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1. Background

The grand purpose of our study is to reveal the
dyramical structures which underlie the general circu-
lations of the planetary atmospheres. It is aimed to
construct a theoretical framework which is useful in
describing their circulation characteristics, as tried by
Golitsynl' since 1960’s. Qur interest in due course is to
recognize the atmosphere of the earth (or the climate
of the earth) as one of the possible realizations in the
physical parameter space observed in the solar system.

One of our procedures in revealing the possi-
ble underlying dynamics is to gather and classify atmo-
spheric circulation patterns which might be observed
under various values of planetary “external” conditions
such as orbital parameters (amount and variation of
the incoming solar flux), radius and rotation rate of
the planet, radiation property of the atmosphere, and
surface boundary setups. The sampling of the possible
atmospheric circulations may be possible by numerical
experiments by the use of the super computer powers.

Our search in circulation patterns is now per-
formed for the following three major targets:

1. toreveal the possible circulations which might be
realized with the values of solar flux and orbital
parameters which are related to Mars, Earth and
Venus,

2. to reveal the possible circulations which might
be realized with the earth’s condition, but with
sirongly simplified surface and/or physical pro-
cesses,

3. to reveal the possible circulations which might
be realized as convection of a spherical shell in
general.

These are the targets being studied continuously from
the preceding years. : ‘
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The first target is the three dimensional calcula-
tions of the so called runaway greenhouse effect. It has
been argued, in relation to the evolution of the atmo-
spheres of Venus, Earth and Mars, that there exists a
limit of radiation which can be emitted from the top of
the atmosphere with the ocean(®l, The interesting point
is that the radiation limit predicted in the Literature is
not far from the value of the incoming solar flux of the
present earth. It is about 300 W/m®. The argument
placed so far is presented by the use of one dimensional
models. It is of interest to observe with three dimen-
sional model to what extent the climate of present earth
is stable to the variation of the solar constant. The
present concern is to assess the calculation possibility
of the evaporation or the freezing of the oceans.

The second target includes so called aqua-planet
experiment, where all of the lower boundary surface is
assumed to be covered by the oceanB®~%!, The aim is
to answer the basic problem of the climate, that is,
“where and how does it rain?”. In the aqua-planet ex-
periments performed so far, the focus has been placed
on especially in searching for the idealistic precipitation
distribution of the tropics. The experiment performed
here is also in this category, however, the new feature is
to find out the deformation of the precipitation distribu-
tion to a warm SST (sea surface temperature) anomaly
placed in the tropics. The configuration is supposed to
extract the effect of the warm $ST region in the real
Western Pacific on the general circulation patterns.

The third target is to refine the dynamical frame-
work of the rotating spherical convection theory, and
also to acquire the description ability of the circula-
tion patterns of the deep “atmospheres” as those of
outer planets and the sun. The theory of convection in
rotating spherical shells has been intensely considered
by Busse and his colleagues!®. The difficulty in their
work 1s that the description utilized is too much math-
ematical, and hence it is not easy to acquire physical
insight. Especially for the distribution of the angular
momentum, there has not been presented any satisfac-
tory mechanistic description.

Our activity recent years has been focused on
the first target described above. We have performed the
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parameter study of the aqua planet situation with vary-
ing solar flux and following conclusions are obtained:

1. the equilibrium state of three-dimensional atmo-
sphere diminishes (the runaway greenhouse state
is realized) when the solar constant § exceeds
1600 W/m? .

2. the meridional temperature difference decreases
as the solar constant increases.

3. three-dimensional runaway limit is determined by
the condition that one-dimensional equilibrium
solution, in which relative humidity is taken into
account, can exist.

In this year, we investigate the meridional energy trans-
port in order to study in detail the change of the atmo-
spheric structure with varying solar flux.

2, Experimental design
2.1 Model

The model utilized is basically the same as that
used in [4]. It is the code originally produced by Dr.
Numaguti of CCSR, and is the version now archived
and maintained by GFD-DENNQU CLUB. The model
consists of the three dimensional hydrostatic system
on a sphere with very crude physical processes. The
dynamical part is represented by the pseudo spectral
method with the triangular truncation at wavenumber
21 (T21) and 32 vertical levels. The horizontal resolu-
tion might be crucially low but still is able to represent
baroclinic instability.

The cumulus parameterizations are Kuo scheme
or adjustment scheme or large scale condensation only.
In this report, we will describe only the results with ad-
Justment scheme. The vertical diffusion is represented
by Yamada-Meller Level I] scheme. The surface fluxes
are evaluated by the usual bulk formula.

The surface is all covered by the ocean (aqua-
planet). The value of 55T is determined by the surface
heat budget. The surface has no heat capacity; it is so
called swamp ocean.

