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A numerical simulation of the general
circulation in the world ocean

Part 1. Temperature and velocity fields”

Chitose ARAKAWA ** and Kenzo TAKANO™"

Abstract: A numerical simulation is carried out for an annual cycle of the general circula-
tion in the world ocean. The model ocean extends form 70°S to 70°N. The Arctic Ocean and
ice phase are ignored. Salinity is assumed to be a constant. The grid size is 2° in longitude
and latitude. The circulation is driven by a prescribed surface wind stress and a surface
heat flux assumed to be proportional to the difference between the predicted sea surface
temperature and a prescribed reference atmospheric temperature. The external forcing
varies with a period of one year. Compared with observations, the simulated sea surface
temperature is a little high at high latitudes in both hemispheres, and isotherms are not
well concentrated in the Kuroshio and Gulf Stream regions. However, its major features
agree well with observations. The so-called “Orient Express” (“Indian Ocean Express”) is
identified by subsurface isotherms. The Agulhas Retroflection cleary appears in the tem-
perature, velocity and stream function for the transport. The Indonesian Throughflow may
not be well simulated; in July-August it flows from the Indian Ocean to the Pacific Ocean.
The transport of the Antarctic Circumpolar Current is compatible with observations, but

the subtropical gyre extends to the north too much in the northern hemisphere.

1. Introduction

The purpose of the present study is to under-
stand the mechanism for the ocean heat trans-
port and its annual cycle in the global ocean,
Pacific Ocean, Indian Ocean and Atlantic Ocean
by use of an ocean circulation model.

The world ocean circulation is a key factor
governing not only the global water mass
dsitribution but also the global climate change
through the ocean surface temperature which de-
pends, to a great extent, on the ocean heat
transport.

The circulation in the model ocean is driven by
a wind stress and a surface heat flux. The exter-
nal forcing is given by climatological data and
varies with a period of one year.

Part 1 describes the temperature and velocity
fields. A separate paper will present Part 2
which describes the meridional and interoceanic
heat transports.

* Received March 18, 1993
** School of Environmental Sciences, University
of Tsukuba, Tsukuba 305

2. Model

The grid structure and the finite differencing
are the same as those described in papers by
TaraNo (1974, 1986). The model world ocean
extends from 70°N to 70°S. The maximum
water depth is 5000m. The Arctic Ocean is ex-
cluded. Five levels are set up in the vertical.
The horizontal components of velocity are calcu-
lated at depths of 20, 280, 720, 1300 and 3100m.
The vertical component of velocity is calculated
at depths of 150, 500, 1010 and 2200m. The
ocean depth is either of these four depths or
5000m. The grid size is 2° in longitude and lati-
tude. The ocean geometry given by DBDB5 (Na-
tional Geophysical Data Center, 1986) is
approximated with this grid. Apart from the
main landmass comprising Eurasia, Africa and
the Americas, there are seven separate
landmasses: the Antarctica, Madagascar, Aus-
tralia, New Guinea, New Zealand, Japan, Ice-
land and England-Ireland. The coastlines are
defined by points where the temperature and the
vertical component of velocity are defined. Ice
phase is ignored. Salinity is assumed to be a
constant of 35%o everywhere. The water density
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Fig. 1.

is calculated as a function of temperature and
depth with a formula of FRIEDRICH and
Levitus (1972).

The momentum advection is neglected, be-
cause the grid size is too wide for the momen-
tum advection to be significant.

Simple, conventional closure schemes are used
for approximating subgrid scale diffusion of
momentum and heat, except for vertical diffu-
sion of heat. Instantaneous complete mixing of
heat occurs over the unstable parts of the water
column whenever the vertical stratification be-
comes unstable.

The horizontal velocity vanishes at the lateral
boundary. The bottom friction (7., 7,) is cal-
culated by assuming the presence of the bottom
Ekman layer:

.= oY{fIk/2 (uFv), T=V]flk/2 (fu+v)

where o is the water density, % the coeffcieint
of vertical diffusion, f the Coriolis parameter, u
and v the eastward and northward components
of velocity at the lowermost level, the upper
signs refer to the northern hemisphere and the
lower signs refer to the southern hemisphere.

The vertical component of velocity vanishes
at the surface (rigid-lid approximation).

At the surface, the vertical shear of the hori-
zontal velocity is specified by a given surface
wind stress. Monthly climatological wind

Reference atmospheric temperature (°C). Annual average.

stress data (HELLERMAN and ROSENSTEIN,
1983) on a grid of 2° X2° are used.

There is no heat flux across the lateral and
lower boundaries. The surface heat flux @ is
made proportional to the difference between a
specified reference atmospheric temperature 7.
and the predicted temperature 7 at the upper-
most level:

Q: ,OCd (Ta7T1> (1)

with a constant of proportionality d and the
specific heat c.

The reference atmospheric temperature is de-
termined as follows. Formula (1) gives

Toe=Ti+q/(ocd)

where monthly data by ESBENSEN and KUSHNIR
(1981) are used for @ and T.. Although d varies
to some degree with time, longitude and lati-
tude, a constant of 30 W/m? is assumed. Since
their data are given on a grid of 4° X4°, linear
interpolation is done to define T« on a grid of
2°X2°. Figure 1 shows the annual average of
T.. The space and time average of T. is 18.25
°C in the Indian Ocean, 19.99°C in the Pacific
Ocean, and 17.70°C in the Atlantic Ocean. Be-
tween 70°S and 38°S the time-average of T. is
highest in the Pacific Ocean, between 38°S and
24°S it is highest in the Indian Ocean, and to the
north of 24°S it is highest in the Atlantic Ocean.
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The rigid-lid approximation breaks down the
horizontal velocity into two components; one is
the barotropic component (vertical average)
and the other is the baroclinic component (de-
viation from the vertical average). While there
is no interaction between both components of
velocity through the momentum advection
which is neglected here, there is through the
combined effect of the pressure and depth gradi-
ent at the bottom, and through the heat advec-
tion.

