downward) advection of mo-
mentum at the bottom slope is newly introduced
in the model. Since the vertical diffusion of mo-
mentum, heat and salt are split and expressed
by implicit scheme, small vertical spacing is per-
missible near the surface without reducing the
time increment nor restricting the magnitude of
the mixing coefficients. The integration for verti-
cal diffusion proceeds through tri-diagonal matrix
reduction technique.

The horizontal grid spacing is 2°latitude x
2.5%lengitude in the global domain, The equatorial
region between 12°N and 12°S uses finer latitudi-
nal resolutions with 1/2°within 4°N-4°S band and
almost linearly varying grid spacing from 1/2°to
2°between 4°N(S) and 12°N(S). The vertical lay-
ers vary in thickness to have finer resolutions near
the surface. There are 21 layers, which thicken
from 5.2m at the surface to 700m at 5000m depth,
with eleven layers in the top 300m. The vertical
structure of the OGCM is shown in Fig. 3. The



bottom topography and coast lines are realistically
included on a scale consistent with the resolutions

(Fig. 4). The maximum ocean depth is taken as
5000m.
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Fig. 4 The horizontal resolutions and the topogra-
phy of the QGCM.

2.3. Sea-ice model

The sea-ice model is developed at the MRI
based on modeling ideas of Mellor and Kantha.l?
The prognostic variables of the present model are
sea-ice thickness h; and sea-ice concentration A.
The mode] consists of the equation of mass,

3 (Ahs)
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and the equation of sea-ice concentration,

0A .
B + Adivugg

= ﬁ (@1 — A)Wao + VAW o H (~W)0)
t Bt 3

+ {1~ A) Wgrg] + Diffusion (2)

where t is the time, u.g the effective surface
current velocity, H the Heaviside step function,
Wio the freeze or melt rate at the bottom of the
ice, Wso the freeze rate in leads (open water),
Wgeg the rate of ice accretion at the sea surface
due to fragzil ice formation in the ocean, W4 the
melt rate at the top of the ice (see Fig. 5).
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Fig. 5 The structure of the sea-ice model.

The rate of snow melt or accumulation due
to precipitation, Wag, and W4y ere estimated in
the atmospheric component of the CGCM. Wio
is calculated from the heat and water balance and
equilibrium condition of freezing at the bottom of
ice;

FTIO0 = poCpo K7 {T (1) - Tor}, {3)
Ty; = —0.05438g;, {4)
Wio = (Qro — FTIO) /oL, (5)

Ks{S(1) = Sor} = Wio{Si = S(1)},  (6)

where Sp; and Tpy; are salinity and temperature at
the bottom of ice, and FTJO is the heat flux to
the bottom of ice in the ocean (oceanic heat flux
beneath sea ice) (Fig. 5). Wapo is predicted from
the heat and water balance and freezing relation at
the surface of leads:

FTAO = poCpo Kp{T (1) = Tor}, . (7)
Tor = ~0.05438,, {8)
Wao = (Qao — FTAO) /poL, )]

Ks{S(1)~Sor} =Wao{Si —S(1)}, (0)

where Sgy, and Ty are variables of salinity and
temperature at the surface of leads, and FTAO is
heat flux to the lead surface in the ocean ( oceanic
heat Alux at leads) (Fig. 5). The heat flux through
ice Qro and the heat fiux from the ocean to the
atmosphere at leads Q a0, which play a role as
thermal forcing in the sea-ice model, are calculated
in the atmospheric component of the CGCM. The
salinity of sea-ice is taken as 4 ppt.

If the sea water becomes superccoled, frazil
ice forms in the ocean and the temperature and
salinity of sea water returns to the values 7% and Sy,
respectively, which satisfy the freezing condition.
T,, 82 and the ratio v of increment mass of frazil



ice to total sea-water mass are estimated from the
heat and water balance and freezing condition:

Tz = —0.054359 — 0.000759z, (11)

CpoT1 + L= (1= %) (CpoTa + L) + ¥CpiT2, (12)

S1=(1-7)S2++8i. (13)

where Ty and S; are temperature and salinity of
supercooled sea water, respectively. The frazil ice
is immediately removed from the ocean and added

to the ice. The rate of frazil ice accumulation at
the sea surface is then

1 0
WFR:E/H‘YC{Z

(14)

where At is the time step and H the depth of the
ocean.

In the present experiment, ugrs and the em-
pirical constants ® and ¥ in Egs. {1} and (2) is set
as one third of the velocity of the uppermost ocean
layer, 1.0 and 0.7, respectively.