The radiation processes utilized is the exactly
the same one as that of [2]. There is no scattering.
Only the water vapor absorption of long wave radia-
tion is included. Moreover, the absorption coefficient is
constant (gray atmosphere). The sun is assumed to be
at the equinox position. Hence the zonal mean incom-
ing solar flux is symmetric around the equator.

In order to enable the longer term integration
of the runaway greenhouse state, we have to introduce
Rayleigh damping and Newtonian cooling in the upper
7 layers, and moreover we have to introduce a verti-
cal smoothing filter similar to [8] in temperature and
horizontal wind fields.

2.2 Experimental Design

The investigation performed this year is the anal-
yses of the results of parameter study with various solar
flux. The values of the solar flux § are, 1200 W/m? ,
1380 W/m? |, 1500 W/m? , 1550 W/m? , 1570 W/m? |

1600 W/m?® , 1700 W/m? , 1800 W/m?® . The initial
condition for each experiment is the rest atmosphere
with the homogeneous temperature (280K) and homo-
geneous specific humidity (107°). The data from day
950 to 1000 are utilized for analyses.

In 3.1, we will briefly show the results of our
calculation and discuss the meridional temperature dif-
ference and its relation to the value of runaway limit.
We will show the the dependency of the meridional en-
ergy transport on the sclar flux in 3.2 and discuss the
mechanism of energy trapsport in 3.3.

3. The Results of the experiments for varying solar flux

3.1 The runaway limit of three-dimensional grey atmo-
sphere

The most important result of our parameter study
is sammarized in Figure 1, where the relationship be-
tween the global mean OLR(Outgoing Longwave Ra-
diation) and global mean inward solar flux is shown.
When the value of the global mean inward flux is less
than 392.5 W/m?® (§ = 1570 W/m?® ), the global mean
value of OLR almost equal to that of inward flux and
the system reaches equilibrinm states. However, in
cases with the global mean solar flux larger than 400
W/m® (§ = 1600 W/m? ), that of OLR becomes less
than 350 W/m? . In those cases, both of the ground
temperature and moisture content increase and the run-
away greenhouse states occur. Figure 1 suggests that
the value of runaway limit of the three-dimensional gray
atmosphere is about § = 1600 W/m? .

450 ——
(o]
™ 400 4
* ]
£ o
~ -]
=
= ° ]
5 350 @ E
o o

500 1 i

300 350 400 450

Solar flux{W/m+*2)

Figure 1. The relationship between the global mean
imward solar flux and the calculated global mean OLR.

Figure 2 shows the zonally averaged OLR for the
equilibrinm states of the cases where § = 1200 W/m?,
§ = 1380 W/m?, § = 1500 W/m?, § = 1550 W/m?
and § = 1570W/m?. Figure 2 indicates that the value
of tropical OLR is quenched to 400 W/m? when the
global mean solar flux exceeds 375 W/m?. The values of
OLR in the higher latitudes also approach 400 W/m? as
the solar flux increases. The latitudinal difference of the
ground temperature also decreases (Figure 3). These
tendencies indicate that the realization of the runaway
greenhouse state depends on whether the global mean



value of inward solar flux exceeds the the asymptotic
value of OLR, 400 W/m?® .
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Figure 2. The latitudinal distribution of OLR for var-
ious solar flux. The values of the solar flux are 1570
W/m?, 1550 W/m*, 1500 W/m?*, 1380 W/m?, 1200
W /m?,
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Figure 3. Same as Figure 4 except for the ground tem-
perature.
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Figure 4. The relationship between the surface temper-
ature and OLR. The solid line represents the solution
of the one-dimensional radiative-convective equilibrium
model with the relative humidity 60 %. The circles are
the global mean values obtained by GCM.

In order to consider the asymptotic value of
OLR, we compare the results of three-dimensional cal-
culations with those of one-dimensional medel. Fig-

ure 4 shows the relationship between the surface tem-
perature and OLR of the one-dimensional radiative-
convective equilibrinm solutions with the relative hu-
midity 60 %. In this figure, the global mean values
obtained by the calculations with GCM are also plot-
ted. The good agreement of three-dimensional results
with the one-dimensional solutions suggests that the
asymptotic value of OLR shown in Figure 2, which is
the runaway limit of the three-dimensional atmosphere,

-equals to the radiation limit of the one-dimensional so-

lution in which the value of the relative humidity is
taken intc account.

