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ABSTRACT

A theoretical rationale is given for the simulated abyssal circulation in the North Pacific detailed in Part I. A
simple theory clarifies the importance of the vertical change in area of the horizontal cross section of the basin
owing to the existence of bottom topography, or basin shape. With general upward vertical transport in the
basin, a water column horizontally diverges and vertically shrinks as it rises in spite of the general upwelling,
resulting in the tendency to produce an anticyclonic circulation. This hypsometric effect is detailed by Rhines
and MacCready. In the present case, this effect is present in the lower deep layer (3250-4250 m) and in the
bottom layer (below 4250 m) of the North Pacific. In the lower deep layer, a single anticyclonic circulation
owing to this effect appears explicitly. In the bottom layer, however, this effect almost balances the cyclogenesis
owing to the bottom water influx, resulting in essentially eastward interior flow. On the other hand, an anticyclonic
gyre in the upper deep layer ( 1750-3250 m) is maintained by the vertical shrinking of the water column owing
to the outflux from the North to the South Pacific, resulting in a reversed pattern of the Stommel-Arons

circulation.

1. Introduction

In the first part of this work (Ishizaki 1994, hereafter
referred to as Part I), a detailed description is given of
the simulation of the abyssal circulation in the North
Pacific. Comparison of the simulation results with re-
cent observations revealed that, although some dis-
crepancies exist, there is a general similarity between
them.

Here, a simple theoretical rationale is given to ex-
plain the simulated abyssal circulation and to see how
the Stommel-Arons theory for the flat-bottom circu-
lation (Part I, Fig. 1) is modified by the introduction
of bottom relief or basin shape. The key point is the
vertical change in the horizontal cross-sectional area
of the basin. With general upward vertical transport in
a bowl-shaped basin, a water column horizontally di-
verges and vertically shrinks as it rises, which tends to
produce an anticyclonic circulation. This effect was
discussed by Rhines and MacCready (1989) for £plane
dynamics and named the “hypsometric effect.”

In the following, a complete description of the pres-
ent model and experiment is given in section 2. Large-
scale features of the simulated abyssal circulation de-
tailed in Part I are briefly repeated in section 3. In
section 4, the hypsometric effect is introduced to ex-
plain the simulation results. Discussion is given of a
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balance between two competitive effects on the water
column stretching or shrinking: the hypsometry and
the lateral influx—outflux. Finally, section 5 is devoted
to conclusions. A detailed explanation of some mod-
eling techniques, including a new definition of the
equation of state, is found in the appendices.

2. Model description

The numerical model here was developed by the
author based on Bryan (1969). The primitive equations
of motion in the spherical coordinates are used with
the Boussinesq, rigid-lid, and hydrostatic approxima-
tions. The internal and external modes of motion are
calculated separately. The latter is obtained by solving
the vertically averaged vorticity equation. Potential
temperature 6 and salinity S are independent variables,
and density p is determined by 6, S, and pressure P
through an equation of state newly defined in the pres-
ent work and described in appendix A.

The model domain (Fig. 1) encompasses the entire
Pacific over 134° latitude (70°S-64°N) and 170° lon-
gitude (120°E-70°W ). The horizontal resolution is 1°
in latitude and 1.25° in longitude, with 20 levels in the
vertical and 500-m resolution below 2000 m (Table
1). The bottom depth reaches 5750 m, with the deepest
level at 5500 m. At the southwestern part of the do-
main, the South American continent is superposed on
the Australian continent to apply a zonally cyclic
boundary condition (70°-56°S). The bottom topog-
raphy around the Drake Passage is smoothly translated



1942

to that off Australia with a transition width of 6.25°
longitude (135°-141.25°E).

The model bottom topography is based on the 5’
X 5’ depth. data published by the National Oceano-
graphic Data Center (NODC). First, the original data
are simply averaged on the model grid area and then
subjectively modified based on the bottom depth chart
(GEBCO, Smith and Mammerickx 1980). The sub-
jective modification process is necessary to maintain,
for example, the height of seamount chains, which par-
tition basins, and the depth of narrow passages (Fig.
1). Ten islands are included in the domain (Fig. 3 of
Part 1). Place names north of 30°S are found in Fig.
2 of Part 1.

