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We explored the possibility of recycling large-scale obsolete vessels for upwelling deep sea water artificially to enhance the
biological productivity in coastal areas. Large vessels as upwelling generator structures can create an extraordinary volume and
height of upwelling flow, by far exceeding the capacity of conventional structures. Hulks also serve as grand-scale artificial fish
reefs to preserve and nurture marine life. We estimated the impact of obsolete vessel structures on biological productivity, as-
suming such vessels are installed in the Japan Sea near Hokkaido. There are good prospects of recycled vessels being consid-
erably more efficient than the hitherto-used structures, with their capability to help enlarge the developable sea areas as fishing
grounds, as well as their usefulness in the creation of fishing grounds in deeper offshore waters.
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1. INTRODUCTION

Recently, attempts at fertilization of coastal waters
through artificial upwelling of high-nutrient deep sea water
into the euphotic zone are being made in several regions of
Japan, including Ehime, Nagasaki and Hokkaido. When the
sea areas are fertilized by the implementation of artificial
upwelling systems, the improved feeding environment will
nurture rich living aquatic resources which otherwise will
not prosper, but rather diminish at the earliest stage of de-
velopment. Such efforts to sustain and increase resources
through the stabilization of ecosystem should be positively
encouraged as key projects in the fisheries-industry infra-
structure building. The wall- and mound-type artificial up-
welling structures have been developed, and are already
undergoing at-sea experiments”. However, all those struc-
tures are installed within the depth range of around 50 to 80
m; too shallow to accomplish the direct upwelling of the
deep water that is known to lie in a Jower zone, for example,
150 to 200 m and deeper in the Japan Sea area. A new arti-

ficial upwelling technology, usable in deeper zones, is
needed for the fertilization to be effective. In offshore areas,
where new fishing grounds are expected to be developed,
the systems must be of larger scale and capable of accurate
evaluation of the effectiveness of development, since
changes in submarine topography are milder than those in
coastal areas.

The focus of this study is on the utilization of obsolete
large merchant vessels, which are likely to have applicabil-
ity to the deeper zones while meeting the requirement for
larger-scale systems. A case study was conducted in the
Japan Sea region of Hokkaido, where vessels were installed
offshore to serve as man-made upwelling generator struc-
tures that would send up deep water directly. An evaluation
was then made on the fertilizing effect of the resultant up-
welling flows.

2. Recycled vessels - characteristics as artificial
upwelling generator reefs
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Fig.1 Conceptual rendering of an obsolete vessel utilized as an
artificial upwelling structure.

Fig. 1 is a conceptual rendering-of an large-scale obsolete
vessel utilized as an artificial upwelling structure (hereafter
called an "obsolete vessel structure”). We experimented on
ships ranging from those with few superstructures such as
tankers, full containers or bulk carriers, and with those
whose entire mass consists of superstructures such as pure
car carriers (PCC). In many cases the ship's cross section
was almost rectangular, and for that reason, careful consid-
eration had to be given to its upwelling efficiency, installa-
tion methods, and post-installation stability when deciding
which part - the bottom, the upper deck or the flank - should
be brought into contact with the sea floor. The following
subsections discuss the characteristics of obsolete vessel
structures.

(1) Applicability in creation of offshore fishing
grounds

Obsolete vessel structures can measure by far larger in
size than the conventional man-made upwelling structures
in height and width (a few times each, making up a several
times larger volume). They have potential for application in
sea areas as deep as and deeper than 100 m, where it was
hitherto considered difficult to create fishing grounds by
means of man-made devices due to the limitations imposed
by construction technique and cost effectiveness.

(2) A leap upward in upwelling efficiency

Obsolete vessel structures will allow the high-nutrient
waters to come upwelling directly from the deep layer, thus
effecting a significant increase in the ratio of biological
productivity to upwelling flow volume by comparison with
any existing systems.

(3) Ecosystem-based structures
Obsolete vessel structures for artificial upwelling will
provide a means for improving the basic food environment
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Fig.2 Location map of the investigated area of the Hokkaido Japan
Sea. {a] to [i] indicate the observation points for nutrient data
analysis.

which depends on the amount of primary production. They
will also function like vast man-made fish reefs as a part of
an ecosystem-based fishery environment. Not only feeding
grounds but also hiding places will be provided for the
plankton-eating fishes that consume the primary foods pro-
duced by upwelling flows, as well as nurseries for the
higher-level predators.

(4)Economical efficiency

Through the effective recycling of used ships, obsolete
vessel structures will much improve the business efficiency
with respect to size of installed systems by comparison with
their existing counterparts. It would promise an even higher
level of cost effectiveness when the figures of upwelling
efficiency are allowed into consideration.