Equation of continuity allows to introduce
the stream function for the barotropic compo-
nent of velocity multiplied by the water depth.
The stream function is obtained by solving a
vorticity equation. Hole relaxation technique
(TaxaNo, 1974) is used for determining the
value of the stream function on the coast of
each separate landmass (transport between
landmasses).

The numerical computation consists of three
phases. In Phase 1, the grid size is 4° in longi-
tude and latitude. The coefficient of horizontal
diffusin is 10°m?/s for momentum, and 5X10*
m?/s for heat. The coefficient of vertical diffu-
sion is 10™*m?*/s for momentum and heat. The
annual averages of the wind stress and the refer-
ence atmospheric temperature are applied. With
a time step of 6 hours, the momentum equations
are integrated over 120 years from an initial
state where there is no motion and the tempera-
ture varies with latitude and depth. Since a
time step of 60 hours is applied to the thermal
equation and a time step of 36 minutes to the
vorticity equation, the simulated time is 1200
years for the thermal equation and 12 years for
the vorticity equation.

In Phase 2, the grid size is reduced to 2° in lon-
gitude and latitude. The coefficient of horizon-
tal diffusion is reduced to 10°m?/s for the
momentum and to 2.5 X10°m?/s for the heat, but
the coefficients of vertical diffusion remain un-
changed. A large coefficient is required for mo-
mentum to suppress computational noise of
checkerboard pattern (TAKANO, 1975). Starting
from the final state in Phase 1, the time integra-
tion is forwarded for 12 years. A time step of 3
hours is applied to the momentum and thermal
equations, while a time step of 22.5 minutes is
applied to the vorticity equation. The external

Table 1. Values of d, &k and A (coefficient
of horizontal diffusion of heat)

Case d(W/m’K) k10™'m'/s) AQ00'm®/s)
1 30 1.0 2.5
2 30 1.0 1.0
3 60 1.0 1.0
4 60 0.3 1.0

forcing remains constant in time.

In Phase 3, the external forcing varies with a
period of one year. Starting from the final
state in Phase 2, the time integration is synchro-
nously carried out over 42 years with the same
time steps as in Phase 2. Since the time step for
the vorticity equation is 1/8 of that for the
other equations, the voriticity equation is inte-
grated 8 times more than the momentum and
thermal equations. Interannual variability still
remains but is very small. While this case is
hereafter referred to as Case 1, three additional
cases, Cases 2 to 4, with different parameter
values shown in Table 1 are dealt with for exam-
ining to what extent the result depends on the
choice of them. The coefficient of horizontal
diffusion of momentum is 10°m?*/s in any case.
Additional time integration is forwarded for
about 50 years in each case. The output from
Case 1 will be outlined unless otherwise men-
tioned.

The velocity and temperature snapshots are
saved every 10 days over the last one year.
These 36 sets of data are analyzed. Studies with
these data sets are reported in other papers
(Arakawa and Takano, 1991; TakaNo,
1992a).

3. Temperature field

Figure 2 shows the annual average of the
simulated sea surface temperature (SST), which
is compared with seasonal data compiled by
NODC/NOAA (1983), hereafter referred to as
NOAAT. Since NOAAT are given on a grid
of 1°X1°, they are averaged on an area of 2° X
2° for comparing the both with 2° resolution.
The general aspect agrees well with each other.
However, isotherms with the simulated data are
a little less crowded in the Gulf Stream and
Kuroshio regions than those with NOAAT. Cor-
respondingly, northward flowing boundary
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Fig. 2. Simulated sea surface temperature (°C). Annual average.

Table 2 Averages (°C) in the three oceans.

depth(m) Indian Ocean

Casel Case2 Case3 Cased Obs

20 17.24  17.24 1820 18.12 18.24
280 9.30 10.30 11.64 12.19 10.25
720 4.68 5.06 6.04 7.57 6.81

1300 2.68 2.58 2.66 3.30 3.68
3100 1.85 1.73 1.66 1.76 1.44

Pacific Ocean
Casel Case2 Cased Cased4 Obs

20 19.03 19.12  19.87 19.84 20.06
280 10.21  11.17 1255 13.18 10.88
720 5.06 5.33 6.21 7.74 0.43

1300 3.02 3.02 3.20 3.71 3.15
3100 2.14 2.11 2.09 1.87 1.66

Atlantic Ocean
Casel Case?2 Cased Case4 Obs
20 16.47  16.52 17.49 17.56  17.58
280 7.98 8.79 9.96 11.27 10.57
720 3.77 3.93 4.73 6.32 5.83