The surface boundary conditions are as follows: the
annual-mean temperature and salinity data of Levitus
(1982) are used with a 20-day relaxation time along
with annual-mean wind stress data of Hellerman and
Rosenstein (1983). At the southern boundary (70°S)
the same Levitus data are used with the same recovering
time from surface to bottom. A no-flux condition for
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TABLE 1. Depths of vertical levels at which potential
temperature, salinity, and velocity are defined.

Number Depth (m) Number - Depth (m)
1 10 11 1170
2 30 12 1530
3 60 13 2000
4 100 14 2500
5 160 15 3000
6 240 16 3500
7 350 17 4000
8 490 18 4500
9 670 19 5000

10 890 20 5500

§ and S is used at other lateral boundaries and the
bottom boundary. A no-slip condition is used for mo-
mentum at all lateral boundaries. The bottom stress
works against the lowermost velocity with a rotation
of 10° based on the bottom Ekman layer theory
(Semtner and Mintz 1977).

150HW 120W 90N

1S0NW 120W

LONGITUDE

FiG. 1. Model domain with bottom depth contours. Contour interval is 500 m and regions with depths shallower
than 3500 m are shaded. See text for an explanation of the topography of the southwestern part of the domain.
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FIG. 2. Zonally integrated meridional circulation. Contour interval is 105 m? s-! (1Sv).
Arrows indicate flow direction.

The horizontal and vertical eddy viscosity coeffi-
cients Ay and Ay are 1 X 108 cm?s™! and 10 cm2 s™!
and those for diffusion K; and Ky are 1 X 107 cm?2 5!
and 0.3 cm®s™!, respectively. In the region of the Ant-
arctic Circumpolar Current (ACC), however, the larger
value of K; = 5 X 10" cm?s™! is used to suppress
baroclinic instability.

The horizontal-mean values of § and S of the Levitus
data are taken as initial conditions with a state of rest.
The accelerated time integration method of Bryan
(1984) is used. The total integration time for layers
deeper than 2000 m is about 1000 years. In the first
900 years the model bottom depths were set at the
depths of layer boundaries. In this scheme a gentle slope
whose declination is much smaller than the ratio of
the vertical and the horizontal grid interval cannot be
suitably expressed (i.e., wide flat bottoms and cliffs here
and there with the same height as the vertical grid in-
terval). In these regions the vertical velocity is concen-
trated at the cliffs, resulting in relatively strong hori-
zontal currents. To avoid this we modified the scheme
at the 900th year to permit an arbitrary model depth
at each grid point north of 25°S, so that the thickness
of the lowermost layer at each horizontal grid point
was variable. The integration was continued for another
100 years. Local flow structures changed after the
modification, but the large-scale density and flow fields
did not change.

The pressure field is not prognostically predicted but
can be diagnostically calculated from the flow and
density fields (Semtner and Mintz 1977). It is a pow-
erful indicator of geostrophic horizontal circulations
except in equatorial regions. As described in section 3
of Part I, we use it as well as the flow vector field to
show horizontal circulations.

Further explanation of numerical techniques used in
the present experiment can be found in appendix B.

3. Resuits

Figure 2 indicates zonally integrated meridional
overturning and Fig. 3 shows horizontal circulation
patterns at three levels, 2500, 3500, and 5000 m, de-
termined by the pressure field (reproduced from Part
I). North of 50°S a large single thermohaline cell is
dominant in the abyssal layer below 2000 m over both
hemispheres (Fig. 2). About 6.5 Sv (Sv=10°m?3s™!)
of bottom water enters the North Pacific as a northward
abyssal flow in the layer below 3500 m. Of the 6.5 Sv,
2.8 Sv returns to the South Pacific in the layer between
3250 m and 1750 m. The remaining 3.7 Sv water as-
cends through the 1750-m level in the entire North
Pacific.

