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Shelf-seiches off Susami, South of Japan (2)*

Shigehisa NAKAMURA**

Abstract: A linear model of seiches induced on a parabolic shelf was developed in order to
have a dynamical understanding of the specific oscillation with a period of 12 min observed
at a tidal station at Susami on the coast facing the Pacific Ocean. At first, a free mode of
oscillation normal to the coast facing a semi-infinite ocean was reduced as a solution for the
model, and then, it was found that such a specific oscillation with the period of free mode
could be possible if the tidal station was synoptically just neighbouring a spacial inflection
point of the barometric variations perpendicular to the coast or if uniform field of wind stress
covered the area around the tidal station. A resonant mode and other possible modes for
the model seem to support that the oscillation with a period of 12 min at Susami can be
taken as a seiche on a pertinent parabolic bottom profile of the approximated shelf. Any of
the external actions, e.g. the barometric variations or the wind stresses on the sea surface
could be a cause of the oscillations as the seiches induced on the shelf, and determine the
amplitude of the oscillations, although the details are left yet to be clarified. No waves

propagating along the coast were considered in this study.
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Feeding Habits and Copulation of
the Chaetognath Sagitta crassa*

Sachiko NAGASAWA** and Ryuzo MARUMO***

Abstract: Sagitta crassa occurs abundantly, particularly in summer, in the inner part of
Tokyo Bay. This paper deals with the feeding habits of this chaetognath. Qithona aruensis
was the most dominant prey, accounting for 95.4% of the total prey. Predators often con-
tained multiple prey. Food containing ratio (FCR) of this chaetognath reached a peak of
over 60% at 2100 and 2200. In order to estimate the daily ration of S. crassa, labora-
tory observations of digestion time were combined with field observations of prey numbers.
The daily ration was 7.1 prey or 5.2 #g in dry weight. Using this value for the daily ration
and the mean abundance of 2.1 Sagitta/l in water column above the thermocline, Sagitta
are calculated to consume only 14.9 prey/l/day. The Sagitta crassa population has little
impact on the prey (O. aruensis) population because the numbers of prey eaten accounted for
only 10 % of the adult copepods and 1% of the total prey available. Larger chaetognaths
showed negative electivity for O. aruensis indicating that they tend to avoid this prey.
Based on the appearance and disappearance of chaetognaths with spermatophores, the time
of cross-fertilization was deduced to occur from just before 0000 until 0200. Thus, copulation
occurs only at a certain period of night unlike feeding which occurs throughout the day

and night with a diurnal rhythm.

1. Introduction

MURAKAMI (1857) and MARUMO and MURA-
NO (1973) have reported the distribution and
species of chaetognaths occurring in Tokyo Bay;
a total of 3 genera and 16 species of chaeto-
gnaths were identified, although the number of
species occurring varied with season. Among
these species S. crassa TOKIOKA is the most
dominant and usually accounts for over 90 % of
all chaetognaths. This species occurs abundant-
ly in summer in the inner part of Tokyo Bay.
Due to the presence of large numbers of S.
crassa the numerical abundance of total chaeto-
gnaths is more than 20 times higher in Tokyo
Bay than in Suruga and Sagami Bays (MARU-
MO et al., 1978). This chaetognath includes
two types; S. crassa, the large form, is the
winter type and S. crassa f. naikaiensis, the

* Received August 25, 1983
** Qcean Research Institute, University of Tokyo
1-15-1 Minamidai, Nakano-ku, Tokyo 164 Japan
*#%% Present address: Nodai Research
Tokyo University of Agriculture, 1-1-1 Sakuraga-
oka, Setagaya-ku, Tokyo, 156 Japan

Institute,

small form, is the summer type (KADO, 1954).
In this paper the two types are considered as
one species S. crassa.

This paper describes the feeding habits of S.
crassa in Tokyo Bay and the occurrence of
chaetognaths with spermatophores which offers
evidence of cross-fertilization. The feeding
habits of this chaetognath include food items,
food containing ratio (FCR), number of prey
per chaetognath (NPC), diurnal rhythm in the
feeding rate, daily ration and Ivlev’s electivity
index for three species of copepods on which
the chaetognath feeds. Data on feeding are
obtained from field samples and laboratory feed-
In Tokyo Bay, feeding im-
pact of S. crassa on Oithona aruensis FRUCHTL
(N1SHIDA and FERRARI, 1983) which is the
dominant copepod in summer is also examined.

ing experiments.

2. Materials and methods

Zooplankton tows were made 12 times at
intervals of one hour from 1900 on 13 July, 1979
through 0600 on 14 July, 1979 at Stn. TA (Fig.
1) using a Norpac net (0.33mm in mesh aper-
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Fig. 1. Sampling stations in Tokyo Bay on
July 13-14, 1979.

ture) (Series A). Water samples of 107/ were
collected from depths of 0, 5, 10, 15 (14m at
Stns. TA and T2), 20 and 30m at 4 stations in
Tokyo Bay (Fig. 1) and were filtered through
a 20 pgm mesh. The specimens retained on this
mesh are considered to be more than 20 #m in
size (Series B).
both series A and B were preserved in 5% buf-
fered sea water formalin on board.