3.2 The energy transport in the equilibrium states

The result that the meridional temperature dif-
ference decreases with increasing solar flux suggests that
the energy transport shouod increase with the solar
flux. In this section, we investigate the change of the
magnitude of energy transport for varying solar flux and
clarify the substances that contribute to that change.
Figures 5 ~ 8 show the northward transports of dry
static energy and latent heat in cases of § = 1380
W/m? and § = 1570 W/m? . Each figure shows the
total transport

fo l [X - v]do, (1)

the contribution of the mean meridional circulation

j [X][e]do, @)

the contribution of the stationary eddies

/ﬂ l (X*v7]do, (3)

the contribution of the transient eddies

] e, ()

where X is either dry static energy or latent heat, v is
northward velocity, — denotes the time mean value, | ]

denotes the zonal mean value, * denotes the deviation
from its zonal mean, ' denotes the deviation from its
time mean.

In case of § = 1380 W/m? , the magnitudes
of the dry static energy transport and the latent heat
transport are almost ihe same (Figures 5 and 6). The
dry static energy is transported mainly by the mean
meridional circulation and the transient eddies. As for
the latent heat, the transport by the transient eddies is
dominant. The actual structure of the transient eddies
is considered to be baroclinic instability. However, in
case of § = 1570 W/m? | the magnitude of the latent
heat transport exceeds that of the dry static energy
transport (Figures 7 and 8). The dominant contribu-
tors to the latent heat transport is the transient eddies,
which is the same as the case with § = 1380 W/m? .
This result suggests that the increase of the poleward



energy transport is accounted for by the intensification
of the activity of transient eddies.
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Figure 5. The northward transport of the dry static en-
ergy in case with § = 1380 W/m? . The solid, dashed,
dotted and dash-dotted lines are total transport, the
contribution of the mean meridicnal circulation, the
contribution of the stationary eddies, the contribution
of the transient eddies, respectively.
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Figure 6. Same as Figure 5 except for the northward
transport of the latent heat,
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Figure 7. Same as Figure 5 except for § = 1570 W/m? .
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Figure 8. Same as Figure 7 except for the northward
transport of the latent heat,

3.3 The features of the transient eddies

Figures 9 and 10 show the horizontal distribu-
tions of precipitation in cases of § = 1380 W/m® and
§ = 1570 W/m? , respectively. Both figures show the
snap shots of several days after the equilibrium states
are established.

In case of § = 1380 W/m® , there exist two
kind of major features; the eastward propagating dis-
turbances which are considered to be baroclinic insta-
bility and the vortex structures which are considered to
be tropical cyclones. The vortex structures sometimes
move from equatorial region to mid-latitudes. An ex-
ample of the vortex structure is found at (20°,20°) in
1059 day (the top figure of Figure 9). This disturbance
moves to (40°,30°) in 1063 day and to (110°,70°) in
1063 day.

In case of 1570 W/m? , the dominant precipita-
tion activity in the mid-latitudes is the vortex structure
moving from the equatorial region. The most of precip-
itation at 40 degree latitudes is associated with those
vortex structures. An example of the precipitation area
is located at (2207,15°) in 1008 day, which moves to
(260°,25°) in 1012 day and to (315°,40°) in 1016 day.
The increase of poleward energy transport with the in-
crease of the solar lux discussed in 3.2 is accounted for
by latent heat transport of the intense activity of the
tropical cyclones.
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Figure 9. The snap shots of horizontal distribution of
precipitation in the case with § = 1380 W/m? . The
top, middle, and bottom figures show the distributions
at 1039 day, 1063 day, 1067 day, respectively.
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Figure 10. The snap shots of horizontal distribution
precipitation in the case with § = 1570 W/m? . The
top, middle, and bottom figures show the distributions
at 1008 day, 1012 day, 1016 day, respectively.
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1. Introduction

It is of great importance to propose a model
to precisely estimate heat and mass exchange ve-
locities across the wind-induced wavy air-sea in-
terface in relation to the reliable predictions of
global warming and unusual climate (Komori et
al.,1993a). Moreover, models for accurately es-
timating heat and mass transfer rates across the
wavy gas-liquid interface are desired to develop in-
dustrial equipment such as evaporation, conden-
sation and gas absorption equipment. In the pre-
vious studies, heat and mass transfer velocities
have been estimated using the relations with the
wind friction velocity on the gas side. The fric-
tion velocity was experimentally obtained from
the measurement of a peak value of the Reynolds
stress in the vicinity of the air-water interface or
by using the log-low of the mean velocity in the
fully-developed turbulent region over the inter-
face. However, it is not certain whether the em-
pirical friction velocity really represents the fluid
shear acting on the interface. Because for the
wavy air-water interface the contribution of the
form drag to the total drag increases compared to
that of the friction drag. If the empirical friction
velocity involves the large contribution of the form
drag, the relations between the heat and mass

transfer velocities and the friction velocity are not

friction drag, pressure drag, wavy wall, DNS, turbulence structure, air-water interface

useful for estimating the transfer velocities under
arbitrary interfacial conditions.