The large-scale flow in the bottom layer below 4250
m (Fig. 3c) is essentially zonal and eastward except for
the western boundary current region and the Philippine
Sea. The bottom western boundary current flows
northward without any stagnation point at the western
boundary, contrary to the prediction of Stommel and
Arons (1960) (Fig. 1 of Part I). Interior flows are gen-
erally eastward, going up the gentle slope of the western
flank of the East Pacific Rise. The highest-pressure re-
gion in the North Pacific is at low latitudes, reflecting
the geostrophic balance.

In the lower deep layer between 4250 m and 3250
m (Fig. 3b), the circulation pattern is completely dif-
ferent from that below. A single anticyclonic gyre
dominates the entire North Pacific except the Philip-
pine Sea. The region with high pressure is at middle
latitudes, although its center is divided by seamount
chains. The northward western boundary flow and the
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FIG. 3. (Continued)

eastward current appear again at the northern margin
of the North Pacific, but westward flow is dominant
in the low-latitude band between the equator and 10°N.,
The overall circulation pattern in the upper deep
layer between 1750 m and 3250 m ( Fig. 3a) also shows
that the whole North Pacific is dominated by a single
anticyclonic gyre. But in this layer there is a southward
flow from the North to the South Pacific found at about
160°E (Fig. 2). This circulation pattern can be regarded
as a “reversed” pattern of the Stommel-Arons circu-
lation induced by the general vertical shrinking of the
water column owing to the outflow. The western
boundary stagnation (separation) point is around
20°N. The existence of the Philippine Sea somewhat
modifies the pattern, a part of the southward western
boundary flow elongated in the Philippine Sea.

4. Theoretical consideration

The present model result contradicts the Stommel—
Arons flat-bottom circulation (Fig. 1 of Part I). The
horizontal distribution of vertical velocity w allows in-
sight into this discrepancy (Fig. 4). As expected from
the meridional circulation (Fig. 2), at 3750 m positive
w is dominant over the whole North Pacific, and neg-
ative values of w are confined to regions near bottom
topography (Fig. 4a). This is also the case for the w

distribution at 4250 m, that is, one level lower (not
shown here).

Taking the finite difference between the two levels
(Fig. 4b) reveals that negative values of dw/dZ are
dominant in a wide area of the entire North Pacific,
particularly, in most of the northeast and the central
Pacific Basins, in spite of a northward inflow across
the equator at this level (Fig. 2). Positive values are
associated with the northward velocity component, as
expected by the Sverdrup relation. These figures suggest
that a water column at these levels generally upwells
but may vertically shrink in the mean.

Figure 5 shows the vertical distributions of horizon-
tally averaged w ( ) and vertical transport (T), which
are associated with the large-scale dynamics over the
North Pacific north of 2.5°N. In this calculation, ex-
treme values of w confined to local bottom topography
were excluded because they do not contribute to the
large-scale dynamics at the in situ level. Instead, those
transports may contribute to it at other layers as lateral
influxes or outfluxes to those layers. For example, in
the situation where dense water enters a basin crossing
over a sill, it first descends immediately after crossing
the sill, and then spreads and ascends gradually in the
remaining wide area of the basin. In this case, w simply
averaged over the basin is zero below the sill depth,
but a large-scale basinwide circulation may be formed
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FIG. 4. (a) Horizontal distribution of vertical velocity at 3750 m, and (b) dw/dZ between 3750 m and 4250 m. Contour
interval is 1 X 10~ cm s~ for (a) and 2 X 10~° s~ for (b). The shaded area corresponds to negative values of w or dw/

dz.

by the upwelling water. Only the upwelling water con-
tributes to the large-scale dynamics in the layer below
the sill depth, and the descending water in the narrow
region near the sill works as a lateral influx to the layer.
Thus, we excluded from the integration extreme 20%
of w values (lowest 10% and highest 10%), in order to
evaluate the vertical velocity and transport related to
the large-scale dynamics (solid lines in Fig. 5). The
broken lines show W and T estimated by including
such extreme values (simple integration ), and the hor-
izontal bars indicate the ranges of those values obtained
by increasing the exclusion rate from 10% to 30%.
There is an arbitrariness in determination of the range
of w values, but even a small exclusion rate (10%) leads
to large differences in W and T below 3500 m, indi-
cating that the simple integration (broken lines)
underestimates interior W and T at those depths.