In the laboratory, all chaetognaths were re-
moved from the samples of series A and counted.
Gut contents of S. crassa and chaetognaths with
spermatophores were analyzed. Food containing
ratio, the proportion of chaetognaths examined
that contained food (NAGASAWA and MARUMO,
1972, 1976), and number of prey per chaeto-
gnath (NPC) (FEIGENBAUM, 1979) were examin-
ed and food items of the chaetognath were
identified and counted. Analysis of chaeto-
gnaths with spermatophores was carried out for
specimens taken at 0050 together with those at
2300, 0000, 0100, 0200 and 0300.

The abundance of dominant species of copepod
and chaetognath was estimated from counts of
the samples of series B.

In the laboratory culture of S. crassa isolated
in 140 m/ containers, we investigated the num-
ber of copepods (Acartia clausi GIESBRECHT)
consumed by three specimens, S1, S2 and S3
(see NAGASAWA, 1984) during the day (0600-
1800) and night (1800-0600). The number of

The zooplankton samples of

copepods offered was not always the same,
ranging from 5 to 20. The relation between
food concentration and food consumption was
examined when O. aruensis was offered to S.
crassa. Three species of copepods (A. claust,
Parvocalanus crassirostris DAHL, O. aruensis)
of different size were offered to S. crassa to
estimate values for Ivlev’s electivity index
(IVLEV, 1961). After one day of starvation five
individuals of each of the three species were
offered at the same time. The feeding experi-

ments were carried out for 24 hours in the
dark.

3. Results and discussion

Of the 12171 chaetognaths examined, 3979
(32.7%) contained prey. Of the 3979 chaeto-
gnaths that contained prey, 3796 (95.49%) con-
tained O. aruensis, 159 (3.9 9%,) Pseudodiaptomus
marinus SATO and 29 (0.7 %) S. crassa. Five
specimens contained both O. aruensis and P.
marinus. Since they were counted twice, the
specimen number used for this calculation is five
more than 3979. Of the 12171 chaetognaths,
3447 (28.3%) contained 1 prey, 494 (4.19)
contained 2 prey, 29 (0.2 9;) contained 3 prey,
4 (0.03 %) had 4 prey and 5 (0.04%) had 5
prey. The number of prey per chaetognath
(NPC) always exceeded the FCR because of the
presence of multiple prey (Table 1}. A similar
result has been obtained for S. enflata (FEIGEN-
BAUM, 1979). In contrast, S. nagae in Suruga
Bay had almost the same values of FCR as
those of NPC, since this species rarely contained
multiple prey. The FCR values of S. nagae
were lower than those of S. crassa (Fig. 2).
Fig. 2 shows variation of FCR of S. crassa
from 1900 through 0600. The maximum peak
of FCR was found during the period from 2000
through 2300. In particular FCR values were
over 609 at 2100 and 2200, whereas they
decreased between 0200 and 0600.

The open and closed circles represent the
number of copepods consumed by specimens S,
S2 and S3 during the day and night periods,
respectively (Fig. 3). These three animals al-
most always consumed more copepods during
the night than during the day. The average
ratios of the numbers of copepods ingested dur-
ing the night to those consumed during the day



10 La mer 22, 1984

Table 1. Food containing ratio (FCR) and number of prey per chaetognath (NPC)
for 12 samples obtained at Stn. TA during the night.

Time FCR* NPC**

No. of chaetognaths

No. of chaetognaths

examined contatining food

1900 0.241 0.268 2427 586
2000 0.458 0.530 1842 844
2100 0.620 0.703 1067 662
2200 0.636 0.728 635 404
2300 0. 462 0.514 650 300
0000 0.295 0.331 420 124
0100 0. 443 0. 494 573 254
0200 0.211 0.242 417 88
0300 0.213 0. 263 639 136
0400 0.221 0.252 1044 231
0500 0.134 0.155 1281 172
0600 0.151 0.177 1176 178

Night mean 0.340 0.388 Total 12171 3979

Day mean*** 0.204

Overall mean 0.296

*

Time

Food items include copepods and chaetognaths.

o

**  Specimens containing chaetognaths were excluded.
***  This mean was estimated as 1/1.9 of night mean based on the laboratory feeding experiment
(Fig. 3).
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Fig. 2. Food containing ratio (%). Open circles,
Sagitta crassa, July 13-14, 1979, Stn. TA in
Tokyo Bay; closed circles, Sagitta nagae,
May 14-15, 1969, Suruga Bay (after NAGA-
SAWA and MARUMO, 1972).

were 1.9 for the three specimens. This suggests
that for S. crassa the value of NPC at night
is about twice that during the day. On the
basis of this result the mean value of NPC dur-
ing the day was estimated (Table 1). Like S.
crassa the value of NPC for S. nagae at night
is twice that during the day (NAGASAWA and
MARUMO, 1972). As in the field samples, it was
frequently observed that S. crassa ingested
several copepods in the laboratory during a
short period of time. Multiple prey are defecat-

N

o

+ o
~
~
=N
©
=)
~
=
o
©
o
o
~
~»
N
-~
o
o

0 T T T T
0 2 4 6 g 10 12 4 16 18

Days
Fig. 3. Number of Acartia clausi consumed
over successive 12h periods by three speci-
mens of Sagitta crassa, S1, S2 and S3. Open
circles, day period (0600-1800); closed circles,
night period (1800-0600).

ed at the same time in the shape of chain, and
fecal pellets composed of several skeletons of
copepods are often found. High values of FCR
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and multiple prey indicate that the feeding ac-
tivity of this species is very high.