(5)Consistency with the recycling-oriented society

When utilizing abandoned structures and industrial
wastes as obsolete vessel structures, the process involves
less resource energy consumption and can be implemented
in shorter work periods for assembly and installation than
are required by the construction plan for new systems.

3. Applicability in the Hokkaido Japan Sea
area

(1) Hydrographic structure and biological produc-
tivity in the Hokkaido Japan Sea area

To clarify the oceanographic characteristics of this par-

ticular sea area, assessments were made using the published
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Fig.3 (a) is the temperature-salinity diagram for the point [a]
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(b) shows the changes in temperature and salinity as

functions of sigma-t, based on the data from 3(a).
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Fig4 (a) shows the cross-sectional distribution of seasonal
changes in nitrate concentration at the point [d]. (b) is a plot
of nitrate concentration at points [a] to [f] in Figure 2 as a
function of sigma-t, for spring (February through April) and
for autumn (September through October).
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Fig.5 Two-dimensional distributions of formation depth of 27.0-ot isopycnic surface (a), formation depth of 1% compensation
depth (b), required upwelling height(c), and internal wave height (d) in the Hokkaido Japan Sea in September.

data from Hokkaido Fisheries Experimental Station and the
Japan Oceanographic Data Center (JODC). The data in-
cluded the information about each layer of the area, col-
lected over the past 20 years. We prepared a chart with
10-minute (latitude and longitude) meshes, and replotted the
values of water temperature, salinity and transparency. Fig-
ures for each of the data elements were averaged by mesh
and by month, and then were used to calculate concentra-
tion and other relevant values. Since the data on nutrients
were too scarce in number to begin with, we could not treat
them in the same way as temperature or salinity. For nutri-
ents, only the eight observation points as shown in Fig. 2
([a] to [i]) were available.Fig. 3(a) shows the T-S (tempera-
ture-salinity) diagram plotted from the data for virtually
every month obtained at the point [a] of Fig. 2. Fig. 3(b),
which is based on the data from Fig. 3(a), shows the
changes in temperature and salinity as functions of ot
(sigma-t), indicating that the formation of a seasonal pycno-
cline occurs when the sigma-t value is around 27.0, and that
the sea water density depends significantly on water tem-

perature in shallower zones above 27.0 ot. It also indicates
that the formation depth of the 27.0-6t isopycnic surface
varies greatly with the seasons over a range as wide as 85 to
255 m. The observation data for nitrates, obtained at the
point [d] of Fig. 2, were also averaged by month, and were
used to graph out the seasonal change in cross-sectional
distribution of nitrate concentration as shown in Fig. 4(a).
The resultant graph shows that the nitrate concentration
varies significantly with the flux and reflux of the warm
Tsushima Current, if the water is shallower than 27.0 ot.
Around September each year, when the Current's flow
volume becomes maximum, the nitrate concentration low-
ers to the minimum level. From the end of October the
weakening of pycnoclines promotes the vertical mixing, and
the mixing reaches at its peak around February. Fig. 4(b) is
a plot of nitrate concentration at each point in Fig. 2 as a
function of sigma-t, for autumn (September through Octo-
ber) when the pycnoclines become most developed, and for
spring (February through April) when the vertical mixing is
most prominent. Where sigma-t is over 27.0, the ratio of
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nitrate concentration to the sigma-t value is almost fixed,
regardless of seasons or of observation points. At 27.0
sigma-t, the nitrate concentration value lies around 10.0
almost all year round. The same is true for other important
nutrients, the figure being 1.0 uM for phosphates and 15.0
uM for silicates, both at 27.0 sigma-t. We chose the forma-
tion depth of the 27.0-ot isopycnic surface as the reference
point in our research on deep-water dynamics in the Hok-~
kaido Japan Sea area.

Fig. 5(a) is the 2-D distribution chart of Hokkaido Japan
Sea area showing in what depth the 27.0- ot isopycnic sur-
face is formed in September, the month the warm
Tshushima Current flows at the full rate. The monthly
change in the 27.0-ot isopycnic surface formation depth is
in close correlation with the flow rates of the warm
Tshugaru Current and its northward branch, the Tsushima
Current. When the northward flow reaches its annual peak
in September, the 27.0-ot isopycnic surface lies deeper than
in any other months, although it would lie extremely shal-
low at some points near the Okushiri Island and around the
mouth of the Ishikari Bay.