The W value thus obtained (solid line in Fig. 5a) is
positive at every level, but the depth range in which a
water column stretches (dT/dZ > 0) is confined to
the deepest layer. The stretching, furthermore, is rel-
atively weak, in spite of the abrupt increase of the ver-
tical transport T in that layer. In the layer between
4250 m and 3750 m, T slightly increases but W de-
creases, as is expected from Fig. 4b.

These facts suggest an effect of the bottom topog-
raphy on the flow field. Let us consider a layer in a

basin with bottom topography (Fig. 6). The cross-sec-
tional area is greater at the upper boundary than at the
lower boundary. We assume that there is an upward
vertical mass transport through this layer, and that the
vertical velocity is horizontally homogeneous at each
level. Then W is greater at the lower boundary than at
the upper boundary because of the difference in area.
That is, a water column generally upwells but vertically
shrinks, and therefore, the interior flow has a southward
component, provided that the Sverdrup relation Sv
= fdw/dZ holds. This, in turn, means a northward
western boundary current to compensate the interior
flow, resulting in an anticyclonic gyre. This “hypso-
metric effect” has been discussed by Rhines and
MacCready (1989) for f-plane dynamics. They dem-
onstrated by a laboratory experiment that an anticy-
clonic circulation is generated in a bowl-shaped basin
by the injection of dense water into the basin at its
deepest level.

Figure 7 shows the vertical distribution of horizontal
cross-sectional area of the North Pacific without the
Philippine Sea based on the 5’ X 5" depth data by
NODC. The area increases almost linearly in the abys-
sal layer between the 6000-m and 4000-m levels. This
distribution is mainly owing to general westward deep-
ening of the bottom depth and the gentle slope of the
western flank of the East Pacific Rise (Fig. 1). Large-
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FiG. 6. Schematic of the “hypsometric effect.”

scale seamount ridges also contribute to the distribu-
tion.

We formulate a conceptual model following Rhines
and MacCready (1989). First we define some variables:

S(Z): lateral influx or outflux of water mass at level
Z’

T(Z): total vertical mass transport through level Z,

A(Z): horizontal cross-sectional area of the basin at
level Z, and

W(Z): horizontally averaged vertical velocity at
level Z.

Then, the following relationships are satisfied:

z T(Z
T(Z)=f_HS(Z')dz' or S(Z)=%, (1)
_T(Z)

W(Z)= 5, and (2)
aw _ T dd  1dT
dZ _  A’dZ ' AdZ
Wdd S
YAV )

That is, T(Z) is expressed as an integration of S(Z)
from the deepest bottom level — H to level Z[Eq. (1)];
Wis T divided by 4 [Eq. (2)]and dW/dZ is expressed
by (3). The first term in (3) includes the vertical vari-
ation of cross-sectional area and is generally negative
if Wis positive, the hypsometry term following Rhines
and MacCready (1989). The second term includes the
lateral influx S, and we call this term the influx term.
The sign of this term depends on the sign of S and
influx is defined as positive. If the bottom is flat, the
first term disappears, and further if S is a positive con-
stant, then the flow should reduce to the Stomamel-
Arons circulation.

Next we estimate magnitudes of the two terms on
the rhs of (3) for the North Pacific based on the model
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results. Figure 8a shows their vertical distributions to-
gether with dW/dZ, calculated by using W and T
without 20% extreme values of w as shown by the solid
lines in Fig. 5. The lateral influx S(Z) is estimated by .
the latter form of (1), and contains not only purely
horizontal influx crossing the equator at level Z, but
also those redistributed by bottom topography as stated
before. The hypsometry term is negative and large in
magnitude in the deepest layer and monotonically de-
creases in magnitude upward. On the other hand, the
influx term is large and positive in the deepest layer
and negative in the shallower layer. As a result, in the
deepest layer below the 4250-m level (the bottom
layer), the two terms almost balance and dW/dZ is
small in magnitude. This layer just corresponds to the
layer in which the interior flow is essentially eastward
(Fig. 3c). The relatively small positive value of d W/
d Z in the bottom layer is owing to the northward west-
ern boundary flow, in which the Sverdrup relation also
holds (Warren 1981). In the middle layer between the
4250-m and 3250-m levels (the lower deep layer), the
influx term is small and d W/dZ is dominated by the
hypsometry term. On the other hand, in the layer above
the 3250-m level (the upper deep layer), the negative
value of the influx term, that is, the outflux, dominates
dw/dZ.

