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For not only coastal aquaculture but also open ocean
aquaculture, an urgent task today is to improve habitable
environments and to develop related technologies that pay due
consideration to the ecological systems of marine organisms.

Especially, creation of artiticial seaweed communities is
considered very important, as is the forestation of mountains, in
that the formation of seaweed communities provides new
habitable environments for marine organisms.

This paper describes a technology for artificially
cultivating seaweed which was tested in Japan, and the effect
that this technology had on the improvement of habitable
environment and, at the same time, a concept that was
combined with the above algae cultivating technology and
artificial upwelling structure will be discussed for open ocean
aquaculture of the next generation.

Technology for Creating Seaweed Communities
Using Ferrous Sulfate

In coastal areas, concrete is used as a structural material in
the construction of ports and harbors, breakwaters, revetments
and many other marine structures. Once concrete structures are
submerged in seawater, calcium hydroxide  Ca OH!,! liquates
out from the concrete and reacts with the carbon dioxide in
seawater to produce calcium carbonate. Because calcium
carbonate is strongly alkaline, it converts the surrounding water
area into a strongly alkaline region with pH of 10-11 for
seawater and 13 for fresh water. In order for aquatic creatures
and vegetation to survive, a natural environment suitable for
each organism is required. To provide such suitable
environments, the "Standard for Fisheries' Water" is stipulated
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in Japan as the standard for the habitable environment of
aquatic life, according to which the standard pH value should
be 7,8-8,4 for sea areas and 6,7-7.5 for rivers, lakes and

marshes. When the calcium hydroxide liquated out from
concrete converts the standard pH of these water areas to
strongly alkaline values, not only are certain impediments
placed on the growth of ihe benthoses thai live their larval and
fry stages in the sea areas. The ecological system of the aquatic
animals and plants that have their habitats in such areas is also
greatly affected,

To solve thcsc problems, a technology has been developed
 Tctsuo Suzuki in l986!, which prevents the liquating-out of
calcium hydroxide from concrete structures and at the same
time forins a coating of iron coinpounds, especially ferrous
sulfate, on the surfaces of the concrete. This is important
because iron is an essential element for the biological oxygen
reduction of all organistns.

There are two methods to form this coating: 1! the
formation of an osmosis coating through hydration reaction
between ferrous sulfate and concrete, and 2! thc application of
ferrous sulfate as a coating material. Photo l shows the process
by which a ferrous sulfate coat is formed on a concrete surface.

ln this process, strips of water-soluble plastic film  PVA film!
affixed with ferrous sulfate crystals are lined inside the forms
used to make concrete wave-dispersion blocks. Concrete is then
poured into the form which is removed after ihe concrete is
cured, thus forming the coating on the blocks.

The major characteristic of concrete blocks coated with

Photo I. C'otu rute block transformed with fergus sulfate,
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ferrous sulfate may be cited as follows:

1! It is possible to prevent the inherently strong alkaline
composition of concrete to liquate out.

2! Iron, as a trace-quantity nutrient necessary for organ-
isms, is supplied.

3! Since the ferrous sulfate coating on the concrete
surface, which i» formed through a transformation of
the concrete surface property itself, is semi-permanent,
no particular maintenance work is required.

4! The concrete structure thus manufactured can promote
adhesion for seaweed by providing raggedness with its
surface.

5! The process for 1'orming the ferrous sulfate coat can
easily be applied to large structures regardless of
configuration.

Experiments were made at the practical sea field
concerning what changes are observed in the adherence of
seaweed, employing two kinds of concrete blocks � one
having a ferrous sulfate coating and the other manufactured
without the use of ferrous sulfate, and the effects of ferrous
sulfate on the seaweed adherence were discussed.

Method of Experiment and Results

Since 1981, many experiments have been conducted in
different places in Japan and good results were observed in
most cases. In this paper, typical examples and their results, as
well as application to lobster reefs, will be described.

Experiment at the Kochi Prefecture

Experiments were carried out at Yasucho Tei, Kamigun,
Kochi Prefecture, in January 1984, in which 10-ton trapezoidal
concrete blocks � some coated with ferrous sulfate and others
uncoated � were submerged in water 8 m deep. Survey on
marine organisms were conducted by Prof. M. Ohno of the
Kochi University �992 Ohno!.