The purpose of this study is, therefore, to in-
vestigate whether the conventional experimental
methods for estimating the friction velocity for
the wavy air-water interface really represents the
friction drag on the interface by using a three-
dimensional direct numerical simulation (DNS).
The air flow over the air-water interface was re-
garded as being similar to the turbulent flow over
wavy walls, since the wind speed is very faster
than the wave velocity, For the actual gas-liquid
interface two-dimensional and three-dimensional
waves are observed in the low and high wind speed
reigins, respectively. The DNS was, therefore, ap-
plied to flows over both two- and three-dimensional
wavy walls. The friction and form drags pre-
dicted by the DNS were compared with the val-
ues estimated from the DNS’s data by using the
conventional experimental methods based on the

Reynolds stress and the log-law.

2. Numerical Simulation

The three-dimensional Navier-Stokes (N-S) equa-
tions were directly solved using a marker and cell
method in the computational domain (Fig.1). The
nonlinear terms appeared in the N-S equation were
discretized by a fifth-order upwind scheme and

other spatial derivatives were discretized by a sec-



ond-order central difference (Komori et al.,1993b).
The wave amplitude and length corresponded to
the actual wind-wave which was observed for the
wind speed of 8m/s in a wind-wave tank. The ra-
tio of the wave height to the wave length A was
0.07. The streamwise (z), spanwise (y) and ver-
tical (z) sizes of the computatinal domain were
44, 48 and 4, respectively. The grid points were
101 x 101 x 60 in z,y and » directions, and the
boundary-fit coordinate system was used (Komori
et al. 1993b). The Reynolds number Re based

on the uniform velocity U/ and the characteristic

pressure and friction drags calculated by Egs.(1)
and (2) are listed in Table 1. The ratio of the
pressure drag to the total drag is 0.54 for the two-
dimensional wavy wall, and the pressure drag is
larger than the friction drag. On the other hand,
the ratio of the friction drag to the total drag
is 0.75 for the three-dimensional wavy wall and
the friction drag exceeds the pressure drag. The
ratios of the friction drag to the pressure drag are
2.9 and 0.86 for two- and three-dimensional wavy

walls, respectively.
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Figure 1. Schematic of the computational domain.

{a} Two-dimensional wavy wall ; (b) Three-dimensional
wavy wall

3. Results and Discussion

3.1 Drag acting on the wavy walls
Pressure drag D, and friction drag Dy which
act on two- and three-dimensional wavy wall are

defined by
Dy = j;‘ pdAp (1)

du
D =j u—dAy )
T ! (2)

where A, and Ay show the projected areas to the
streamwise direction (z) and to the perpendicular
direction of (z) of the wavy wall, respectively. The

Table 1. Pressure and friction drags acting on wavy
walls

(a.) Flow Direction Smis -

Il

HHHTT

Figure 2. Instantaneous velocity vectors on the z-z
plane. (a) Two-dimensional wavy wall. ; (b} Three-

dimensicnal wavy wall.

In the field of oceanography, it has been con-
troversial which drag is dominant for the wind-
induced wavy air-water interface (e.g. Banner
and Peirson (1995)). The values in Table 1 sug-
gest that the ratio of the pressure drag or the
friction drag to the total drag strongly depends

on whether the wave shape is two-dimensional or



three-dimensional, In other words the pressure
drag is comparable to the friction drag for two-
dimensional wind-waves in the low wind speed re-
gion, and the ratio of the friction drag to the to-
tal drag increases with the three-dimensionality in
the high wind speed region. Figure 2 shows the
vectors of instantaneous velocity over the wavy
walls. The velocity vectors over the two-dimen-
sional wavy wall show that a circulating flow due
to flow separation appears beyond the wave crest.
They also suggest that the high pressure acts on
the wall where the flow reattaches. On the other
hand, the flow over the three-dimensional wavy
wall passes around the crests and therefore the
circulating flow is very weak. The flow structures
explain why the ratio of the friction drag to the
form drag drastically changes between two- and
three-dimensional wavy walls.

3.2 Friction velocity

Figures 3 and 4 show the distributions of the
time-averaged velocity and the Reynolds stress
over the two- and three-dimensional wavy walls,
together with the values over a flat plate. The
friction velocity was estimated from these distri-
butions by using the same two methods as used
in experimental studies. The first method esti-
mated the friction velocity from the gradient of
the logarithmic velocity distribution in the region
of z > 0.006m (z* >100) (see straight lines in
Fig.3). The second method estimated the friction
velocity from a peak value of the Reynolds stress
over the wall (Komori ef al. 1993a ; Kawamura
and Toba, 1988). The friction velocities estimated
by these methods are listed in Table 2, together
with the real friction velocity directly calculated
from the gradient of the instantaneous velocity on
the wall by Eq.(2).