Figure 8b shows corresponding values of the three
quantities based on the simply integrated W and T
shown by the broken lines in Fig. 5. This process
underestimates the magnitude of the hypsometry term
in the bottom and lower deep layers, and overestimates
the magnitude of the influx term in the lower deep
layer, making the influx term dominant in both layers.

AREA(KM?2) x10’
0 2 4 6
0 T T T T T T T
~ 20001
s WHOLE NORTH PACIFIC
e WITHOUT PHILIPPINE
- - SEA
[« 8
w
a 4000
6000

FIG. 7. Vertical distribution of cross-sectional area of the whole
North Pacific without the Philippine Sea. The broken line is almost
parallel.
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F1G. 8. (a) Vertical distributions of d W/dZ with its two components, the hypsometry term and the influx term, based on W and T
estimated excluding 20% extreme values of w (solid lines in Fig. 5). (b) Same as (a) but obtained by W and T estimated including the

extreme values of w (broken lines in Fig. 5).

This calculation cannot explain the simulated circu-
lation patterns.

We draw schematic figures of the circulation based
on the characteristics of these three layers (Fig. 9).
In the bottom layer, the two terms of (3) almost bal-
ance, so that we assume d W/dZ = 0 in the interior
region. Then, meridional velocity vanishes by the
Sverdrup relation and the interior flow is due east-
ward (Fig. 9¢). In the lower deep layer, dW/dZ is
negative and § = 0, so there is only a single anticy-
clonic circulation (Fig. 9b). In the upper deep layer,
dW/dZ is negative and S is negative; this is a re-
versed pattern of the Stommel-Arons circulation
(Fig. 9a). These figures are qualitatively consistent
with the corresponding horizontal circulation pat-
terns shown in Fig. 3. The southward western
boundary current in the upper deep layer (Fig. 9a)
is elongated in the Philippine Sea as a cyclonic loop
current, which we tentatively called the Circum—
Philippine Sea Deep Current (Part I).

5. Conclusions

A theoretical rationale is given for the simulated
abyssal circulation in the North Pacific Ocean. An
analysis of the mean water column stretching (d W/
d Z) reveals the importance of two competitive effects:
hypsometry and lateral influx-outflux. The Stommel—
Arons theory for the flat-bottom ocean circulation,

which is based on the lateral influx-outflux alone, was
modified by the introduction of realistic bathymetry.
In the present case, this effect is present below 3250
m, that is, in the lower deep layer and the bottom layer.
In the bottom layer, the cyclogenesis owing to the bot-
tom water influx balances the hypsometry, resulting in
eastward interior flow. In the lower deep layer the hyp-
sometric effect dominates to make a single anticyclonic
gyre over the entire North Pacific. An anticyclonic gyre
in the upper deep layer is maintained by the vertical
shrinking of the water column owing to the outflux
from the North to the South Pacific.

Another effect of bottom topography on the large-
scale dynamics is suggested: it may redistribute water
mass fluxes, which work as lateral influxes or outfluxes
at each layer. Extremely strong vertical flows near the
topography do not contribute to the large-scale dy-
namics at their own levels, but they may contribute to
it as lateral influx or outflux in other layers. This effect
was determined by the fact that the d W/dZ analysis
based on the vertical transport excluding extreme val-
ues of w well explains the simulated large-scale features,
but a similar analysis based on the simply integrated
vertical transport does not.