It was found that diatoms began to adhere to the blocks
coated with ferrous sulfate  Fe block! one month after
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submersion. The diatoms then turned to brown, and two months

later filamentous entromorpha had grown to 1-2 cm high. On
the other hand, it was found that diatoms began to adhere to the
uncoated blocks  not coated with ferrous sulfate! two months

after their adherence to the 1 e blocks.

The transition in seaweed adhesion to the Fe blocks

showed a seasonal shift in the formation of the plant
community from calpomenia sinuasa of brown algae to zonaria
diestingiana, as seen in Table 1. The kinds of seaweed that
adhered to the uncoated blocks was similar to those on the Fe

blocks, but their growth tended to be delayed and the extent of
their growth was less.

Entering autumn, there were certain changes in the kinds
of seaweed that adhered: seedings of padia arborescens of
brown algae and sp. siiliquastrum of sargassum were confirmed
on both types of blocks. Seedings of ecklonia cava on the Fe
blocks were further confirmed. In autumn, brown algae grew
remarkably, and at the same time the amount of growth
increased. The amount adhering to the Fe block was larger, but
the kinds of seaweed that adhered showed the same patterns for
both kinds of blocks. Two years and four months later  June 13,
1986!, large-size brown algae of the perennial type, such as
sargassum, had adhered to both the Fe and uncoated blocks.
Table 2 shows a comparison in marine plant growth between
these two block specimens. The dominant species adhering to
the Fe blocks included ecklonia cava, surgassum tortile, padia
arborescens and agar-agar. On the uncoated blocks, similar
plants adhered, but the amount was larger for Fe blocks than
the uncoated block».
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Table 1, Early period changes in the growth of algae on the Tei test block.
Concrete BlockFe Coated Block

4 5 6 7 9 1011121 2 34 5 6 7 9 1011121 2 3

~ . ~ ~ ~ ~ ~ ~ ~~ .. ~

~ ~
~ ~ ~ ~ ~ ~ ~ ~ ~ ~

~ ~ ~
~ ~ ~~ ~ ~

~ ~ ~
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Enteromorphs intestinalis
Baronis
Cladophora sp.
Bryupsis plumoss
Monostroma nitidumw
Diva Japonica
Ectocarpus siliculusus
Shpscclaria sp.
Dictyota dichotoma
Dictyopteris plifera
Zonaria diestingians
Padia arborescens
Calpomenia sinuasa
Sargassum tortile
Ecklonia cava
Pachydictyon coriaccum
Sargassum okamurse
 ielidium pusillum
Getidium amansii
Pterocladia capilacea
Veyssonclis caulifers
l.ithothsmnium cystocarpideum
Amphiroa dilatats
Curallium pilulifera
Jania sp.
Plocamium telfarin
Hypnia chsriodes
Tylotus lichenoides
Chsmpia parvula
Wrangelia japonica
Spyridia filamentoss
Ceramium sp.
Congregatocarpus pacificus
Heterosiphonia sp.
Polysiphonis sp.
Laurensia sp.
Symphyucladia msrchantioides
Herposiphonia tenella
Ulvsia obscura
Lomentaria catenate

~ ~
10 g/m 10-50 g/m 50-100 g/m 101-500 g/m 50- g/m



Concrete
Vpper

I 2

BlockConcret«Block
Side

L pper Below
Surface Surface

0.9

Location Fe Coated
Vpper

1 2
Side

l'pper Below
Surface Surface

0,5! +

Name

Ulva pcrutusa
Entero!norpha intestinalis
Cladophora ohkuboana
Cladophora sp
Cheatomorpha sp.
Cod!um adhaerens

O. I

0,1 +
+
+
+
+

4.8 +
+
+

770.0 +
31.2 +

+
342.8 +

64 +

Sphaccclana sp.
Dictyota dichotoma
Dtctyoptens prohtera
Zonaria diestingiana
Pockockillavariegata
Padia arborescens
Ecklonia cava
S. patens
Sargassum tortile
Sargassum okamurae
S. tort!le