1300 2.41 2.37 2.66 3.65 3.81
3100 1.75 1.67 1.65 1.74 2.36

currents, Kuroshio and Gulf stream, go up far
north, and southward flowing boundary cur-
rents, Oyashio and Labrador Current, poorly

develop. The simulated SST is higher by about
2°C around the Antarctica and is a little lower
in low latitudes. The simulated SST averaged
over the whole ocean surface is very slightly
lower than that of NOAAT. The simulated tem-
peratures averaged over the individual ocean is
shown in Table 2. The sixth column (Obs) gives
averages of NOAAT at the surface, 275m (aver-
age of those at 250m and 300m depths), 700m,
1300m and 3000m depths, which are close to the
depths of simulated temperatures. The differ-
ences between the three oceans are not well simu-
lated. At 720m, 1300m and 3100m depths the
average is highest in the Pacific Ocean and low-
est in the Atlantic Ocean, while the average of
NOAAT is highest in the Indian Ocean and low-
est in the Pacific Ocean at 720m, highest in the
Atlantic Ocean and lowest in the Pacific Ocean
at 1300m, and highest in the Atlantic Ocean and
lowest in the Indian Ocean at 3100m. These dif-
ferences appear more distinctly in the longitudi-
nal average. One of the striking differences in
NOAAT between the Pacific and Atlantic
Oceans is that, at 275m and 700m the Pacific
Ocean temperature is much lower at northern
mid-latitudes and much higher at southern mid-
latitudes, and that, at 3000m the Pacific Ocean
is colder at low- and mid-latitudes. At some
latitudes, the simulated result agrees qualita-
tively with this observed result, but does not
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agree quantitatively; the simulated difference
between the two oceans is smaller.

A difference which is not remarkable in the
annual maps but remarkable in monthly or sea-
sonal maps is that isotherms by the simulated
data are smooth (almost parallel to parallels)
as in Fig.2, while those by NOAAT are wavy, in
particular, south of 35°S in spring of the north-
ern hemisphere.

Isotherms sharply push southward at and
around the Mozambique Strait, which is related
to the Agulhas Retroflection defined as a sharp
anticyclonic turn of the Agulhas Current to the
east at the Agulhas Bank near 22°E off the
southern terminus of Africa.

In the Indian Ocean, isotherms north of the
equator show different patterns, depending on
the monsoon activity. In the southern hemi-
sphere, however, the wind pattern does not vary
much with time, so that the pattern of iso-
therms remains almost unchanged with time.

The incoming heat flux is calculated with For-
mula (1). Except in May and June, the monthly
heat flux averaged over the whole ocean surface
is downward. The annual average is downward
and 7.8 W/m? If the global ocean is heated at
this rate, its average temperature will increase
by 0.014°C/year. However, the monthly maxi-
mum downward flux ranges from 188 to 475
W/m? and the monthly maximum upward flux

ranges from 215 to 612 W/m*. Both are much
larger than the space and time average 7.8
W/m? suggesting that an almost steady state is
reached statistically.

On the annual basis, a large amount of heat
goes upward from the Kuroshio and Gulf
Stream regions. The simulated outgoing and in-
coming fluxes are larger in magnitude in most
regions than those by ESBENSEN and KUSHNIR
(1981) based on climatological data, but there is
no significant difference in the large scale pat-
tern of isopleths between them. There is no sig-
nificant difference, either, all the year round.

The longitudinal-annual average is also a lit-
tle larger than that by observations (LAMBERT
and BoER, 1989).

In spring there is almost no outgoing heat flux
from the Kuroshio and Gulf Stream regions to
the atmosphere. The heat flux is downward into
these regions for a limited short period of sum-
mer.

4. Currents

Figure 3 shows the annual average of the
barotropic component of velocity in terms of
stream lines. Compared with common knowl-
edge based on observations, the subtropical gyre
develops too much to the north in the western
North Pacific and North Atlantic Oceans. Its
transport is 75.7sv in the former and 41.6sv in
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Fig. 4. Simulated temperature (°C) at a depth of 280m. Annual average.

the latter. The Oyashio and the Labrador Cur-
rent poorly develop. In a simulation of the
world ocean circulation by SEMTNER and
CHERVIN (1988, 1992) with a fine grid of 0.5°
X 0.5°, the subtropical gyre develops too much,
too. This is also the case of a simulation of the
North Pacific circulation by TAkKAaNO and
Misumr (1990) with a grid of 1° X1°. Although
many studies have been done on western bound-
ary currents, mechanism of separation of them
from the western boundary is still poorly under-
stood (e.g., HAIDVOGEL et al., 1992). These un-
realistic features do not seem to be readily
improved by increasing horizontal resolution.

In the North Pacific Ocean, the subarctic gyre
transport ranges from 17sv in summer to 35 sv
in winter, and the subtropical gyre transport
ranges from 68 sv in summer to 82 sv in winter.
In the North Atlantic Ocean, the subarctic gyre
transport ranges from 31sv in summer to 37sv in
early spring, and the subtropical gyre transport
ranges from 37sv in late summer to 50 sv in win-
ter. The annual variation is most prominent in
the northern North Pacific Ocean.

The Agulhas Current clearly appears with 50
to 60 sv. Most of it does not go into the South
Atlantic Ocean, but turns to the east after pass-
ing through the Mozambique Strait.

Importance of the Indonesian Throughflow
(transport between Eurasia and Australia) in

the global heat transport has been emphasized
recently as a gateway of heat export from the
Pacific Ocean to the Atlantic Ocean (GORDON,
1985, 1986). It does not apparently exist in the
annual average transport, but does in summer
months of the southern hemisphere to join the
Madagascar Current through a current across
the Indian Ocean which is hereafter referred to
as “Orient Express” (or “Indian Ocean Ex-
press”). The Orient Express is distinctly traced
by isotherms at a depth of 280m in Fig.4 (an-
nual average) and throughout the year, and
NOAAT also.