Friction velocities estimated by the log-law and
Reynolds stress methods are about 9 % and 4%
larger than the real friction velocity for the two-
and three-dimensional wavy walls, respectively.
Of course, the friction velocity estimated by the
log-law for a flat plate has the same value as the
real friction velocity, since the pressure drag is
absent. The results suggest that the conventional
empirical methods for estimating the friction ve-

locity are rather applicable to wavy air-water in-

terfaces, but they considerably overestimate the

friction velocity for two-dimensional waves with

larger wave height,
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Figure 3. Distributions of mean velocity on wavy
walls.
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Figure 4. Distributions of the Reynolds stress on wavy
walls.

Log-law | Reynolds | By Eq.(2)
method stress u® [m/s]
u* [m/s] | method
u" [m/s]
Two-dim. 0.25 0.25 0.23
Three-dim. 0.24 0.23 0.23
Flat plate 0.27 0.22 0.27

Table 2. Comparison of the friction velocity calcu-
lated by Eq.(2) with that estimated by conventional
methods
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1 Introduction

The robustness of the stratospheric polar
vortex is an issue of greal concern because it
bears strongly on ozone depletion. It is, how-
ever, well known that thin stream of vorticity
is ejected repeatedly from the polar vortex and
that it breakes down in early spring. The low
ozone parcel might be transported to midlat-
itude area. The two-dimensional vortex fila-
mentation and collapse have been investigated
numerically by McWilliams! (spectral method)
and Dritschel %(contour surgery). Since the po-
lar vortex has a three-dimensional structure , we
incorpolate the three-dimensionality by extend-
ing the two-dimensional spectral code developed
al KUDPC to quasi-geostrophic- and N-layer-
codes. Polvani® performed -a two-layer simula-
tton and showed that two vortices in different
layers aligned. We compare our computational
results on a spherical surface with theirs.

2  Numerical method
2.1 Vorticity equation

The quasi-geostrophic fluid motions in a ro-
tating stably stratified fluid are described by the
following vorticity equation

S, - __ 9% % ., 9 8y
81" T TCosd8004 " cosd b B¢
9y 2
——289 +uvViyg (l)

: kinematic viscosity
: stream function
potential vorticity

¢ longitude v
# :latitude o
t :time q

where the potential vorticity:q is expressed
as ,

g= Vi + F (2)

Here F denotes the baroclinic term of po-
tential vorticity. We consider the following two
niodels. The first is the quasi-geostrophic model
(Q-G), in which the density is continuously
stratified . In the Q-G model , F is expressed
following,.

SGE)E o

p is the fluid density , S is a stratification-
parameter.
NZD?

S —_—
7

(4)

polar vortex , filamentation , quasi-geostrophic model , N-layer model

fo :Coriolis parameter

L :horizontal length-scale

D :vertical length-scale
Ng  :Brunt-Viaisali frequency

The second , which.is a simplification of Q-
G ,is the N-layer model. The fluid is composed
of N layers , each of which consists of fluid of
uniform , constant density p,. In the N-layer
model , F is expressed following.

DFn (2¢n_d}n+l“¢n—l) (5)

Y D,
Po

F=-

F, is expressed fo]]gwizng .

F,= ;D.' (6)

D, : height of the nth layer
po  :characteristic fluid density
Ap :density difference between adjacent layers

2.2 Spectral transformation and truncation

We use the Fourier-Legendre expansions in
the horizonal discretization and the central dif-
ference in the vertical discretization. The num-
ber of grid points in the longitude direction is
NLON=256 and that in the latitude direction
is NLAT=128 . The truncation wave number is
MT=86 (T85) . In the Q-G model , the number
of vertical grid points is 39, whereas we consider
a 2-layer model in the following N-layer calcu-
lations .

2.3 Time marching
We have tried the Adams-Bashforth and the
Runge-Kutta method in the time-marching .No

significant difference has been observed between

the results obtained using these two schemes.
So , we use the former scheme in order to
shorten the computation time .

3 Resulis
3.1 Quasi-geostrophic model

The time-development of an elliptical vor-
tex , which is sligtly displaced from the pole ,
is shown in Fig.1. Here , the time-evolution in
the midlayer (K=20) is depicted . Continual
emission of thin filaments is observed. Figure 2
shows the vertical structure of filamentation in a
meridian cross section. The emission is fastest
in the midlayer , since we have assumed that
the vertical vorticity profile is propotional to
sin? & which is consistent with the upper
and lower boundary conditions : %;"i =0.