163
2,3

1.2
3.4

0.4

445. 2
212.0

615.0 1,398.4
246.4

485 6 !,340.0
864 4

1,865.6
18'3.6
73,2

790. 5

1,040.8
1,382.8

1,771.6 !,355.?
9,4 0,8

46. 8
2.6 107.8

297 6 38.0

52.0

141. 2

Actinotirchia frag!la
Galaxaura fastigiata
G. falcata
Gelidium amansi!
G. pacificum
Beckcrclla subcoasttata
Pterocladia capilacca
Chondrococcus !aponica
Peyssonclia cauhfera
Peyssonellia
Poshella sp,
Amphiroa zona a
A . dilatata
Marginisporum aberrans
M. crassisimum
A. dilatata sp.
coralliurn piluhfera
Jania decussato-dichotoma
Carpopeltis angusta
Carpopeltis angu»ta sp.
Plocamium telfana
Hypnia chariodes
Hypnia chariodes sp.
Gymnogongus flahel!iform a
Gogartina intermedia
Chondrus occellatus
Champ!a parvula
Centroceros clavulatum
Microcladia elegans
Ceram!urn sp.
Nttophyllum sp.
Martensisia denuculata
Laurensia sp.
Total

0.1
+
+

11.3 +
+

5'2.0
158

2 1.6
25.6

15.1 10.8 0.7
?.6

50

+
16.1 +

+
+

1!.8 6.728.0

+
+ +
0.9 +
0.3 +
5.8 +

+

+
14.0 5 6 6.5

I. I
4.6

+
36

+
3.6

+
12 3

+
2 I 

3016.05.0

12.8
9.1

04

1,3
002

1.2 I !
5.860

+
29 +

+0.5

20
0.4 13!

66.7
01

0?
'! 4
11.0

0,6:5,8
6.6 0.1 0.3

+

+ +

+ +
8.8 +

!,	2.4 I, I S2.5
0.7 I

:, I?4.7 1,22 !.6 1,636.4
21. 2

1,445 5
0.1

!,171.??,567.2
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Table 2. The algae growth two years and four months after
being submerged.



Experiments at the Kanagawa Prefecture

 l! Concrete block installation site and method:

A total of 14 X-shaped concrete blocks, weighing 40 tons
each, were submerged in water 6-7 m deep off Enoura and
Miyukigahama in Nebugaw a, Odawara City, Kanagawa
Prefecture in November 1993  Fisheries Research Institute of
Kanagawa Pref. 1995!. As shown in Table 3, the surface of each
block was processed in one of following ways: I! lattice
shaped, 2! lateral-strip shaped, 3! broken-stone embedded, 4!
not processed and 5! ferrous sulfate coated. Both ferrous sulfate
coated and uncoated blocks were prepared. These experimental
blocks were first submerged in November 1993 in the sea area
where seaweed grows in order for seaweed to adhere and grow
on the concrete blocks. Then, in December 1994, these blocks
were transferred to an underwater experimental site at
Miyukigahama, and discussions were made on seaweed growth
conditions and the effects on the gathering of aquatic creatures
after the transfer.

Table 3. Surface Processing of the Concrete Bow.
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�! Seaweed adherence conditions by visual observation:

Table 4 shows the monthly adherence area  %! for the
seaweed and the number of kinds that adhered on the surface of

each block, and Figure 1 shows the seasonal changes in the
quantity that adhered and tangle length of ecklonia cava grown
on the blocks.

The number of kinds of seaweed that adhered was small

one or two � in December 1993 after two months of

submersion, but it increased from January 1994 to record 11 at
maximum  average for 14 blocks! by April. When observing
the effect of surface processing and ferrous sulfate on the
seaweed adherence, there was a difference in the number of
kinds for each block by around May to June, and after June the
trend was that the number of kinds was small for the ferrous-

sulfate coated block and for the lattice shaped and lateral-strip
shaped blocks coated with ferrous sulfate. The cause for such
seaweed adherence conditions i» considered to be attributable

to the fact that the ratio of coverage of the block surface with
ecklonia cava was extremely high during summer and thus
sunlight was cut off by the ecklonia cava to arrest the growth of
the weeds below the ecklonia cava.