2.4. Method of coupling atmosphere, ocean
and sea-ice models

In order to take account of the fractional
coverage of a single AGCM grid cell with ocean,
land, sea ice and ice sheet, momenturn, heat and
water fluxes at the surface are caleulated separately
for each surface type in the cell and their area
mean fluxes are used to drive atmosphere as lower
boundary conditions. '

A simple river runoff model is inciuded in the
coupling process. Runofl from each land grid is
added instantly as fresh water flux to the grid of
the river mouth of its basin. Presently, however,
fresh water flux due to ablation of ice sheet is not
taken into account.

The surface fluxes of heat, momentum and
fresh water calculated in the AGCM are interpo-
lated to OGCM grids, averaged over 6 hours and
supplied to the OGCM as the upper boundary
conditions. The sea surface temperatiure, sea-ice
compactness, sea-ice thickness and temperature of
sea-ice bottorn which are updated by the time in-
tegration of the OGCM and the sea-ice model are
transferred to the AGCM every 8 hours,
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Fig. 6 Diagram which illustrates the succession of
experiments being conducted in the present study.
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In order to obtain an equilibrium state of
the coupled ocean-atmosphere system, four stages
of preliminary time integration were performed.
Figure € illustrates the procedure. In the first
stage, the AGCM was run for 3 years forced by
the observed SST and sea-ice coverage initiated
from the observed state of 1981. The surface
fluxes of turbulent heat, radiation, fresh water and
momentum obtained from this AGCM-run were
stored. In the second stage, the OGCM was
integrated with an acceleration method for 1000
years initiated from & steady state with a uniform
temperature, using the surface fluxes obtained from
the first stage as the upper boundary conditions.
The temperatures and salinities of the uppermost
layer are relaxed toward the SST used in the first
stage and seasonally varying sea surface salinity
compiled by Levitus, 2 respectively. In the third
stage, the OGCM time integration were continued
under the same condition as the second stage except
for increasing the relaxation layers from top to 130
m depth.

A 30 year time integration of CGCM was
performed, as the final stage of the preliminary
time integration, initiated from the last states of
the AGCM-run and the OGCM-run. Through this
integration, relaxation terms for temperature and
salinity were stored to be used as flux adjustment
to avoid climate drift in the control run and the
transient CO9 run. As an initial condition for
the sea-ice model, observed data (averaged over
1981-1983) were used for sea-ice compactness and
sea-ice thickness was estimated from compactness.

Currently we are continuing a transient CO»
experiment with the CGCM. Since we have not
obtained definite results from it yet, we will show
some preliminary results obtained from the 30 year
timme integration in the next section.

3. Preliminary Results

The seasonal variations of sea-ice thickness
and concentration are reproduced realistically with
the CGCM. This means that the boundary con-
ditions for the AGCM is very similar to those
of climatology because the SSTs are relaxed to
climatological values. Indeed, no significant differ-
ences can be found between the present run and
the AMIP (Atmospheric Model Intercomparison
Project) run where the observed SST and sea-ice
extent from 1979 to 1988 were prescribed.

However, even if the S8Ts were relaxed to the
climatological values, the simulation of sea-ice is
very sensitive to model bias because the ice volume
is not uniquely determined by the SST. Figures 7
compares the observed and simulated ice concen-
tration for the months of maximum and minimum
sea-ice extent in the Northern Hemisphere, and
Fig. 8 in the Southern Hemisphere.
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Fig. 7 The observed (upper) and simulated {lower)
ice concentration for the months of maximum
{right) and minimum (left) sea-ice extent in the
Northern Hemisphere. The contour intervals are
10%.
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Fig. 8 As in Fig. 8 but for the Southern Hemisphere.

The sea-ice is rather well simulated in the
Northern Hemisphere, while a lesser sea-ice extent
is simulated for the month of minimum sea-ice
extent in the Southern Hemisphere.

The interannual variation of sea-ice compact-
ness and thickness around the north pole and in
the Circumpolar Ocean in the Southern Hermisphere
can be seen in Figs. 9 and 10, respectively, where
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the results for the last ten years of the time inte-
gration are shown. Interannual variations can be
clearly seen in Fig. 9.
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Fig. ¢ Annual variation of the sea-ice compactness
(upper;unit %) and thickness (lower; unit m) aver-
aged over 82°N-90°N. The results for the last 10
years of the simulation are shown.
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Fig. 10 As in Fig. 9 but for averaged over 60°5-
80°8.

4. Summary

The coupled atmosphere-ocean general circu-
lation model (CGCM) and its components, AGCM,
OGCM and sea-ice model, developed at the MRI,
are described. The OGCM has been integrated to
reach an equilibrium state representing the present
climate, The OGCM is coupled to the AGCM and
sea-ice model to evaluate the flux adjustiment which
required for the CGCM to simulate the present cli-
mate. Some preliminary results obtained from this
time integration are presented focussing on the sea-
ice. An time integration of the CGCM is now being



undertaken by gradually increasing the atmospheric

COs.
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