Figure 5 shows the annual variation of the
transports of the Antarctic Circumpolar Cur-
rent (transport through the Drake Passage),
Kuroshio, Gulf Stream, Indonesian Throughflow
and Agulhas Current in the four cases. The
transports of the Kuroshio and Gulf Stream are
tentatively defined as the maximum values of
the stream function in the western boundary re-
gions. The maximum value is located south of
Honshu (Japanese mainland) in the Kuroshio re-
gion throughout the year, but its location in the
Gulf Stream region changes with time within
the range of about 600km. While the Kuroshio
transport becomes minimum in September, the
Gulf Stream transport shows two minima,
March—April and September—-October.

The transport of the Antarctic Circumpolar
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Fig. 5. Transports (sv) of the Antarctic Cir-
cumpolar Current (A), Kuroshio (K), Gulf
Stream (G), Indonesian Throughflow (D)
and Agulhas Current (M). Numbers 1to 4 in
parentheses refer to Cases 1 to 4.

Current at the Drake Passage ranges from 125sv
in January to 139sv in May. An observation by
REID and Nowrin (1971) gives 235 sv as trans-
port at the Drake Passage in January. CALLA-
HAN’s result (1971) is similar to it, but FOoSTER
(1972) gives —15sv (westward transport). By
analysis of data from heavily instrumented
moorings and hydrographic cruises, WHITE-
wWORTH (1983) shows that the total transport at
the Drake Passage is probably between 118 sv
and 146 sv. His result is very close to the trans-
port simulated here, although the present study
does not take sea ice into account and the coast-
line of the Antarctica is somewhat subjectively
set up. It might be remarked that GILL and
Bryan (1971) point out the transport depends
to a great extent on the geometry of the

Antarctic Ocean. According to WHITEWORTH's
result, the transport is small in December to
January and seems to have two weak maxima,
in July-August and in March-April. This also
agrees with the simulated result.

In contrast to the Antarctic Circumpolar Cur-
rent, the Indonesian Throughflow is not well
simulated. Althouth no many reliable observa-
tional results are available, it seems to flow
throughout the year from the Pacific Ocean to
the Indian Ocean (GorDON, 1986; MURRAY and
ADRIEF, 1988). Figure 5 indicates it flows from
the Indian Ocean from April to August. The
simulated annual range is about 50sv, which is
probably too large. This discrepancy might re-
sult from poor resolution of the bottom topog-
raphy near Greater and Lesser Sundas.

The transport of the Agulhas Current (value
of the stream function along the coast of Mada-
gascar) varies in phase of the Indonesian
Throughflow; strong in winter and weak in sum-
mer.

In the other three cases, the pattern of the an-
nual cycle is similar to that in Case 1, though
the magnitude of the transport is different from
each other.

It is noted, for comparison, that SEMTNER
and CHERVIN (1992) gives 15 to 45sv to the Gulf
Stream off Cape Hatteras, up to 200sv to the
Kuroshio, about 200sv with oscillations of
about 8sv to the Antarctic Circumpolar Current
at the Drake Passage, about 70sv to the Agulhas
Current with almost no seasonal cycle, and 12 to
22sv to the Indonesian Throughflow directed
from the Pacific Ocean to the Indian Ocean
throughout the year.

Figure 6 shows examples of the annual varia-
tion of the speed of the baroclinic component
at the upper two layers at 135°E, 31°N (in the
Kuroshio), 77°W, 29°N (in the Gulf Stream)
and 43°E, 17°S (in the Agulhas Current).

Although the transport and barotropic com-
ponent of velocity of the Kuroshio are strong in
winter and weak in summer, its baroclinic com-
ponent is strong in summer, and weak in fall.
Similar annual variations are seen in the Gulf
Stream. This phase difference between the
barotropic and baroclinic components of veloc-
ity is shown also by TAkaNo and Misumi
(1990). This is, however, not the case of the
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Agulhas Current; both transport and baroclinic
component at the upper two layers are strong in
winter and weak in summer. The baroclinic
component of the Indonesian Throughflow is di-
rected to the Pacific Ocean at the upper two lay-
ers throughout the year, indicating importance
of the barotropic component even at upper lay-
ers.

Figure 7 shows the annual average of surface
currents (sum of the barotropic and baroclinic
component). The scale is shown on the upper
left. The maximum speed at the surface is 30
cm/s. The arrow length is proportional to the
speed. Surface current pattern mostly agrees
with the transport pattern shown in Fig.3. The
Indonesian Throughflow which is not clear in
Fig.3 flows into the Indian Ocean and goes to
the west as the Orient Express. It is more
clearly identified in summer months of the
southern hemisphere.

The Indonesian Throughflow is directed to the
Indian Ocean at a depth of 280m, directed rather
to the Pacific Ocean at a depth of 760m, and
clearly directed to the Pacific Ocean at a depth
of 1300m. Both oceans are separated at the low-
ermost level 3100m deep.

A part of the Agulhas Current flows into the
Atlantic Ocean through the upper two layers
500m thick over 220km (34°S to 36°S) at 21°E at
a rate of 2.0 sv on the annual average. Between
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36°S to 38°S it flows westward at a rate of 4.2sv
except at the surface layer with an eastward
flow, so that the total westward transport is
6.2sv. This westward transport off the southern
terminus of Africa is larger in summer than in
winter of the southern hemisphere.