After transferring the blocks to Miyukigahama, follow-up
surveys were made on four of the 14 blocks. Compared to the
adherence level before transfer, the number of kinds that
adhered was small � two � for the ferrous-sulfate coated

block and no difference in the number of kinds was observed

for other blocks between 1993 and 1994. The adherence ratio

stood at less than 5% to 15% by January 1994 but increased
from February to show more than 80% for almost all blocks in
April to September. When examining the emergence conditions
of common seaweed, the adherence ratio of ecklonia cava was

high on the ferrous-sulfate coal.ed block and then on the lateral-
strip and broken-stone embedded blocks on which ferrous
sulfate was coated. On the ferrous-sulfate uncoated and not

processed blocks, the adherence ratio of ulva pertuna was high
while that of ecklonia cava tended to show a lower level.
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When observing changes in the quantity of seaweed, the
quantity that adhered was large for the ferrous-sulfate coated
and processed blocks and the ferrous-sulfate coated blocks in
the period from February to April. Accordingly, it is considered
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Figure I. Seasonal changes in the quantity  nuntber of stocl sl and
tangel length of ecklonia cava.
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that these facts show the effectiveness of ferrous sulfate in the

adherence of ecklonia cava. However, the density of seaweed
brought about by their steady growth since August had become
uniform and the difference in the amount that adhered by block
had thus become small. The maximum length of tangles
reached 70 cm in August to September, and the growth of
tangles by block showed the tendency toward longer tangles in
the broken-stone embedded blocks on which ferrous-sulfate

was coated and ferrous-sulfate coated blocks.



As stated above, it was confirmed that the concrete blocks
whose surface properties were transformed by the use of
ferrous sulfate were more effective in causing the adherence
and breeding of seaweed.

Application in lobster reefs:

Next, examples ot'experiments conducted on blocks
coated with ferrous sulfate for use in breeding lobsters is
introduced below.

Generally, lobsters grow by consuming fishery products
and fishery products grow by consuming seaweed  lobsters are
eaten by octopuses! � thereby establishing a food chain.

The blocks for use in these experiments were submerged
in water 12.5 m deep, 2,300 m of'f Kogachi, Agocho,
Shimagun, Mie Prefecture on November 12, 1983  Tetsuo
Suzuki, 1993!. Figure 2 shows the configuration of the
submerged blocks. The seabed around the blocks was covered
with sand, debris and boulders, where only siiliquastrum,
ecklonia cava, gelidium amansii and other seaweed grew
naturally.

Figure 2. Bloc/ arrangement for lobster habitats.
291



In the surveys made the day after submersion of the
blocks, 70 fish comprising six varieties were observed around
the blocks. Every year since then, follow-up surveys have been
conducted, with the first one showing that ecklonia cava
communities had formed on the blocks one year after
submersion. Along with this, lobster fry were stocked among
the blocks, and surveys were made on the growth conditions by
implementing trace stocking as the fry grew. After the lapse of
about three years, a new ecological system of seaweed � fish
and fishery products � lobsters had formed in the area
centering on the submerged blocks. In the surveys conducted in
September 1993, the growth of innumerable fishery products
and lobsters was confirmed, fully proving the effectiveness of
Fe blocks in the breeding of seaweed as well as lobsters.

Technology for Artificial Upwelling in Japan

It is known that nearly 100 times more fish can be
produced in an upwelling area  Ryther 1969!. In Japan, since
1986, research on artificial upwelling has been carried out and
actual size of experiment was conducted at Toyama Bay
through 1989 to 1990.

As can be seen in Figure 3, recent research using six sets
of cement concrete wall stands with 10 m in height and 20 m in
width on a shallow ocean floor with a depth of ca 30 m was
conducted by the Marino Forum 21 and Ehime Prefecture and
its upwelling effects of surface water was evaluated. Those six
wall stands were set on a line within 190 m in perpendicular to
29.4 degree east from north, and there were six small wall
stands of 10 m high and 10 m wide in both sides of the wall line
about 35 m away from the main wall. After setting the wall
stands, tidal current speed was increased about 20% in the area,
vertical mixing velocity increased about 60.5, nutrient
concentrations in the euphotic zone increased 2-4 times
compared with background condition without the wall stands,
chlorophyll concentrations increased 2-3 times as well as
significant increases of zooplankton biomass and settling
materials to the bottom  Yanagi and Nakajima, 1991: Imamura
and Suzuki, 1993!. Test catch of fishes was at least 142 Kg
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7,5

Figure 3. Size and strueturt of wall stands for upwelling.

 fresh weight!/Km'/year in the area of 24 Km-' within a few
years after the wall stands were set  Nakamura, 1993!. The
success of this experiment encourages the idea of upwelling by
constructing man-made structure at the sea bottom.