N-layer model

We tried to reproduce the alignment ob-
served in the two-layer (plane) computation by
Polvani . In fact , two vortex patches in the up-
per and lower layers align near the pole (Fig.3).
It is , however , shown that a single vortex patch
moves to the pole due to the § effect. We per-
formed numerical simulations without the Co-
liolis term in order to assess the effect of in-
teractions between the vortices (Fig.4). In this
case the alignment occurs , too , but much more
slowly. The g effect gives a larger influence to
the vortex dynamics near the pole.

3.2
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Spherical Couette Flow

1. Introduction

In this paper, we use a finite-difference scheme[1]
to solve the three dimensional incompressible time-
dependent Navier-Stokes equations in spherical polar
coordinate. Singularides of the Navier-Stokes
equations in spherical polar coordinates can be
remeved by performing spatial discretization on a
conservative form of the equations on a staggered
grid. Based on Dukowicz and Dvinsky's approximate
factorization method[2], a new algorithm, which is a
second-order accurate in time and space, are given.
The Taylor-Gortler vortex of the spherical Couette
flow is then simulated with this numerical method.
So far as we know, there is still no literature on the
work, In the lollowing, the governing equations and
boundary conditions are presented in Section 2. The
numerical method is described briefly in Section 3.
In Section 4, we show some numerical resuvits of the
Taylor-Gortler vortex in the spherical Couette flow
of the sphericat Couette flow, and a comparison with

experimental measurements. A sumrmary is given in
Section 5,

2.  Governing Equations and Boundary
Conditions

The full incompressible Navier-Stokes equations
with no body force and the continuity equation are

du 1 ,
Tt-+ll'VU=—-Vp+?eV u @.n
v-u=0

2.2)

where u is the velocity field, p is kinematic pressure
and Re is the Reynolds number,

We consider the time-dependent motion of an
1sothermal,  incompressible,  Newtonian  fluid

contained in an annulus between two concentric
rotating spheres. The spheres are assumed to be nigid
and the cavity region between the spheres is fulled
with a viscous fluid. The inner sphere is constrained
to rotate about the vertical axis with a prescribed
angular velocity £, while the outer sphere is fixed.
The inner and outer radii of the spheres are R; and R;,

respectively. The Reynolds number is defined as
QR.*
Re= whichV is the kinematic viscosity.
v

No-slip (rigid}) boundary conditions along the
spherical boundaries are

Uy U,=0, uq’:suirB onr=R;,

Ur =1l B=ll ‘on on P'Rz.

3. Numerical Method

The numerical method is the same as that in [1]. The
numerical method is only described briefly here.
Space discretization is carried out in a computational
domain between the two concentric spheres, and the
unknowu discrete variables arereferred to the nodes in
the interior, not to the boundary nodes. The spatial
discrete operators are evaluated using the central
finite-difference scheme on a staggered grid, and are
second-order accurate in space. For the time-
integration, we have used a semi-implicit time-
advancement scheme with the implicit Crank-
Nicolson scheme for the conservative part of the
viscous term and the explicit Adams-Bashforth
scheme for the convective and the remained viscous
terms. The pressure term is treated in a mixed form of
the Crank-Nicolson and Adams-Bashforth scheme.
The discretization of the method is second-order



accurate in time and space.

The approximate factorization technique (Beamn and
Warming [3]; Briley and McDonald [4]; Kim and
Moin [5] is used to treat the discrete velocity equation
and, we compute the discrete velocity of equation by
solving three tridiagonal matrices with a standard
TDMA(TriDiagonal-Matrix Algorithm) method. As
for the discrete pressure, we can compute it firstly by
application of ADI (Alternating-Direction Implicit)
method (Peaceman and Rachford [6]) to the discrete
pressure equation, and then solving the system with a
standard TDMA method for the two tridiagonal

- matrices and with a refined TDMA method(Temperton

[7]) for the cyclic tridiagonal matrix.

To complete the numerical method, adequate initial
conditions of the velocity u® and the pressure

pradient Gp® are required. In the present study, we
chose the Stokes solution as the initial velocity
condition at Re=3, i,e., ud=u?(, 0, u,,bo) in which the

Stokes flow profile is

1 3
u¢°=——13—- - +-S—+2£)— sinf
(1+8) -1 r

where the clearance ratio B is defined as B=(R,-
R{)/R;. This Stokes flow is the time-independent,
axisymmetric solution to the equations (2.1)~(2.2)
and the boundary condition in the limit Re --—> 0.
For the initial pressure gradient it can be found that
Gp9=0 is exactly satisfied in this Stokes solution of
the spherical Couette flow. When considering a
steady, low Reynolds number flow as the initial state,

we generally have the relation GP*="/Zu®Re for the
- initial pressure condition.