According to laboratory observations, diges-
tion time from the ingestion of prey (O. aruensis)
until the defecation was about 1 hour. In most
cases S. crassa excretes A. clausi 2 to 3 hours
after ingestion (NAGASAWA, unpubl. data).
Oithona aruensis takes less time to be digested
than A. clausi because of its small size. FEIGEN-
BAUM (1979) reported a mean digestion time of
3.2 hours for adult S. enflata and reviewed scat-
tered data in the literature. REEVE (1980) re-
ported food residence time in the gut of S.
hispida with age (0.5-11.5mm) and digestion
time of this species (8-10mm) as a function of
the number of copepods ingested. Digestion
times of S. hispida are from approximately 1
hour at 1mm up to 2 hours at 6 mm, at larger
sizes the digestion time stabilizes at about 2
hours. This apparent increase can be related to
the tendency of food size to increase with increas-
ed size of S. hispida. Multiple prey is common
in older animals and digestion time ranges from
1 to 5 hours for S. hispida (8-10mm).

The daily ration (R), expressed as the number
of food organisms per chaetognath per day, is
given by the following equation (NAGASAWA
and MARUMO, 1972; FEIGENBAUM, 1979):

_ NPCx21

R D

where NPC=number of prey/chaetognath, and
D=digestion time in hours. The overall NPC
for S. crassa is 0.296 (Table 1) and D is 1 hour,
making the daily ration=7.1 prey (O. aruensis)
per chaetognath per day. In the laboratory the
mean daily ration (R) of S. c¢rassa ranged from
8.7 to 10.4 prey (A. clausi) per day or was
about 60 ug in dry weight (NAGASAWA, 1984).
The daily ration of S. crassa in Tokyo Bay in
terms of prey number is not different from that
of S. crassa in the laboratory. However, the
daily ration of both in terms of dry weight dif-
fers because dry weight of O. aruensis is small-
er than that of A. clausi. Since the dry weight
of adult O. aruensis was estimated to be 0.73
rg (NAGASAWA, unpubl. data), the daily ration
of S. crassa in Tokyo Bay on a dry weight
basis, is only 5.2 ug which is less than one-tenth
of the value for S. c¢rassa in culture. Accord-

ing to laboratory observations, the feeding rate
of S. crassa increased with food concentration
(O. aruensis) and then decreased (Table 2).
The daily ration observed for field samples is
similar to that obtained at the food concentra-
tion of 10 prey per 100 m/. Even if S. crassa fed
on the maximum number of Qithona (Table 2),
mean daily ration in terms of dry weight is ex-
tremely small. This may be attributed to food
size preference. Chaetognaths 5 to 7mm in
length showed negative electivity for O. aruensis,
indicating that predators avoid O. aruensis
(Table 3). In contrast, these chaetognaths
showed positive electivity for larger copepods,
A. clausi and P. crassirostris, than O. aruensis.
REEVE (1980) has shown the relative proportion
of three size fractions of Acartia, nauplii,

Table 2. Mean daily ration of Sagitta crassa
when Qithona aruensis was offered as food.
Figures in parentheses show standard devia-

tion.
No. of Mean daily ration No. of ex
d i : .
S?fgigg ® No. of prey Dr}(fﬁgi)mght periments
10 6.7(1.3) 4.900.9) 26
20 10.3(3.6) 7.5(2.6) 11
30 18.7(4.9) 13.7(3.6) 10
40 21.3(8.2) 15.5(6.0) 4
50 15.0(5.7) 11.0(4.2) 2

Table 3. Comparison of the values of Ivlev’s
(1961) electivity index for 3 different co-
pepods and 9 individuals of Sagitta crassa.

Food items**

Predator

no. Acartia Parvocalanus  Qithona

clausi Crassirostris aruensis
1 0.09 0.09 —0.25
2 0.13 0.13 —0.40
3 0.00 0.20 —0.33
4 0.20 0. 20 —1.00
5 0.29 0.09 —1.00
6 0.20 0.20 —1.00
7 0.20 0.20 —1.00
8* —0.02 —0.02 0.13
9* —1.00 0.20 0.20

* Specimens 3mm long, whereas other indi-
viduals were 5 to 7mm in length.
*#* TFive individuals of each food item were

offered to S. crassa.
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copepodites and adults, consumed for a range of
sizes of S. hispida (0.5-11.5mm). This chaeto-
gnath Imm in size prefers Acartia nauplii and
this preference decreases with increase in length
of the predator. Acartia copepodites are eaten
by chaetognaths 2 to 5mm in length. Chaeto-
gnaths 2.5mm in length begin to eat adult
copepods and always choose adult Acartia by
the time they attain 6 mm. This coincides with
the size preference of S. crassa, although adult
copepods of different species and size were
offered to the latter.

20F e

Depth (m)

30fe . 1 30fe

Fig. 4. Abundance of Qithona aruensis adults
and copepodites (ind./102) (A) and of Sagitta
crassa (ind./107) (B) at Stns. T2, T4 and
T8 in Tokyo Bay on July 13-14, 1979.