Fig. 5(b) is the 2-D distribution chart showing in what
depth the 1% compensation depth lies in September, based
on the transparency data of Hokkaido Japan Sea area. As a
rule, the compensation depth becomes minimum in April,
the high season of primary production, and becomes maxi-
mum from September to October, when the influence of
warm Tshushima Current is strongest. In the innermost re-
cesses of the Ishikari Bay, by comparison with the other
areas, transparency remains lower and changes only within
a narrow range, due to its vulnerability to the riverine effects
via coastal waters.

Light is essential for the propagation of phytoplankton,
and compensation depth as shown in Fig. 5(b) is a deter-
mining factor for light intensity. On the other hand, the ref-
erence depth for nutrients is determined by the formation
depth of the 27.0-at isopycnic surface as shown in Fig. 5(a).
Fig. 5(c) shows the Hokkaido Japan Sea region in Septem-
ber, representing the 2-D distribution of required upwelling
height, which is defined as the difference between the com-
pensation depth and the 27.0-c isopycnic surface formation
depth. Actually, even where the required upwelling height is
visible on the chart, the position of isopycnic surfaces may
shift vertically or the pycnoclines may be broken temporar-
ily, under the influence of migrating low pressures or that of
shear flows between the upper and lower adjacent layers?.
This admitted, the chart can safely be assumed to provide a
reliable reference for the 2-D distributional characteristics of
the area's primary productivity, considering that the smaller
the required upwelling height, the larger the mass of nuiri-
ents transferred from the depth upward past the isopycnic
surface through such natural phenomena. Around the Oku
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Fig.6 Changes in upwelling flow volume and upwelling height are
shown in (a) and (b), respectively, as functions of the height
(H) of an obsolete vessel structure.

shiri Island as well as in the entrance area of the Ishikari
Bay, the values of required upwelling height become nota-
bly small in summer, with the warm Tsushima Current at its
peak of force, while the overall nutrient concentrations re-
main at a low level from early summer through autumn.
Thus the smallness of required upwelling height character-
izes these particular points as prospective grounds for artifi-
cial upwelling projects.

(2) Potential of obsolete vessel structures for in-
creasing primary productivity

In order to predict the upwelling effects of obsolete vessel
structures in the Hokkaido Japan Sea area, the structures’
upwelling efficiency must be calculated in advance. Re-
garding the upwelling characteristics of artificial upwelling
structures, data by Incorporated Association Marino Forum
21 are available, including the results of hydraulic model
experiments with various types of structures. In their re-
search, for example, dye (modeling nutrient) was put into
the bottom layer to evaluate how the concentration changes
as a function of the bottom water's upwelling height”. None
of their data directly dealt with the similar shape and con-
struction as the obsolete vessel structures we are proposing,
but, since the cross-sectional view of obsolete vessels pre-
sents the combined features of the wall type and the mound
type, we considered the upwelling characteristics of obso-
lete vessel structures to be represented by the intermediate
values between the wall and the mound type.

The two graphs in Fig. 6 outline the incremental charac-
teristics of upwelling flow volume and upwelling height
(HW), respectively, as functions of the height of an obsolete
vessel structure (H). The flow velocity of the bottom-layer
mainstream is assumed to be 0.4 m/s. According to the
graphs, if the structure’s height is the same, upwelling height
and attained depth are inversely proportional to each other.
They also show that while both the volume and height of
upwelling flow increase with the structure's height, the in-

- 240 -



Tide Sea surfacg
waves Secondary production
~0.2m o : :
Internal
waves
~80m

Fig.7 Upwelling generator model using an obsolete vessel in the
Hokkaido Japan Sea area where internal waves are domi-
nant.

creasing rate of attained depth as a function of the structure's
height depends almost solely on the shape of the structure
and remains nearly fixed, regardless of flow volume. Al-
though the current velocity in the bottom layer is fixed at
0.4 m/s for the purpose of Fig. 6, it was also recognized that
the higher the structure, the greater the ratio of increase in
upwelling flow volume to increase in the bottom-layer cur-
rent velocity.