In the following calculation, the computational
domain is divided by a number of grids 22*361*91 in
" the radial, meridional and circumferential directions,
respectively. The gnds were constructed uniformly in
the meridional and circumferential directions, while a
geometric distribution was used in the radial direction
in order to improve the resolution in the near-wall
region of the spheres.

Since the viscous stability limit is removed by
treating the conservative part of the viscous terms
implicitly, the stability of the overall numerical
method is restricted by
‘the CFL condition. The local CFL number is defined
as

CFL = |u'|+ Iuel +r |u‘|
AT 1aB rsinBagd

at

where Ar, rA® and rsinBAd are the grid spacing of the
spherical polar coordinates. The time increment At is
then required for the restricted stability condition of
max{CFL}<} where max{CFL} is the maximum value
of CFL number evaluated in the computational
domain. However, the condition of max{CFL}<! here
is only a guess but not a known stability limit.

In the next Section, we present the direct numerical
simulation in the case of B=0.14. For
comparison B has been chosen as same as that in the
experiments(Nakabayashi  [8] Nakabayashi and
Tsuchida [9]). The Reynolds number was quasi-
statically increased(dR*/dt=0.0006, R"® is defined as
R*=Re/Rec in which Rec is the crtical Reynolds
number for occurrence of the Taylor-Gértler{TG)
vartex) in order to eliminate the effect of the rotative
acceleration ratio on the spherical Couette flow

(Nakabayashi and Tsuchida [10]). Time integration
was carried out until the steady or time-periodic state
was obtained.

resulis

4. Numerical Results

In this section, we present the results on the
numerical simulation of the so-called spiral Taylor-G
trtler(TG) vortex (Nakabayashi [8}). Dumas and
Leonaed[11] have been successful in simulation of the
three-dimensional spiral TG vortices for a narrow gap
case(B8=0.06), In this numerical simulation, we are
concerned with B=0.14, a moderate gap case.

As we raise the Reynolds number Re to a higher
value, the 1-vorex flow(TG vortex flow) becomes
unstable due 1o the secondary instability, and its
symmetry is broken. This secondary instability
results in a transition from the 1-vortex flow to the
supercritical spiral TG vortex flow. This three-
dimensional spiral TG vortex flow at Re=Res=1110
{Res; the Reynolds number for occurrence of the
spiral TG vortex) is illustrated in the following Fig. 1
and Fig 2. First, Fig 1 shows the plots of the
velocity vectors(uy, ug) of the spiral TG vortex flow
in the {#,®) spherical cross-section at mwid-gap
radius viewed from (a) ¢=n/2-2w9; (b) d=r-m/F;
©)$=3n/2-20/9; (d) d=2mr-21/9. The flow on the
section moves in the same direction as that of the
inner rotating sphere {counterclockwise). The contour
of the zero radial velocity (u=0) in this section is
also drawn with twe types of solid lines, which is the
boundary  between inflow(u,<0)
outflow(u>0). Thin solid lines indicate the center
positions of the two toroidal TG vortices. The thick
ones, which are counted by every two thick lines from
each side of the equator, correspond to the center lines
of the spiral TG vortices. Fig. 2 gives the bird's-cye
the radial velocity(u) in  the same

existing and

view of
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Fig. 2 Bird's-eye view of the radial velocity in
the “same spherical cross-section as thatin Fig. 1

but shown in Cartesian coordinates. For
comparison with Fig. 1, the zero contour of the
radial velocity (u,=0) is also projected onto the (8,

¢ ) plane. Arrows show the direction of the spiral TG
vortices's movement,

spherical cross-section as that in Fig. 1. To compare
it with the same contour line in the Fig. [, the zero
contour of the radial velocity ((w, = 0} is also
projected onto the (&, &) plane. it is observed in
Figs. | and 2 that there is one toroidal TG vortex and
three spiral TG vortices in each hemisphere, The three
pairs of the spiral TG vortices are formed on each side
of the one pair of the toroidal TG vortices. The lines
of the center positions of the toroidal TG vortices{or
say the axes of the TG toroidal vortices) are nearly
parallel to the equator while the ceater lines of the
spiral TG vornces{for say the axes of the spiral TG
vortices) are tilted with respect ta the azimuthal
direction. Obviously, the spiral TG vortices are
equatorialty asymmetric and travel in the azimuthal
direction(the same as the inner rotating sphere). The
arrows i Fig. 2 show the direction of the spiral TG

vortices's movement. Table 1 also display the
characteristics of the spiral TG vortices simuiated
with the numerncal method and the ones of the
expeniments (Nakabayashi [8] and Nakabayash: and
Tsuchida [9]). Quantitatively, the numerical
simufation on the spirat TG vortices gives a good
agreement with the experiments.