Fig. 4 shows the vertical distribution of O.
aruensis, both adults and copepodites, and S.
crassa on the basis of abundance at Stns. T2,
T4 and T8 in summer.
abundant in particular in the inner part of
Tokyo Bay (above 10m) and P. marinus is
second in abundance to Oithona. Apart from
these copepods a small number of Corycaeus
and Paracalanus are present. The water of in-
ner part of the bay was stratified with a thermo-
cline between 10 and 15m. The averaged tem-
perature was 24.7°C at the surface and 18.7°C
at the near-bottom. From Table 4 we can see
that the S. crassa population has little impact on
the copepod populations. The mean abundance
of Sagitta of 2.1ind./l above the thermocline
results in the consumption of only 14.9 prey/
I/day. This is 109, of the adult copepod popu-
lation and 1% of the total prey available. Other
predators of copepods which occur abundantly in
summer have not been examined so far, but
some medusae, which occur abundantly in sum-
mer, are considered to have great impact on
the Oithona population. It is of importance to

Oithona aruensis is

Table 4.
species of copepod and chaetognath in the
inner part of Tokyo Bay.

Numerical abundance of dominant

O. aruensis

. Depth S.
Station (eylrjl) Copepodites ~ Adults (inégflﬁ)ﬂ
(inds./!

T2 0 875 144 0.3

5 1404 187 1.6

10 511 58 2.7

14 78 4 0.1

TA 0 1797 199 1.7

5 1891 218 3.4

10 396 74 3.1

4 114 17 0.5

above thermocline* 1146 147 91

mean

* The water was stratified with a thermocline
between 10 and 14 m.

Table 5. Data on chaetognaths with spermato-
phores which offer evidence of cross-fertili-
zation.

. No. of Sagitta

Time izénifngg'g(ilgﬁ xvﬁ}l‘)spe‘s;rfato- fgo}?

phores (B) ©
2300 650 0 0
0000 420 21 5.0
0050 1273 274 21.5
0100 573 151 26.4
0200 417 34 8.2
0300 639 0 0

investigate the feeding impact of S. c¢rassa on
A. clausi which is a more preferable prey than
Oithona for this chaetognath during the period
when A. clausi is the most abundant copepod
in Tokyo Bay.

Table 5 shows that Sagitta, collected between
0000 and 0200, had spermatophores.  Other
specimens, collected at other times, had no sper-
matophores. Spermatophores of S. hispida do
not remain on the outside cf the body for more
than 20 minutes (REEVE and WALTER, 1972).
On the basis of this observation, it is considered
that the cross-fertilization of S. crassa begins
just before 0000 and finishes after 0200. This
suggests that cross-fertilization occurs at a cer-
tain period of the night unlike feeding activity
which occurs throughout the day despite an ap-
parent diurnal feeding rhythm. Sagitta with
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spermatophores increased with time between
0000 and 0200 and the proportion of such
chaetognaths exceeded 209 at 0050. Most of
chaetognaths had one spermatophore but some
had 2 to 4. After cross-fertilization fertile eggs
are laid in the water column. Eggs in various
stages of development were collected from the
samples of series B at Stn. T2. Sagitta crassa
in culture usually lays eggs at dawn. Taking
account of the time of cross-fertilization, egg-
laying of this species occurs within a few hours
after this reproductive behaviour. According to
the literature on the time of egg-laying (CONANT,
1896; VASILJEV, 1925; GHIRARDELLI, 1968;
DarLoT, 1968; NAGASAWA and MARUMO,
1978), most of the species reported so far lay
eggs from nighttime through sunrise. Therefore,
cross-fertilization of most species is supposed to
occur at night as in S. crassa.
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Studies Concerning the Fishery Biology of the Sea Urchin Hemicentrotus
pulcherrimus (A. AGAssiz) in Kaji, Fukui Prefecture—IV.

Stock Size Estimation by DELURY’s Methods*

Kuniteru MAEKAWA**, Takashi NANBA*®*, Naonori ISHIWATA***
and Hiroshi FUSHIMI***T

Abstract: Applying DELURY’s catch-effort methods, the sea urchin stock size is analysed
from the viewpoint of fishery biology for three fishing seasons through 1966 to 1968 at Kaji,
Fukui Prefecture. Initial stock size for these seasons are estimated from the relationships
between catch per person and cumulative catch or cumulative fishing effort. Hereupon, the
effects of natural mortality, recruitment and the like seem negligible, because of very short
seasons in this sea urchin fishery. Characteristics in the fishery are also discussed in relation

to the stock size.
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Fig. 1. Sea urchin fishing ground and its segmen-
tation (A-F) on the coast of Kaji, Fukui Pre-
fecture. Area E, definable inshore by an emi-
nent edge of the rocky reef ‘“Takase’, distinct
from A, B and C, while its offshore limit is
variable by season, as in the case of Areas D
and F.
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Table 1.

fishing season in 1966 to 1968. ——: no fishing operation in concerned area.

La mer, 22, 1984

Daily catch-effort data in the sea urchin fishery at Kaji, Fukui Prefecture, for the

During each

season, suspension of fishing operation occurs in some days, because of stormy weather.