The determination of the range of w values that de-
fine Wand T is somewhat arbitrary because there are
no clear divisions in the frequency distribution of w
values. But the present case has shown that the selection
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of a proper range of w values gives a consistent rationale
for the simulated results.
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APPENDIX A
A New Definition of the Equation of State

The equation of state for sea water usually defines
the density of sea water p in terms of in situ temperature
T, salinity S, and pressure P (Fofonoff 1962; Friedrich
and Levitus 1972; Bryan and Cox 1972; UNESCO
1981). But in numerical models the independent ther-
modynamical variables to be solved are not 7 and S,
but potential temperature 4 and S, so that a definition
of the equation of state in terms of 8, .S, and Pis desired.
Thus, we newly defined the equation of state in the
same fashion as UNESCO (1981) using 6 instead of
T, that is,

pwan=m&am/@ (A1)

_m&&my

where K(S, 0, P) is the secant bulk modulus. At the
sea surface (P = 0), # = T, so we use the definition of
p(S, T, 0) in the UNESCO equation for p(S, 6, 0) in
(Al). Then the problem is reduced to obtaining the
formula of K(.S, 6, P). We assume, as in the UNESCO
equation,
K(S, 8, P) = Ko(S, 0) + A(S, 6)P + B(S, 6)P?,
(A2)

where Ko(S, 6), A(S, 8), and B(S, 0) are polynomials
of S and 8 defined as follows:

Ko(S, 0) = kl + k20 + k302 + k403
+ ks8* + S(ke + ks + kb2 + ko)

+ 83 (kio + kiif + ki282), (A3)
A(S, 0) = a; + af + a0 + a0’
+ S(as + agh + a,0°) + S*%a;  (A4)
and
B(S, 0) = by + bt + bs0% + S(bs + bsh + bsb?).

(A5)

There are 26 unknowns: a; (8), b; (6), and k; (12).
In prmcxple we can also use the functional form of
Ko(S, T) in the UNESCO equation for Ky(S, ) in
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(A2) for the same reason stated above, but we redefine
Ky(S, 0) as well as A(S, 8) and B(S, 9) for the sake
of better fitting. We determine the unknowns in the
ranges of § and S shown in Figs. Al and A2, respec-
tively. The pressure range is between 0 (surface) and
600 bar (6000 m). The ranges of # and S contain those
of Bryan and Cox (1972) for their definition of the
equation of state and, therefore, more than 98% of sea
water in the World Ocean falls in these ranges.

First, for every 10 bar, we give 41 X 41 pairs of 8
and S in the ranges shown in Figs. Al and A2. Next,
for each set of (S, 0, P), in situ temperature 7 is cal-
culated by Fofonoff’s (1977) formula. In the formula,
potential temperature © at an arbitrary reference pres-
sure p, of a sea water element having salinity s and in
situ temperature ¢ at pressure p, [i.e., O = O(s, ¢, p, :
pr)]is computed by integrating the adiabatic lapse rate
and using a fourth-order Runge-Kutta 1ntegrat10n al-
gorithm. In our situation

T(S,6,P)=0(S,6,0: P). (A6)

Then, making use of the UNESCO equation, the den-
sity o(S, T(S, 6, P), P) is calculated. Finally, the 26
unknowns are determined by means of the least-squares
method from the sets of (S, 6, P, p) (41 X 41 X 60),
using (A1) through (A5). Resulting values of the un-
knowns are as follows:

ki =19710.08, k, = 138.7224, k; = —1.490296,
ks = 6.070755 X 1073, ks = —2.895094 X 1075,
ke = 48.30427, k; = 0 1375978,

kg = —5. 417062 X 1073, kg = —2.027233 X 103,
kio = 0.9166949, Kk, = —4.043308 X 1072,

ki, = 7.075453 X 107*, a, = 3.375523,

a, = 2.236820 X 1072, a3 = —4.640599 X 10~*,
a, = 5776355 X 107%, a5 = —9.777687 X 1073,
as = —1.535978 X 107, a; = 9.333798 X 1077,
ag = 1.960003 X 1073, b, =2.015117 X 107%,

POTENTIAL TEMPERATURE (°C)

-2 0 10 20 30

DEPTHI(KM)

16

FIG. Al. Range of potential temperature 6, in which the equation
of state is defined.
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SALINITY
028 30 32 34 36 38

DEPTH(KM)

FIG. A2. Same as Fig. Al but for salinity S.

by = —1.079882 X 1075, bs = 3.237532 X 10°7,
by = —1.256429 X 10~°. b5 = —9.601687 X 10~2,
and bg = —1.129524 X 107°,

Values for checking the formula are p(30, 25, 20)
= 1020.42294, p(35, 5, 100) = 1032.24673, and p(35,
2, 600) = 1054.34495.