At the Drake Passage, the Antarctic Circum-
polar Current extends from the surface to the
bottom 2200m deep. Since the reference atmos-
pheric temperture is a little lower in the Atlan-
tic sector than in the Pacific sector of the
Antarctic Ocean, the surface cooling should be
stronger in the Atlantic sector, and Atlantic
deep layers have trend toward cooling compared
with Pacific deep layers. In fact, the simulated
temperature is lower in Atlantic deep layers,
though the simulated time of integration may
not be enough for deep layers to reach a com-
plete equilibrium state.

The vertical component of velocity, either up-
ward or downward, is strong at the equator and
by the borderline between land and water. A
strong downwelling area is located southeast of
Madagascar at 500m depth, which is closely re-
lated to the presence of simulated and observed
subsurface warm water masses.

The meridional overturning (meridional circu-
lation) is of importance in the meridional heat
transport. The vertical and northward compo-
nents of velocity are integrated over the latitude
arc for defining the stream function for the
meridional overturning. On the annual average,
the maximum value is 47sv in the southern hemi-
sphere, and 30sv in the northern hemisphere. It
might be remarked that these figures do not nec-
essarily mean the intensity of large scale sinking
from the high latitude surface in the both hemi-
spheres, but only a measure of the overall verti-
cal motion. On the annual cycle, the maximum
sinking rate in the southern hemisphere ranges
from 46sv in October to 97sv in December, and
28sv in September to 86sv in December in the
northern hemisphere.

5. Concluding remarks

The present study is successful in simulating
major large scale features of the general circula-
tion in the world ocean: sea surface tempera-
ture, transport of the Antarctic Circumpolar
Current at the Drake DPassage, Agulhas

Retroflection and Orient Epress.

The Oyashio and Labrador Current poorly de-
velop in association with overdeveloped sub-
tropical gyres in the Pacific and Atlantic
Oceans. Some important processes might be
missing in the model for the separation of the
northward current from the western boundary
and the development of the subarctic gyres.

Salinity and sea ice should be of some impor-
tance. It is remarked, however, that a model
with salinity as a prognostic variable is not suc-
cessful, either, in simulating the Oyashio and
Labrador Current (SEMTNER and CHERVIN,
1988, 1992; TAKANO, 1992b).

The grid size is larger than 1° in most of the
global ocean models so far used. In the present
study it is not fine enough, either, to resolve the
mesoscale eddies. Although their role is not yet
clearly understood, the meridional heat trans-
port in the numerical model seems to be almost
independent of it, provided that the grid size is
smaller than 1° or 2° (TAkANO, 1982).
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A numerical simulation of the general

circulation in the world ocean

Part 2. Meridional and interoceanic heat transports”

Chitose ARAKAWA ™™ and Kenzo TAKANO®*

Abstract: The meridional and interoceanic heat transports are estimated with an ocean cir-
culation model. The annual average of the simulated meridional heat transport in the
world ocean is smaller in the southern hemisphere than estimates based on observations.
Its annual variation is mostly accounted for by the annual cycle of the Ekman heat trans-
port. At low latitudes the annual range of the latter is larger than that of the total
meridional heat trasnport, indicating that some processes upset the Ekman heat transport.
Between about 40°S and 20°S in the South Atlantic Ocean, the heat transport is southward,
which disagrees with results by other studies. The Atlantic Ocean is the only one heat im-
porter, and the Pacific Ocean is largest exporter. Importance of the Indian Ocean for its

size is emphsized.

1. Introduction

A previous paper (ARAKAWA and TAKANO,
1993, hereafter referred to as AT) described
simulated temperature and velocity fields in a
world ocean. The present paper will describe the
meridional and interoceanic heat transports.

The relative role of the atmosphere and the
oceans in the meridional heat transport has been
discussed since the last century. Although the
atmosphere was considered more important
than the oceans for several tens of years, the
role of the oceans has been emphasized in recent
years. In particular, recent satellite and radio-
sonde observations show that the oceans trans-
port much more heat than was previously
believed.

Not a few studies based on observations were
carried out on the heat transport in the Indian,
Pacific, Atlantic and world oceans, and the roles
of the atmosphere and the oceans in the global
meridional heat transport. However, our under-
standing is still poor. The results are compati-
ble with each other in some qualitative aspects:
for example, in the ocean heat transport the ver-
tical circulation (meridional overturning) is of
essential importance except in the Antarctic

" Received March 18, 1993
** School of Environmental Sciences, Univer-
sity of Tsukuba 305 Japan

Ocean where the horizontal diffusion is not neg-
ligible, the role of the horizontal circulation is
very small, and the surface Ekman drift current
has a significant effect on its annual variation.
However, not all the results are quantitatively
compatible, so that the role of the oceans in the
global meridional heat transport is still contro-
versial. In some studies with satellite observa-
tions (VOoNDER HAAR and Oort, 1973; OoRT
and VoNDER HaARr, 1976; Carissiomo et al.,
1985), it is much more important at low and
middle latitudes than the role of the atmos-
phere, but almost negligible in a study with at-
mospheric circulation model (Covey, 1988;
RootH, 1989).