A:

1966 season

Catch in number

Number of fishermen

Date Catch in number per person
Fishing area

A B C D Sum E F Total

July 24 40, 066 40, 066
e _— —_— _ e —_— 68 68

589 58%
25 3,212 10, 519 7,319 11,196 32,246 32,246
6 17 17 28 68 e —_— 68
535 619 431 400 474 474
26 5,692 4,635 13, 398 9,419 33,144 33,144
9 12 25 23 69 e — 69
632 386 536 410 480 480
27 2,824 4,328 10, 809 5,127 23,088 494 23,582
7 13 27 18 65 _— 2 67

403 333 400 285 355 247 352

28 1,435 5,780 7,345 8, 437 22,997 1,319 24,316
4 19 20 23 66 —_— 5 71
359 304 367 367 348 264 342
29 3,556 3,471 4,089 8,045 19,161 1,326 396 20, 883
9 10 12 25 56 3 2 61
395 347 341 322 342 442 198 342
30 5,913 2,307 1, 246 4,792 14, 258 2,004 316 16, 578
16 7 7 17 47 4 1 52
370 330 178 282 303 501 316 319
Aug. 4 1,642 1,162 4,162 1, 503 8, 469 3,326 11,795
7 7 15 11 40 9 —_— 49

235 166 277 137 212 370 241
5 2,917 6,207 1,057 10,181 2,237 705 13,123
9 E— 22 6 37 4 3 44
324 282 176 275 559 235 298
6 1,795 3,095 2,686 7,576 3, 362 5,502 16, 440
— 8 13 7 28 8 16 52
224 238 384 271 420 344 316
7 657 1,871 4,011 2,932 9,471 980 7,395 17, 846
3 8 18 10 39 3 18 60
219 234 223 293 243 327 411 297
8 455 1,819 2,225 4,499 2,959 4,364 11, 822
2 —_ 11 10 23 7 10 40
228 165 223 196 423 436 296
9 527 1,381 2,052 4,192 8,152 1,598 5,249 14,999
2 7 15 16 40 3 9 52
264 197 137 262 204 533 583 288

10 1,668 1,230 1,993 1, 468 6, 359 3,822 5,400 15, 581
8 6 14 6 34 9 16 59
209 205 142 245 187 425 338 264

11 1,120 130 808 2,208 4, 266 5,168 6,311 15,745
5 1 4 10 20 12 15 47
224 130 202 221 213 431 421 335
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A B C D Sum E F Total
Aug. 12 455 867 3,301 4,623 14,533 3,004 22,160
3 —_— 6 16 25 34 6 65
152 145 206 185 427 501 341
13 231 459 770 1, 460 2,169 3,629
2 —_— 4 6 12 6 —_— 18
116 115 128 122 362 202
Total 32, 304 38, 609 69,679 69,358 209, 950 43,484 80,521 333,955
17 days 92 115 230 232 669 102 171 942
351 336 303 299 314 426 471 355

B: 1967 season

July 22 42,634 42,634
—_ —_— e E— — —_ 88 88
484 484
23 10,215 14, 395 13,753 22,570 60,933 60,933
18 23 16 39 96 —_ —_— 96
568 626 860 579 635 635
24 10,134 10, 316 10, 520 18,984 49,954 49,954
23 19 19 35 96 —_ —_— 96
441 543 554 542 520 520
25 1,897 7,226 10, 244 19,078 38, 445 38,445
4 18 22 41 85 _ — 85
474 401 466 465 452 452
26 5,419 3,281 15, 568 6,489 30, 757 30,757
12 8 35 20 75 _ —_ 75
452 410 445 324 410 410
27 3,419 2,676 14,913 5,078 26, 086 26, 086
9 11 36 17 73 _— —_ 73
380 243 414 299 357 357
28 5,919 797 8, 556 4,370 19, 642 2,214 21, 856
12 4 21 11 48 —_ 6 54
493 199 407 397 409 369 405
29 10, 287 552 4, 856 4,697 20, 392 20,392
20 2 14 14 50 _— — 50
514 276 347 336 408 408
31 2,427 9, 846 1,816 14, 089 14, 089
5 e 28 8 41 — —_ 41
485 352 227 344 344
Aug. 1 1,164 1,468 6,373 5,781 14,786 749 4,066 19, 601
3 5 20 16 44 1 6 51
388 294 319 361 336 749 678 384
2 2, 846 1,200 3,957 8,176 16,179 590 1,002 17,771
8 5 8 23 44 1 2 47
356 240 495 355 368 590 501 378
3 793 540 4,389 4,986 10, 708 1,202 6,583 18,493
3 3 12 16 34 2 13 49
264 180 366 312 315 601 506 377
5 4,719 5,598 10, 317 632 4, 806 15,755
—_— —_— 20 16 36 1 11 48
236 350 287 632 437 328
6 1,398 1,031 3,436 2,740 8,605 4,456 13, 061
5 5 12 9 31 —_— 11 42
280 206 286 304 278 405 311
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A B C D Sum E F Total
Aug. 8 2,683 1,371 1,994 1, 865 7,913 712 5,548 14,173
7 5 9 8 29 1 12 42
383 274 222 233 273 712 462 337
9 3,578 1,576 227 1,371 6,752 5,161 11,913
12 6 2 6 26 _— 13 39
298 263 114 229 260 397 305
10 5, 805 4,401 10, 206 3,973 14,179
16 _ —_ 13 29 —_— 7 36
363 339 352 568 394
Total 67,984 46,429 113,351 118,000 345,764 3, 885 80,443 430,092
17 days 157 114 274 292 337 6 169 1,012
433 407 414 404 413 648 476 425
C: 1968 season
July 22 44,550 44, 550
_ _ —_— — e _— 78 78
571 571
23 9,757 11, 268 7,315 14, 253 42,593 42,593
22 33 14 28 97 _— —_— 97
444 341 523 509 439 439
24 4,181 5, 863 14, 263 14,374 38, 681 280 38,961
11 16 24 36 87 —_— 1 88
380 366 594 399 445 280 443
25 5,185 6,319 12,593 11,722 35, 819 3,502 39,321
13 16 25 23 77 —_— 6 83
399 395 504 510 465 584 474
27 5, 837 5,147 10, 304 5,943 27,231 610 27, 841
12 10 24 19 65 _— 2 67
486 515 429 313 419 305 416
28 8,120 799 7,628 7,564 24,111 210 24,321
19 3 19 24 65 — 1 66
427 266 401 315 371 210 369
29 3,764 1,484 6, 813 9, 336 21,397 2,905 24,302
10 4 15 24 53 4 — 57
376 371 454 389 404 726 426
Aug. 5 8,920 4,993 2,565 5,090 21,568 1,055 22,623
21 12 5 22 60 —_— 2 62
425 416 513 231 359 528 365
6 3,893 694 6,119 6,641 17,347 2,813 3,599 23,759
11 4 16 22 53 4 6 63
354 174 382 302 327 703 600 377
7 2,179 986 4,528 8,749 16, 442 4,072 5,502 26,016
5 4 12 21 42 6 11 59
436 247 377 417 391 679 500 441
Aug. 8 210 283 3, 600 7,094 11,187 3,018 8, 200 22,405
1 2 10 20 33 4 18 55
210 142 360 355 339 755 456 407
9 995 1,699 7,988 10, 682 4,376 7,343 22, 401
—_ 4 6 22 32 6 14 52
249 283 363 334 729 525 431
10 412 5,394 1, 836 7,642 2,307 3,636 13,585
2 — 20 11 33 4 12 49
206 270 167 232 577 303 277
Total 52,458 38, 831 82,821 100,590 274,700 19,491 78,487 372,678
13days 127 108 190 272 697 28 151 876
413 360 436 370 394 696 520 425
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Fig. 2. Relationship between catch in number
per person, C:/X;, and cumulative catch in
number, K¢, for the sea urchin in the main
fishing ground (left side, A-D in Fig. 1) and
the whole fishing ground (right side, A-F in
Fig. 1) at Kaji for the fishing season in 1966
to 1968.
A-D:
1966 season, C:/X:=491.8—0.00155 K;;
1967 season, Ci/X;=580.8—0.00091 K;;
1968 season, C:/X¢=476.7—0.00061 K¢;
A-F:
1966 season, C:/X:=495.9—0.00082 K;;
1967 season, C:/X:=546.8—0.00056 K;;
1968 season, C:/X;=477.5—0.00032 K.