5. Summary

A finite-difference method, which is second-order
accurate in time and space, is used to solve three
dimensional, time dependent incompressible Navier-

Toroidal TG - Vortex

Spiral TG Vortex

Dynemical Characteristics

Dyoamical Characleristics

Geomelrical Characteristies

Geometrical Characteristics

F=L13 QesciOl])
Nove in rotating divection

Pah 48 Qe 110)
Hove in rolating direction

Rl (Recs300)
Steady

R (Beel) hyisymetri
Steady - Bqoal widths fo clearance

Three pair of spirals
Ho-equatarial symetry

hrisyeetric
Bquzl widths Lo clearance

Brperimenls

Three pair of spirals
So-equalorial symetry

Present Siudy

Table 1 Comparison between the numerical simulation and the experimental results.



Stokes equations in spherical polar coordinates. A
staggered grid system is considered in the present
study, so the treatment of singularities of the
equations in spherical polar coordinates is avoided.
The discrete velocity equations are solved with the
approximate factorization technique and standard
TDMA method, while the discrete Poisson equation is
solved with the ADI technique and a refined TDMA
method. The spherical Couette flow between two
concentric spheres with the inner one rotating is
computed. We simulated the spiral TG vortex flow,
and a comparison of the numerical solutions with the
available experimental measurements was also made.
It is demonstrated that the three dimensional spiral
TG vortex in the spherical Couette flow is well
simulated.

Acknowledgments

The computations were carried out with NEC
supercomputer(8X4) at the computing center of the
National Institute for Environmental Studies, Japan.

References

1. W.Sha, K Nakabayashi and HUeda, J. Comput
Phys, Submitted for publication.

2. I. K. Dukowicz and A. 8. Dvinsky, J. Comput.
Phys. 102, 336(1992).

3. R. M. Beam and R F. Warming, J. Comput. Phys.
22, B87(1976).

4. W. R Brley and H. McDonald, I. Comput. Phys.
24, 372(1977).

5 J. Kim and P. Moin, J. Comput Phys. 59,
308(19835).

6. D. W. Peaceman and H. H. Rachford, J. Soc. Indust.
~ Appl. Math. 3, 28(1955).

7. C. ). Temperton, J. Comput. Phys. 19, 317(1975).
B. K. Nahabayashi, J. Fluid Mech. 132, 209(1983).
9. K. Nakabayashi and Y. Tsuchida, J. Fluid Mech.
194, 101(1988). 7

10. K Nakabayashi and Y. Tsuchida, J. Fluid Mech.
295, 43(1995). '

11. G. Dumas and A. Leonard, J. Comput. Phys. 111,
205(1992).

o

o



	1. Climate Modeling
	・　Development of Chemical Couoling GCM
	・　Uitra-high resolution modeling of the tropical air sea interactin:Demonstration of Oceanic part
	・　On the intensities of the Ferrel cell and TEM circulations-interaction between the lower and the mid-latitude circullations
	・　Mass circulation variations due to seasonal and longer term variations in the middle atmosphere circulation
	・　Study of the global material circulation by using General Circulation Model
	・　Study on the Cloud Radiative Effects on Climate PartⅠ:Carculation of Cloud Radiative Forcing Utilizing the Satellite Cloud Data
	・　Ozone Seasonal Variations simulated with a General Circulation Model

	2. Atmospheric and Oceanic Environment Modeling
	・ Numerical modeling of ocean circulation in the Asian adjacent seas
	・ Development of a Simulation System for Runnoff and Material Tansport Processes throough a River Catchment
	・ Study on the Transport and Transformation Model for the Environmental Acidification Substances
	・ Develoopment of Local CO2 Circulation models and Elucidation of Role of Land Ecosystem
	・ Prediction of Oil Spreading in Tokyo Bay

	3. Geophysical Fluid Dynamics
	・ Experimental study on the three dimensional spherical convections with the parameters of planetary atmospheres
	・ Direct Numerical Simulation of Drag Forces on Wavy Walls
	・ Three-Dimensional polar vortex structure in a stratified rotating fluid
	・ Direct Numerical Simulation on Spiral Taylor-Gortler Vortex in Spherical Couette Flow

	4. Other Research
	・　Ionization potentials for polychlorinated Dibennzo-p-Dioxins:Ab initio Molecular Orbital and Density Functional Theory Studies

	Overview of the New Computer Systems
	Lisit of the Contact Persons