Nutrient rich water is also good for growth of algae. So,
when we think about next generation type of open ocean
aquaculture, in combination with artificial upwelling and algae
cultivating technology which was mentioned in this paper, there
might be a great opportunity to newly create a habitable
environment for fish and marine organisms.

Conclusion

The creation of artificial seaweed communities is deemed
very important, as is the afforestation of mountains, in that the
formation of seaweed communities provides new habitable
environments for marine organisms. Presently, the areas where
green, brown and red algae, called seaweed, can grow are said
to account for 3% of the world's total sea area, and it is
estimated that in only  !.3% of thi» 3% can vegetation be
observed.

On the other hand, there is a large stock of nuirients in
suitable proportion for plant use in the subsurface water below
ca 100 m in the world ocean, surface water of the ocean can
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then be fertilized if the subsurface water is lifted up to the
euphotic zone.

In this paper, experimental results, both artiftcial
cultivation of algae and upwelling structure, were introduced.

The author strongly believes that combination system of
these technologies gives us new ideas and possibilities for
developing the next generation type of open ocean aquaculture.
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Abstract

Researchers at the University of Hawaii at Manoa have
been engaged in the study of artificial upwelling and mixing
 AUMIX!, a new technology essential for the realization of the
idea of open ocean mariculture using nutrient-rich deep ocean
water  DOW!. A complete realization of an open ocean
aquaculture with deep ocean water requires technological
advances in physical oceanography, ocean engineering, and
marine biology. A wave-driven artificial upwelling device has
been developed on the basis of mathematical modeling and a
series of hydraulic laboratory experiments. Performance of this
device was tested by a field experiment conducted in ocean
waters off the southern coast of Oahu, Hawaii. Further research
and development in the area of DOW plume mixing in the
ambient ocean and the DOW-enhanced marine productivity are
anticipated.

Introduction

Many of the world's fishery resources are presently over
exploited and in a state of decline. This is happening in a period
when the world population continues to increase. Increase in
fishery yields will require better management at both national
and international levels. Also necessary will be the
development of new technologies such as stock enhancement to
restore many of these resources. A technology that could

29S



enhance fishery resources is the application of deep ocean
water  DOW! to the surface through artificial upwelling to
enhance food webs. With the exposure of these relatively high
nutrient waters in sufficient volumes to sunlight and surface
residing communities, local increase in production may be
possible.

Land-based aquaculture using deep ocean water pumped
from the ocean depths into man-made ponds and enclosures has
been in existence for more than a decade. It has been conducted

on an experimental basis in the U.S. Virgin Islands, and on a
commercial basis at the Natural Fnergy Laboratory of Hawaii
 Daniel, 1984! and at Kochi Artificial Upwelling Laboratory in
Japan  Nakashima et al., 1989!. These land-based aquaculture
enterprises have used DOW for growing algae at the base of the
food web  kelp, Gracilaria and Spirulina! as well as in the
aquaculture of primary herbivores  e.g., abalone! for
commercially successful ventures in Hawaii.

However, land-based aquaculture is small in scale:
providing adequate food supply for the world's increasing
population requires a large-scale development of open ocean
mariculture. Increasing fish production in the ocean enriched by
DOW can occur through either increased primary productivity
or a shortening of the food chain. A very important aspect to
this enhancement is undertaking the effort at a sufficiently large
scale to allow meaningful surface enhancement to occur.
Theoretically, the larger the scale of enhancement, the longer
and more complex the enhanced food web will become.
Preliminary experiments in Japan have demonstrated the
viability of combining artificial reef and fish aggregation
devices with deflectors that alter current flow and cause

upwelling which attracts fishes as well as enhances local
productivity in shallow waters  Grove et al., 1989!.