1968 47:  No=148.75 (139.59) x 104
Th -7,

boHr ENCEREAEN EL WL 0 &3
g, HER E) (D, @) ArbRb-H
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1967 4£: E=54.3 (54.1)
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Table 2.

Initial stock number and its relative estimates in the sea urchin fishery

at Kaji, Fukui Prefecture, for the fishing season in 1966 to 1968.

Fishing Catch Initial Catch- Exploi- Average catch  Stock
Season in stock ability tation in number number
areas number number coefficient rate per person remained
c No 4 E=C/No,%  Ci/X: No-C
A-D 1966 21.00x 10* 31,73 x 10** 1.55X 107%* 66.2* 314 10. 73 X 10**
29.67 1.67 70.8 8.67
1967 34.58 63.68 0.91 54.3 413 29.10
63. 86 0.88 54.1 29.28
1968 27.47 77.89 0.61 35.3 394 50. 42
69.61 0.70 39.5 42.14
A-F 1966 33.40 60. 48 0.82 55.2 365 27.08
66.72 0.69 50.1 33.32
1967 43.01 98.52 0.56 43.7 425 55.51
101.22 0.52 42.5 58.21
1968 37.27 148.75 0.32 25.1 425 114. 48
139.59 0.34 26.7 102. 32

* Upper row: estimates from the relationship between catch in number per person, C:/X:, and cumulative
catch in number, K:; lower row: estimates from the relationship between log C:/X:; and cumulative

fishing effort, E:.

2) GBI oWTE,

1966 4: E=55.2 (50.1)
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s D s
2) e,
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1967~1968 FEtkfa 2R 93.24 (81.38) x 10¢
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s Ci/Xe, E BX0§ L OBREEIRT S &,
Fig. 3 #\Ebis, C & Co/X: 1 No dRE W
FroakE <, 7, Bk g NookEwiEe
/NS WERNED DI,
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Fig. 3. Relationships between initial stock number,
No, and catch in number, C (uppermost), aver-

age of catch in number per person, C:/X:
(upper middle), exploitation rate, E (lower
middle), and catchability coefficient, § (lower-
most), for the sea urchin in the main fishing
ground (open circles, A-D in Fig. 1) and the
whole fishing ground (solid circles, A-F in
Fig. 1.) at Kaji during the fishing seasons
through 1966 to 1968.
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Intercomparison Test of Current Measurements
by Two Types of Mooring in Shallow Water