Figure A3 shows standard difference and maximum
difference in density values between those obtained by
the present formula and by the UNESCO equation with
Fofonoff’s formula. These were calculated from the
same pairs of (S, 8) (N = 41 X 41) at each pressure
level, as was used to get the present formula. The max-
imum difference ranges from 10> to 3 X 10 kg m™3,
and this means its relative value ranges from 1078 to

1078
0

100

200

300

PRESSURE(BAR)

4001

5001

600 L

10°¢ 1078 107¢

DENSITY DEVIATION (KG-M3)
FIG. A3. Standard (solid line) and maximum (broken line) dif-

ferences in density values between those obtained by the present for-
mula and by the UNESCO equation with Fofonoff’s formula.
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F1G. A4. Horizontal gridpoint alignment.

3 X 1077 The overall standard difference is 6.5 X 1073
kg m~3, that is, relatively 6.5 X 1078,

In the course of using Fofonoff’s formula, the pres-
sure increment was taken as small as 10 bar, so that
the temperature error introduced by the use of the for-
mula is at most on the order of 1077 °C (Fofonoff
1977). An expected absolute density error owing to
this temperature error in the formula of the UNESCO
equation is on the order of 10~% kg m™3 (UNESCO
1981). This value is much smaller than those in Fig.
A3, and we can neglect the error introduced by the use
of Fofonoff’s formula.

According to Millero et al. (1980), the standard dif-
ference in specific volume between observed and cal-
culated values (by the UNESCO equation) over the
oceanic ranges of 7, S, and Pis 5.0 X 107" m* kg™'.
The difference is relatively 5.0 X 107, and the relative
difference in density should be identical to this value.
Our relative standard difference value of 6.5 X 1073 is
two orders smaller than this value and even the relative
maximum value of 3.0 X 1077 is one order smaller.
The present formula can be put to practical use not
only in numerical experiments but also in data anal-
yses.

APPENDIX B
Some Aspects of Modeling Technigue
a. Mass conservation and vertical mass flux

The horizontal gridpoint alignment is shown in Fig.
A4, Coastlines are defined by connecting grid points
for potential temperature (6), salinity (S), and trans-
port streamfunction (¥). Velocity (u and v) is calcu-
lated at the center of four adjacent points for potential
temperature, so that it is possible for water to flow
through a one-grid channel. Depth (H) is defined at
velocity points.

We define two kinds of mass conservation equations,
for T-S boxes shown by broken lines in Fig. A5 and
for U-V boxes shown by solid lines. The continuity
equation for the 7-S box (i, j) is defined as

T __ . * * * *
Mci,j = Uiyy2,; — Uiy, T Vi j—172 = Vij1/2
T T
+ WF; ji+1 — WF; jx = 0,

where
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FIG. AS. Definition of mass fluxes #*’s and v*’s.

® 1
Uj—yy2 = 5(ui~l/2.j—l/ZAZi—l/Z.j—l/Z
+ ui—l/2.j+l/ZAZi—l/Z,ﬂ-l/Z)AYs
* —
Vij-172 =3 (Vic1/2.j128Zi 112 j-172

+ Viv1y2,j-17282Z5 4152, j-12) AKX,

and WF7 are vertical mass fluxes; AX, AY, and AZ
are two horizontal and vertical grid intervals, respec-
tively. If this layer touches the bottom, AZ is horizon-
1ally variable. The vertical suffix “k + 1/,” is omitted
in the equations above. The boundary condition for
WF/is