The model used here is outlined in AT. We are
concerned with four cases tabulated in Table 1,
where d is a constant parameterizing the surface
heat flux, & the coefficient of vertical diffusion
for momentum and heat, and A the coefficient
of horizontal diffusion for heat. The coefficient
of horizontal diffusion for momentum is
10°m?/s in any case.

Table 1. Values of d, k and A in Cases 1 to 4.
Case dW/m’K) k10*m?*/s) ¥A(103m2/s)_

1 30 1.0 2.5
2 30 1.0 1.0
3 60 1.0 1.0
4 60 0.3 1.0
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Fig. 1. Annual average of the northward heat transport (PW). Circles: Case 4, C: CARISSIMO et al. (1985),
H: Hsiunag (1985), M: Masubpa (1988), OV: Oort and VoNpER Haar (1976), T: TreENBERTH (1979).
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Fig. 2. Simulated annual average of the northward heat transport (PW) in Cases 1 to 4.

2. Heat transport in the world ocean

2.1. Annual average

Figure 1 shows the simulated annual heat
transport in Case 4 with heat transports esti-
mated with observations. Althouth the simu-
lated magnitude may be smaller in the southern
hemisphere, the latitudes of the maximum and
minimum transports agree with those by obser-
vations.

Figure 2 shows results in Cases 1 to 4. The
heat transport is small in Case 1, but, as a
whole, there is no large difference between the
four cases. The latitudes of the maximum and
minimum transports in Case 3 agree well with
those by Hstunc (1985) using surface energy
fluxes; the maximum northward transport at
25°N and the maximum southward transport at
15°S. Using hydrographic data and climatolo-
gical wind data, BENNETT (1978) gets a north-
ward transport between 1.1PW and 2.2PW at
30°S, which is quite different from other results

based on. observations such as illustrated in
Fig.1. The meridional heat transport in the
southern hemisphere is still a subject of contro-
versy.

The meridional heat transport is achieved by
three processes. The meridional circulation
transports heat poleward by bringing warm
upper layer waters poleward and cold lower
layer waters equatorward. The horizontal circu-
lation does it by bringing warm western bound-
ary waters poleward and cold waters equator-
ward in the central and eastern regions. The
diffusion transports heat from warm equatorial
regions to cold polar regions. Compared with
the contribution from the meridional circula-
tion, the contributions from the horizontal cir-
culation and diffusion are negligible at low
latitudes. Scuth of 35°S to 40°S, there are no
long coastlines extending in the meridional di-
rection, which is not favorable for the develop-
ment of the meridional circulation. Therefore,



A numerical simulation of the general circulation in the world ocean. 119

FLUX (PW)

HEAT

LATITUDE

Fig. 3. Northward heat transport (PW) in January (J) and August (A) in Case 4. Heat transports
by the meridional circulation in January and August are denoted by Jm and Am.

the heat transport by the meridional circulation
is small and even northward at some latitudes.
The horizontal circulation and diffusion are
relatively important there in making the heat
transport southward.

2. 2. Annual cycle

Figure 3 shows the total northward heat
transport in January and August in Case 4 with
the heat transport by the meridional circulation
only. The latter is almost equal to the total
heat transport at low latitudes but different
from it at middle latitudes in both hemispheres,
and the difference is more prominent in the
southern hemisphere, reflecting small contribu-
tion of the meridional circulation, as mentioned
above.

The annual range (difference between the
maximum and minimum northward heat trans-
port) of the heat transport across a low latitude
arc is very large, mostly due to the annual cycle
of the heat transport by the meridional circula-
tion. The horizontal circulation and diffusion
contribute almost nothing to it.

At middle and high latitudes, heat is

transported northward in the northern hemi-
sphere and southward in the southern hemi-
sphere. The annual variation of the heat
transport depends on that by the meridional cir-
culation. Because the annual range of the latter
1s small at high latitudes, the annual variation
of the heat transport is also small. The heat
transport by the horizontal circulation and dif-
fusion does not vary so much with time. The
meridional circulation plays an important role
in the meridional heat transport almost every-
where and throughout the year.

2. 3. Comparison of simulated and observed

annual cycles

The simulated annual range in the northern
hemisphere is compared in Table 2 with results
by OorT and VoNDErR Haar (1976) and
CARISSIMO et al., referred to as OVH and COV,
respectively.

Both are not in agreement; OHV and COV are
much larger except COV at 10°N. In OVH and
COV, the meridional heat transport is south-
ward in summer at high latitudes, but the an-
nual average is northward in association with
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Table 2. Comparison of simulated and observed annual ranges of the heat transport (PW)

0° 10° 20° 30° 40° 50°N
OVH 11.8 10.9 5.7 4.6 5.3 4.5
Cov 7.3 6.4 0.4 5.1 5.2 4.3
Case 1 5.1 6.4 1.9 1.3 0.87 0.15
Case 2 5.6 6.7 2.6 1.6 1.1 0.30
Case 3 5.4 6.7 2.5 2.0 1.8 0.67
Case 4 5.7 6.7 2.5 1.6 1.1 0.17

12 3 4 5 B 7 8 9 1911 12
MONTH
Fig. 4. Northward Ekman heat transport (broken
lines) and total heat transport (solid lines)
at 21°S, 11°S, 11°N and 21°N in Case 4.
Upper panel for the Indian Ocean and lower
panel for the global ocean. Units: PW.

its large annual amplitude. In Cases 1 to 4, how-
ever, it is northward at middle and high lati-
tudes throughout the year.