Yoshio TAKASUGI, Hideaki NOGUCHI and Munehiro YAMASAKI

Abstract: Current measurements with Savonius rotor-vane current meter are made for

comparing results by subsurface mooring with results by surface mooring in Seto Inland Sea.
Speeds measured by surface mooring are greater than those by subsurface mooring, when
current speeds are slow. At frequencies higher than 6X107*cph, the kinetic energy level
obtained by surface mooring is higher than that by subsurface mooring. This difference is
mainly attributed to the characteristics of the mooring line response to varying water motion.
However, the difference of the kinetic energy level between the two mooring types becomes
smaller if the velocity vectors are averaged over a period longer than ten minutes. The
effect of the mooring type on current measurements is not so significant for tidal frequencies.
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Fig. 2. Time series of the flow direction, speed and tilt of instrument. SBy: At 10m depth
by subsurface mooring, SBzs: At 25m depth by subsurface mooring. SFlo At 10m depth
by surface mooring. SFs: At 25m depth by surface mooring.
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Table 1. Means, variances and standard deviations
of current velocities (statistics of the 25-hour
record; 4176 samples at data sampling inter-
vals of 21.6 sec).

SB: Subsurface mooring, SF: Surface mooring,
SP: Speed, D: Direction, U: Eastward com-
ponent, V: Northward component.

Mean Variance Std. Dev.

SP D U Vv U \%
(cm/s) (deg) (cm?/s?) (cm?/s?) (cm/s) (cm/s)

SB (10m) 11.9 153 202.4 468.0 14.2 21.6
SB (25m) 11.2 145 242.5 369.0 15.6 19.3
SF (10m) 8.8 154 228.2 446.1 15.1 21.1
SF (25m) 10.0 155 422.2 279.4 20.6 16.7
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. Fig. 4-2. Speed versus speed plots by two mooring types SBss and SFas.
Symbols are the same as in Fig. 4-1.
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Solution of a Fourth Order Finite Difference
Vorticity Equation in an Ocean*

Satoshi MURATA**

All the numerical ocean models so far developed
are fundamentally based on the finite differ-
encing of second order accuracy for both space
and time. Although the second order differenc-
ing has been believed accurate enough, it is
worth while examining whether a higher order
differencing leads to a better approximate solu-
tion or not.

A finite difference analog of fourth order ac-
curacy of a vorticity equation in a rectangular
ocean basin is dealt with here as a simple ex-
ample. The results are compared with an analy-
tical solution and a finite difference solution of
second order accuracy.

On the assumption that the water motion is
horizontally nondivergent, the bottom is hori-
zontal or the horizontal gradient of pressure
vanishes in deep layers, and the momentum
advection is negligible, the vorticity equation is
written in terms of the stream function ¢,

p o6 1
V= —R—. 4 —
o 0= —bax A -

curl,z, (1)

where the X and Y axes are directed eastward
and northward, respectively, ¢ is the time, A
the coefficient of eddy diffusivity for momentum,
o the density, 8 the change of Coriolis param-
eter with latitude, H the depth ofz the ocean

. . 0
basin, = the wind stress, and V2=—a—)—{7 +—a—ﬁ.
The velocity components # and v are given by

—0¢/0Y and 0¢/0X, respectively.

Relationship between the grid size and the
coefficient of horizontal eddy diffusivity

The grid size and the coefficient of horizontal
eddy diffusivity can not be independently speci-
fied (TAKANO, 1975; hereafter referred to as 7).

* Received January 5, 1984
#** School of Environmental Sciences, University of
Tsukuba, Ibaraki-ken, 305 Japan

‘When the finite differencing of second order
accuracy is used, the computational noise grows
up unless the relationship

Ax<2.75 (A/BY3 (2)

holds good, 4x being the grid size.

We shall show to what extent the fourth
order accuracy differencing modifies this relation-
ship.

Because only the amplification factor is con-
cerned with, the forcing = can be neglected.

The Y-dependency may be neglected. Then,
the vorticity equation is written

Ad¢/6X —B3¢/0X=0, (3

which is transformed into the non-dimensional
form

0%¢/0z*—0¢/0x=0 (4)
with D=(A/8)'® and x=X/D.
N4,
The derivatives =— and d are approximat-

ox o0xt
ed, to the fourth order of 4z, by
(06/02)1 ={8(P141—Pi-1) — (Psr2a—Pi-2)}/12 Az,
(0%¢/0z%) = —{Piss+ims—12(Pi 2+ Gs2)
+39(P141+Gs-1)—56¢:}/6(dx)*,
where 4z is the non-dimensional grid size, ¢,
¢i.1 and ¢;.» are the values of the stream func-
tion at the (J)th, (/+1)th and (32)th grid point,
respectively.
Equation (4) becomes
Gips—{1240. 5(4x)*} dsp2+ {39
+4(4x)*}Pi1— 560+ {39 —4(dx)?} iy
—{12—-0.5(4x)*}ps—2+¢:_3=0. (5)
With the amplification factor §, ¢ is written
as ¢;=0¢;_1, so that Eq. (5) becomes
08— {124-0.5(4x)*} 05+ {39 4(dx)®} 6* — 560°
+ {39 —4(4z)*} 8 — (12— 0.5(4=)*} 6 +1=0 .
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Among six roots 0;(=1, ..., 6), three (=1,
'5,'6) are independent of dz; 6,=1.0, d5=0.127,
0s="7.87.

The exact amplification factors are obtained

from the differential equation (4). Substitution
offgocers into Eq. (4) yields

1

30+

20+

104

0 1 ' 2 3 4

Fig. 1. Amplification factors d:, 92’ and da.