One of the major deterrents to a large-scale development
nf open ocean mariculture has been the energy costs associated
with artificial upwelling. The objective of the first phase
research is to develop a wave pump which brings DOW cost-
effectively to the surface.
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Development of a Wave-driven Artificial
Upwelling Device

Wave-driven artificia upwelling, which converts the wave
power to the kinetic energy of upwelled DOW, can be achieved
by a device shown in Figure l. As the wave crest approaches,
the flow-controlling valve of the device is closed and the water
column inside the device rises together with the device. As the
wave descends, however, the valve is open and the water
column inside the device continues its upward movement due
to inertia. Therefore, when a device moves up and down in the
ambient waves, the water column inside the device keeps
moving upward thus bringing the DOW to the surface.

The performance of the device can be evaluated by a set
of mathematical equations which describe the simultaneous
movement of the water column inside the device and the device
itself.

When the valve is closed, the velocity of the water
column relative to the device is zero or,

U=O Figure 1. Wave-driven artificial upwetling.
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Under this condition, the equation of motion of the device
takes the following form:

 m+m !z'= -m "- bz � P-'~z � pg5,,:+ F �!

where m is the mass of the water in the pipe; z is the
displacement of the heave of the buoy above still water line; m
is the mass of the floating system; F is the wave exciting force
in the vertical direction.

When the valve is open, the relative acceleration of the
water column to the device can be determined by:

U+z'+ g = 0z+h
�!

L+h '

In deriving Eq �! the dynamic pressure produced by
surface waves is ignored.

The equation of motion of the device when the valve is
open takes the form of:

mz = -m z'- bz � Pz~z � P U' � pgS z+ I"' �!

Eq �! and Fq �! are similar except that in Eq �! only the
mass of the floating system is considered, and in Eq �! the
viscous effect due to relative movement of the water inside the

pipe is included.

The added mass m, damping coefficient b, and exciting
force F are important parameters describing the wave and
device interaction. The exciting force indicates the magnitude
of external force acting on the device and is a function of
incident waves. The added rhass and damping coefficient
indicate the extent of resistance and are functions of device

design, i.e., the dimensions of the device, tail pipe length, etc.

According to the three-dimensional linear wave theory,
values of added mass, damping coefficient and exciting force
can be determined by integration of velocity potentials over
wetted surfaces  Faltinsen and Michelsen, 1974!.

The modeling equations, along with known added mass,
damping coefficien, and exciting force constitute a general
mathematical model of wave-driven artificial upwelling. A
computer program was prepared to solve the modeling

298



equations numerically by a Runge-Kutta method  Liu and Jin,
1995!.

Various device designs were considered and evaluated by
mathematical modeling and by a series of hydraulic
experiments which were conducted in a wave basin at the
Oceanographic Engineering Laboratory of the University of
Hawaii testing  Chen, Liu and Guo, 1995!. The final design of
the device selected consists of two principle parts; �! a buoy
with a water tank of 4.0 m in diameter and �! a long tail pipe
with flow controlling valves 300 m long and 1.2 m in diameter.
This device can produce an upwelling flow of 0.95 m3/sec in
random Hawaiian waves  Liu and Jin, 1995!.

A simple predictive equation for a quick estimation of the
rate of upwelling flow was formulated based on the dynamic
consideration of the movement of the water column relative to
the movement of the device. This simple equation takes the
following form:

Q= �  I + 0!
T

�!

Where Q is the rate of upwelling flow; A is the cross
section area of the tail pipe; H and T are the wave height and
period; e and P are empirical constants.

The empirical constants tx and P can be determined using
hydraulic experiments and mathematical modeling. The
coefficient a represents the ratio of the oscillation displacement'
of the device to the wave amplitude. It approaches 1 when the.
wave period is large and the device nearly follows the wave
motion. However, for ordinary wave periods of 8 to 12 seconds,.
mathematical modeling suggests that ct is about I.S. Wave
period and the length of the tail pipe determine the values of P,
or P = f  T, L!. When the wave period ranges from 8 to 12
seconds and the tail pipe length ranges from 150 m to 350 m,
the coefficient P can be determined by:

P = � I 1 � exp - � 	l7 100
T L
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Field Testing