2.4. Comparison with the Ekman heat trans-
port

The heat transport by the meridional circula-
tion varies to a great extent from month to
month. Because there is almost no annual varia-
tion in the temperature and the baroclinic com-
ponent of velocity in deep layers, the simulated
large annual variation of the meridional heat
transport is brought about by its variation in
surface layers. The large variation in surface
layers is presumably in the heat transport by the
Ekman drift current. The heat transport by the
Ekman drift current is called ~’Ekman heat
transport’’, which is defined here by the product
F (specific heat) X (eastward component of
surface wind stress) X (mean water tempera-
ture in the Ekman layer)/(Coriolis parameter).
The upper sign refers to the northern hemisphere
and the lower sign to the southern hemisphere.

First, the total Ekman heat transport across
a latitude arc is calculated by using the specified
wind stress and simulated SST which can be con-
sidered to be the mean temperature in the
Ekman layer. Second, the same wind stress data
are used with observed monthly SST compiled by
W ASHINGTON and THIEL (1970). Both agree very
well with each other throughout the year, con-
firming the model is successful in simulating the
surface temperature, as far as the Ekman heat
transport across a latitude arc i1s concerned.

Next, the simulated annual cycle of the total
meridional heat transport is compared with
that of the Ekman heat transport. Figure 4
shows examples in Case 4. As is readily under-
stood, the absolute value of the Ekman heat
transport has no meaning but its change with
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time and space. Both are surprisingly consistent
with each other. At low and middle latitudes,
the annual range of the Ekman heat transport is
larger than that of the total meridional heat
transport. This indicates the Ekman heat trans-
port is offset to some extent by other porcesses,
one of which is probably related to western
boundary currents.

At most latitudes, the phase of the total
meridional and Ekman heat transports in the
Pacific and Atlantic Oceans agree well with
those in the global ocean, but the magnitude of
the heat transport in the Atlantic Ocean is
smaller than that in the Pacific Ocean. In the
northern hemisphere Indian Ocean, the phases of
the total meridional and Ekman heat transports
are a little ahead of those in the other two
oceans, probably due to the small size of the
northern hemisphere Indian Ocean basin, which
makes it respond quickly to the change in exter-
nal forcing.

The month-to-month variation of the total
meridional heat transport at low latitudes is
governed by the heat transport by the Ekman
drift current. Among the three oceans, the
Ekman heat transport is largest in the Pacific

)

Indian Ocean

HEAT FLUX (PW)

Pacific Ocean

LAHOT,UDE
Fig. 5. Northward heat transport (PW) in the
three oceans in Case 3. solid line (J): Janu-
ary, broken line (A): August, dotted line
(AV): annual average.

Ocean primarily because of its largest zonal ex-
tent.

3. Heat transport in the individual ocean

The variation of the annual average of the
meridional heat transport with latitude in Case
4 is shown in Fig.5 with the transports in Janu-
ary and August in the Indian, Pacific and Atlan-
tic Oceans.

The annual variation is large at low and mid-
dle latitudes in the Pacific Ocean and small in
the Atlantic Ocean, particularly in the southern
hemisphere. Because of the effect of the mon-
soon, it is larger in the Indian Ocean except
south of 42°S.

Previous studies show (Bryan, 1982, 1983;
BUNKER, 1976; BENNETT, 1978; BRYAN and
Lewis, 1979; HASTENRATH, 1980; Fu, 1981;
MEEHL et al., 1982; MILLER et al., 1983; RUSSEL
et al., 1985; MiLLER and RusseLL, 1989) that
the heat is transported northward in the South
Atlantic Ocean. In Fig.5, it is so south of 40°S,
but southward between 20°S and 40°S. Instead,
it is northward in the South Pacific Ocean. How-
ever, the heat transport in the world ocean is
southward, which resuits from a large south-
ward transport in the South Indian Ocean.

WUNScH et al. (1983) show the heat trans-
ports at 28°S and 43°S in the Pacific Ocean are
indistinguishable from zero, which is close to
our result in Case 3 (Fig.5) and the other three
cases.

LawmB (1981) suggests from surface heat flux
data that the heat transport in the Atlantic
Ocean is northward with the possible exception
of November-December. By use of hydrographic
data, RoemmicH (1980) obtains 1.2PW at 24°N,
0.8PW at 36°N and almost zero at 48°N in the
Atlantic Ocean. Wunscu (1980) obtains 1.2PW
at 24°N-25°N and 0.75PW at 36°N. Has.-
TENRATH(1982) obtains 1.1PW at 25°N. HaLL
and BrYDEN (1982) obtain 1.2PW at 25°N,
while the present study gives, at 24°N, 0.48PW,
0.66PW, 0.49PW and 0.67PW in Cases 1 to 4, re-
spectively; at 36°N, 0.57PW, 0.79PW, 0.52PW
and 0.75PW in Cases 1 to 4; at 48°N, 0.43PW,
0.52PW, 0.39PW and 0.49PW in Cases 1 to 4.
Simulated transports in the Atlantic Ocean are
smaller than those values based on observa-
tions.
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Table 3. Partition(%) of the interhemispheric heat transport in the three oceans in Cases 1 to 4.