Fig. 7 presents a conceptual drawing of the upwelling
model by an obsolete vessel structure in the Hokkaido Japan
Sea area. Tidal range is characteristically small in the Japan
Sea, so we can hardly draw on tidal energy. Instead, we
focused our research on the availability of internal wave
energy, as a usable type of natural energy, in upwelling
deep-water nutrients constantly past the pycnocline and into
the upper zones. Internal wave energy, in this particular
region, gathers from early summer to autumn and is in pro-
portion to the development of pycnoclines. This energy is
known here to equal or even surpasses tidal energy in terms
of amount, and, to become most dominant in summer when
nutrient concentrations drop significantly as clarified by the
hydraulic model experiments, modeling the Japan Sea, as
well as, through the oceanographic observations®. The es-
timated distribution of internal wave energy in terms of
wave height is shown in Fig. 5(d)”. The wave height is
relatively taller in coastal waters and becomes shorter
through attenuation in offshore areas. Apart from the re-
gional energy concentration observed inside the Iwanai Bay
to the west of the Shakotan Peninsular, the greater part of
internal wave energy runs northward and follows the con-
tour of the Peninsular, entering the Ishikari Bay to form an
energy concentration along the Bay’s entrance. At a few
points in these bay areas, the maximum wave height is es-
timated to reach as high as about 80 m.

Following, is the method for calculating the values of the
transferred nutrient flux in order to know how much nutri-
ent will be transferred into the zones above the compensa-

= Production % Production
(tonfyear) (a) (tonlyear) ®)
454
441 Existing wall-type
]
2 |
=
3
43
42
41 — m bt 41 — {\ﬂ e
139 140 141 142 139 142

140 141
Longitude Longitude
Fig.8 Expected annual increase in biological production in the
Hokkaido Japan Sea area, supposing artificial upwelling
structures are installed. (a) for the existing wall-type (height
10 m, width 45 m) . (b) for the obsolete-vessel type (height,
30 m, width 200 m).

tion depth by the use of obsolete vessel structures. First, the
vertical distribution of nutrient concentrations is worked out
from the values of 27.0-ot isopycnic surface formation
depth given by Fig. 5(a). The horizontal flow velocity gen-
erated at the installation depth is given by reference to the
internal wave conditions as shown in Fig. 5(d), and then, in
turn, is utilized to calculate the upwelling flow volume,
which is a function of horizontal flow velocity and height of
the structure, as plotted in Fig. 6. Lastly, the amount of
transferred nutrients is calculated from the values of up-
welling flow volume and deep-water nutrient concentrations
at the installation depth, by reference to Fig. 5(b) and Fig.
5(c).

The next step is to estimate the amount of primary pro-
duction and final biological production. This is done by
utilizing the data on transferred nutrient flux given above,
and, by using nitrogen as an indicator. In this research, we
adopted the typical C/N atomic weight ratio for phyto-
plankton (=4.3) to calculate the net primary carbon produc-
tion yielded by the upwelling flow. The estimation of pri-
mary production that is phytoplankton production was
based on an approximate figure (20.0) obtained from the
amount of carbon and the live weight of phytoplankton®. As
the conversion efficiency from primary production to each
higher trophic level, 0.15 (the figure for coastal areas) was
applied for both the plankton and the benthic ecosystems.
The energy transfer efficiency from primary production
(plankton ecosystem) to the benthic ecosystem was esti-
mated as 30%. Evaluation was made for two-leveled and
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Fig.9 Correlation of the expected range of developable area to the
expected increase in annual biological production (a), and to
the installed depth (b) in the Hokkaido Japan Sea area sup-
posing artificial upwelling structures are installed.

three-leveled trophic structures, assuming that they exist
fifth-fifty in both the plankton and the benthic ecosystems
6).7).8)

Fig. 8 presents the distribution charts of expected annual
increase in biological production, supposing two different
types of artificial upwelling generator structures are in-
stalied in the Hokkaido Japan Sea coastal regions. Estima-
tion was made for the wall-type (wall height 10 m, installed
width 45 m) and the obsolete-vessel type (height 30 m,
width 200 m), based on the 1-km mesh depth data. Fig. 9(a)
shows the correlation between the expected annual increase
by area and the expected range of productive waters (re-
gions developable as fishing grounds), with respect to each
structure type. The graph in Fig. 9(b) shows correlation
between the installation depth of artificial upwelling gen-
erator reefs and the expected range of developable waters.

This data points to the advantages of artificial upwelling
reef systems by obsolete vessels over the conventional
wall-type structures, in that the vessel-type has potential not
only to increase biological production by about 60 times but
also to extend the installable and developable sea area even
to the depth of 200 m and deeper, a depth where the existing
systems could hardly be efficient.

4. Conclusion

There are issues that still need to be resolved, such as the
correlation of ship's shape or placement with upwelling
efficiency, estimation of post-installation stability and dura-
ble years, or new sinking techniques to take full advantage
of ship's characteristics. The development of obsolete vessel
structures - the reutilizing of the biggest construction man
ever created - is a highly prospective means of realizing the
recycling-oriented society through effective use of limited
resource energy, as well as, exploiting the immense off-
shore regions for human activities worthy of remark and
expectations.
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