A wave-driven artificial upwelling device was designed
and constructed in the Hydraulic Modeling Laboratory of the
Department of Civil Engineering, University of Hawaii at
Manoa  Figure 1!. lt is a 1/10 model of the full size device.
The buoy, made of a syntactic foam, is a 40-inch diameter
vertical cylinder with a height of 20 inches. The center of the
buoy is hollow with a 20-inch diameter cylindrical water
chamber. The top and bottom of the buoy are reinforced with
sheets of 0.75-inch thick marine plywood. The cylindrical
water chamber extends from the lower plywood sheet to the
upper plywood sheet. The center of the upper sheet has a 16-
inch diameter hole for ventilation. A 2-inch outflow pipe, made
of plastic, is 10 inches above the lower sheet. The entire buoy is
held together with eight 5/16 inch threaded rods which extend
from the bottom sheet to above the top sheet. The entire buoy,
excluding the tail pipe, weights about 90 pounds when wet.

A 4-inch diameter PVC tail pipe protrudes from the
bottom of the buoy. The pipe is connected to the lower plywood
sheet by a bolted flange. The flow-controlling valve is a rising
stem type and is constructed of light-weight materials to allow
the valve to open and shut with minimum of force. The end of
the stem is threaded to allow weight to be easily added or
subtracted from the valve stem so that the performance of the
valve can be adjusted during field operation. The tail pipe is
made of five 20-foot sections, which are connected together by
threaded couples. Each pipe section weights about 90 pounds.
The bottom three feet of the last tail pipe section is made of
steel to provide a stabilizing weight.

The field experiment was conducted on July 20, 1996.
The buoy and tail pipe sections were transported from the
Holmes Hall of the University of Hawai'i to the Ala Wai Boat
Harbor by a cargo van, and then manually loaded on a 43-foot
vessel Una Mara. The vessel has a flush deck with no cabin

which is ideal for this experiment. The first two tail pipe
sections were connected to the buoy before leaving the dock.
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The vessel was then sailed to the test site located approximately
one mile off the south coast of Oahu.

The buoy with initial 40-foot tail pipe was placed in the
water first, while the end of this pipe was kept in the boat. The
remaining three 20-foot pipe sections were then screwed on and
were fed out until only the end section was on the boat. The last
steel section of the pipe was then screwed on. At this time a
retrieval rope was attached and the end section was placed in
the water and allowed to sink.

During the experiment, ocean waves were three feet high
and choppy. The smallest weight available was first attached to
the flow-controlling valve. As soon as the buoy was deployed,
it started to pump water. Therefore, the weight on the stem of
the valve was not modified again. A fluorescent dye was
released to measure the rate of upwelling flow produced by this
device. This was accomplished by a scuba diver who descended
to the lower end of the tail pipe and released a dye packet. The
rate of upwelling flow can be estimated in terms of the time
required for the dye to travel through the entire length of the
tail pipe. The experimental data showed that the dye traveled
through a 80-foot section of the tail pipe in 50 seconds, or an
average upward flow velocity of 1.6 feet per second. This
corresponds to an upwelling flow of about 0.14 cubic feet per
second  cfs!, which is very close to the value of 0.11 cfs as
calculated by Eq �!.

Conclusion

Mathematical and hydraulic modeling experiments
indicate that a wave-driven artificial upwelling device
consisting of a buoy with a water chamber of 4.0 m in diameter
and a tail pipe with flow controlling valves of 300 m long and
1.2 m in diameter can produce an upwelling flow of 0.95 m'/
sec in typical ocean waves off the Hawaiian Islands.

A predictive equation was derived based on mathematical
and hydraulic modeling analysis. It calculates the rates of flow
rate produced by the wave-driven artificial upwelling device
with different dimensions and under different ambient wave
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conditions. A preliminary field testing has shown the viability
of this predictive equation as an engineering design tool.

Further research efforts will be made in the following
areas: �! the design of DOW effluent diffusers based on a
better understanding of the transport and mixing characteristics
of DOW plume in the open ocean, �! experimental and field
investigations to determine both pelagic and shallow benthic
community responses to the addition of DOW, �! the
development of an ocean ecosystems model of upwelling
mariculture, and �! field implementation of the deep ocean
water  DOW!-enhanced open ocean mariculture.
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