Case 1 Case 2 Case 3 Case 4
Northward (Jan. 5)
Indian Ocean 24. 8 23.1 28.8 22.8
Pacific Ocean 59.7 63. 2 62. 2 61.5
Atlantic Ocean 15.5 13.6 8.9 15.7
Southward (Aug. 5)
Indian Ocean 30. 6 3.7 25,7 31.4
Pacific Ocean 64. 7 59.8 61.9 58. 8
Atlantic Ocean 4.7 8.5 12.4 9.8
Table 4. Interoceanic heat exchange (TW). +: outgoing, —: incoming.
Case Indian Ocean Pacific Ocean Atlantic Ocean
1 2 53 —55
2 2 115 —-117
3 78 26 —103
4 64 111 —195

Importance of the Indian Ocean is shown in
Table 3 in terms of the interhemispheric heat
transport (transport across the equator).
Transports in Jan.5 and Aug.5 are tabulated as
representatives of northern hemisphere winter
and summer transports.

The zonal extent of the equator of the Indian
Ocean is 219 of the total length of the equato-
rial oceanic sector. It is 21% in the Atlantic
Ocean and 58% in the Pacific Ocean.

The results are not significantly different
from each other in Cases 1 to 4. In any case, the
Atlantic Ocean contribution is small for its
zonal extent, that of the Indian Ocean is very
large, and that of the Pacific Ocean is fairly
large for its zonal extent.

North of 25°N where the Indian Ocean does
not exist any more, the annual cycle in the
northern hemisphere world ocean is primarily
governed by that in the Pacific Ocean.

Table 4 gives the annual averages of heat ex-
changed between the three oceans through the
Drake Passage, Indonesian Straits, south of
Australia and south of Africa. Althouth the re-
sult varies to a great extent in the Indian and
Pacific Oceans, the Atlantic Ocean is essentially
different from the other oceans; it is only one
ocean that should import heat. Except in Case 3
the Pacific Ocean is the largest exporter.

4. Remarks

By using the simulated temperature and veloc-
ity fields, the meridional heat transport in the
global ocean, the Indian, Pacific and Atlantic
Oceans are calculated and compared with results
of previous studies. Although reliable data are
few for the present, the simulated results are
mostly consistent with previous results based on
observations.

However, the present study is not successful in
simulating the equatorward heat transport in
the South Atlantic Ocean between about 20°S
and 40°S.

The surface heat flux consists of the solar ra-
diation, long wave radiation, sensible and latent
heat fluxes. To calculate these components for
the surface boundary condition, reliable data
are necessary on evaporation, cloudiness, long
wave radiation from clouds and water vapor,
which are not yet available. Hence, a simple for-
mulation is used by assuming the surface heat
flux is proportional to the difference between
the predicted surface temperature and a pre-
scribed reference atmospheric temperature, as is
described in AT. The above results in Cases 1 to
4 show the heat transport is fairly variable with
the magnitude of the constant of proportional-
ity which is assumed, for simplicity, to be a con-
stant in space and time. Better results will be
obtained with better specification of the surface
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heat flux.

Salinity and sea ice ignored here may have
some effect on the meridional heat transport
through the meridional circulation driven by
dense water formation at high latitudes.

Although four cases are set up with different
values of the coefficients of diffusion and the
constant of proportionality, we are not able to
specify which case is most suitable in the light
of observations, and only have a feeling about
how the result is sensitive to them.

Nevertheless, the above results are encoura-
ging. They are helpful in understanding proc-
esses of the meridional heat transport in the
global ocean, the individual ocean and its annual
variation. The role of the Ekman heat transport
and features peculiar to each ocean are made
clear to a certain degree.
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Life history of Porphyra tenuipedalis Miura (Bangiales, Rhodophyta) in culture*

MsaHIro NoToyA **, Nor1o KIKUCHI***, YUSHO ARUGA** and AKIO MIURA

* ok kK

Abstract: Life history of Porphyra tenuipedalis Miura was completed in culture. Growth
and reproduction were observed under various photon flux densities (10-80 ymol m *s™),
temperatures (10~24 °C) and photoperiods (14L:10D, 10L:14D). The optimum growth of
conchocelis filaments was observed at 20 °C and 14L : 10D. The conchocelis filament did not
produce conchosporangia, but a sherical cell was formed at the tip of filament. The spheri-
cal cell developed into the foliose thallus at 15-20 °C and 10L:14D. The foliose thallus ma-
tured within 16 weeks at 15 °C and 10L:14D. Monospores were not produced both in

conchocelis and foliose phases.
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Fig. 1. Porphyra tenuipedalis Miura in culture. (A) Conchocelis cultured for a month at 20°C and
40 £ mol m s~ under 14L:10D. (B) Spherical cell formed at the tip of conchocelis filament within
5 weeks of culture at 20 °C and 40 # mol m *s ™ under 10L:14D. (C) Two-cell germling developed
from a spherical cell after 3 days at 15°C and 40 # mol m ~*s " under 10L:14D. (D) Uniseriate thallus
developed from a spherical cell after a week at 15 °C and 40 ¢ mol m s ' under 10L:14D. (E) Young
blade after 3 weeks at 15 °C and 40 ¢ mol m s~ under 10L:14D. (F) Mature blade after 14 weeks at
15 °C and 40 ¢ mol m *s " under 10L:14D. (G) Surface view of carposporangia and antheridia. (H)
Immature blades at 20 °C and 40 z mol m s ‘under 10 L:14D after 20 weeks in culture. () Imma-
ture blades at 10 °C and 40 #mol m s " under 10L:14D after 20 weeks in culture.
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