2t the sea surface and bottom.
The mass conservation for the U-V box (i + 1/,

J + 12) is derived from those for surrounding TS boxes
(Ohnishi 1978):

MCi+l/2‘j+1/2
— MCITJ MC1+I . J + MCij:j-H + MCI'I;»I,ji»] =0
]Vi.j Nl+1 J ]Vi,j+l Ni+l.j+1 ’

where N, ; is the number of sea boxes around the 7-S
point (i, j). As long as the U-V box concerned is sea,

each of N’s in the equation is not zero. Then, the ver-
tical mass flux for the U-V box (i + 1j, ] + 1),

WFY, /2.j+1/2, 18 defined by surrounding WF s as

WFi+1/2 j+1/2
T T T

WF,, n WF; i WFL,

Nij Ni jri Niti e

In this definition, WF Y, /2.j+1,2 at the bottom can have

+
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nonzero value if any one of the adjacent U~V boxes
has greater layer number than that at (i + 1/, Jj+1h),
naturally expressing oblique upward or downward
flows along bottom slope.

Explicit specification of vertical velocity at the slop-
ing bottom based on horizontal velocity and depth gra-
dient, which seems to be a cause of computational in-
stability at steep slopes in the GFDL scheme, is not
made, so that smoothing of bottom depth is not re-
quired. This, in turn, leads to physically more accurate
velocity field at depth, because it is sensitive to bottom
topography. The scheme for such mass fluxes and mo-
mentum advection by those fluxes was developed by
Ishizaki and Motoi (1994, unpublished manuscript),
based on Takano (1978) and Ohnishi (1978), in a
highly vectorized fashion.

b. Barotropic vorticity equation

The barotropic component of velocity is obtained
by solving the vertically averaged vorticity equation
with the iterative overrelaxation method. In our model
domain, however, there are ten islands so that the re-
gion is multiconnected (Fig. 3 of Part I). In such a
case, there are two ways to internally determine the
values of transport streamfunction at inner boundaries:
the hole relaxation method (Takano 1974), hereafter
referred to as the H method; and Kamenkovich’s
method (Kamenkovich 1962), hereafter referred to as
the K method. The latter was originally applied to solve
a steady-state boundary value problem by Kamenko-
vich (1962) and developed to apply to an initial value
problem by Bryan (1969). But recently, most model
experiments make use of the H method (e.g., Semtner
1986a,b). However, Ishizaki (1989) compared the
computational efficiency of the two methods and found
that a modified K method is more efficient than the H
method. In the K method, only the inhomogeneous
component of streamfunction is solved by relaxation
in each time step and it converges faster as the number
of islands increases. This is because the inhomogeneous
solution has a fixed value “zero” at every internal and
external boundary, so that the inclusion of many is-
lands leads to a strong constraint for the solution. The
H method converges slowly as the number of islands
increases. We use the K method, including isolated
small islands such as Easter Island and Tahiti for faster
convergence (Fig. 3 of Part I).

There are two definitions for vorticity of barotropic
velocity in terms of streamfunction, the S-point scheme
and the 9-point scheme (Takano 1974). The 9-point
scheme takes more computer time of each iteration
than the 5-point scheme. However, the 9-point scheme
converges faster than the 5- point scheme because the
streamfunction at a point is more tightly connected
with those at surrounding points in the 9-point scheme.
Furthermore, the 9-point scheme is consistent with the
definition of barotropic velocity in the Arakawa B
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scheme, which we use (Fig. A4). We adopted the 9-
point scheme.

¢. Convective adjustment

A scheme for convective adjustment was also de-
veloped, although its principle is the same as of the
“complete mixing” of Marotzke (1991). Judgment of
the static stability between two arbitrary vertically ad-
jacent points was made at the middle pressure level
between the two points, not at the surface pressure level
(p = 0). This is because the relationship between two
density values corresponding to two pairs of potential
temperature and salinity (one with high temperature
and high salinity and the other with low temperature
and low salinity) at a certain pressure level could be
reversed at a different pressure level, so that the judg-
ment should be made near the in situ pressure level.
This subtly affects the formation of the bottom and
deep waters in the model.
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