1‘0 1 1
0,51 ~
. 33,03
T
0+ , VT
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=05 T T
0 1.0 2.0 3.0
AX
Fig. 2. Amplification factors 03, ds, d3’, 64,
51 and 84/,
r'=r=0,

which gives 71=0, 72=1, 73,4=(—1% v34)/2.
The exact amplification factors to be compared
with 0;(i=1,..., 4) are written as e/id*,

Figure 1 shows 0; and dy together with &,

obtained by the second order accuracy finite
differencing in 7 (hereafter the mark tilde refers
to 7). No qualitative difference is found be-
tween 0, and ds, though both are slightly smaller
than Jy for 4dz=2. Figure 2 shows J;, 05’ and
ds, of which the real and imaginary parts are
shown in the case where they are complex
numbers: ds=R=+Ti, 0y =R/4TI'i,0;=R+I;. No
difference is found between d; and 0;. Both are
complex numbers if 4x<<2.75, which is in quali-
tative agreement with /. IHowever, if 42>2.75,
they are real, negative numbers, which is quali-
tatively quite different from dJ;’. Because the
amplification factors are negative numbers, the
finite difference solution is contaminated by false
oscillation around ¢=0 for x.

The coefficient 2.75 is the same as in 7. The
relationship (2) remains unchanged.

Values of the stream function

A one-dimensional vorticity equation is solved.
If the Y-dependency is neglected, the vorticity
equation (1) is simplified as

a g, 3 o1
Traxe - Pax tax
——l——curlzz‘. (6)

oH
The boundary conditions are
©=0¢/0X=0 at X=0, L.

Moreover, curl, z/pH is assumed to be a con-
stant, —10~*sec™2.

The other parameters are chosen as follows;
L=4,000 km, 8=2x10""%¥cm!sec™!, A=10%cm?
sec™!, 4X=85.1km, 108.1 km, 133.3 km, 266.6
km, 400 km, d¢=8 hours. Since the finite differ-
ence accuracy depends on the grid size, five
different values are used for 4X.

Equation (6) is solved analytically (hereafter
referred to as AS), by the second order accuracy
finite differencings (hereafter referred to as S2)
and by the fourth order accuracy finite differ-
encings (hereafter referred to as S4). In S4,
the finite difference analog of 92¢/0X?2 in the left
hand side of Eq. (6) is given by

( 9 ) _ PuatGia—16(Bus 1+ $i1) 309
0X?). 12(4X)2 :
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Table 1. Total kinetic energy and period of time integration.

S2
4X (km)

S4

85.1 108.1 133.3 266.6

SA
400 85.1 108.1 133.3 266.6 400

Total kinetic energy (107 erg) 0.831 0.823 0.828 0.978 1.55 0.823 0.818 0.807 0.901 1.27 0.835

Time integration (days) 51 48 51 51 51 32 51 51 51 —
: s . +
i SA
—-—52
--------- S4
NS
\\
\\
N
0 2000 4000km
Fig. 3. Stream functions by SA, S2 and S4 h
(units: 10%m®sec™). 4X=266.6 km. o ' 2000 2000 ki

The time differencing is identical with that in
S2.  Although it is fundamentally leap-frog,
the Euler-Matsuno backward scheme is applied
every ten time steps.

The analytical sclution is

¢=[(1—L)—exp(X—L)+exp(—0.5X)
X{(L—1)cos v/ 3 X/2+(L—3)/ /3
X sin 4/ 3 X/2}+X] curl, = /oH .

As to 82 and S4, the stream function at the
coasts is made symmetric with respect to the
coasts, which satisfies the boundary condition
09/0X =0 at the coasts. ‘

Starting from the initial state where the plane-
tary vorticity advection is balanced with the wind
stress curl, the time integration is forwarded for
32 to 51 days until an almost steady state is
reached.

Figures 3 and 4 show the solutions SA, S2 and
S4 for 4X=266.6 and 400 km. As expected,
the difference between the three solutions de-
creases with decreasing grid size. In the case
of 4X=85.1km and 108.1 km, they are too close
to each other to be figured. For 4X=133.3 km
they are practically equal to each other. For
AX=400 km, the maximum value of the stream
function (volume transport of the western

Fig. 4. Stream functions by SA, S2 and S4
(units: 10%cm’sec™). 4X=400km.

boundary current) by S2 is larger by about 25%
than the maximum value by SA. The maximum
value by S4 is larger by about 10% than the
latter. These differences should not be small
enough. However such a large .grid size as 400
km is generally not used in miost of the ocean
models. The difference becomes much smaller
for 4X=266.6 km. ‘

Table 1 shows the period of time integration
as well as the total kinetic energy difined by

2 o —6\ 2
For a given 4X, the total kinetic energy is not
always better approximated by S4 than by S2
for 4X<133.3 km.

In a brief summary, the fourth order accuracy
differencing has no advantage in the practical
range of the grid size.

Reference
TAKANO, K. (1975): Relationship between the grid
size and the coefficient of lateral eddy viscosity
in the finite difference computation of the linear
vorticity equation in the ocean. J. Oceanog. Soc.
Japan, 31, 105-108.
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Instrument for Measuring Downward and Upward
Spectral Irradiances in the Sea*

Motoaki KISHINO** and Noboru OKAMI**

Previous reports presented experimental results
on underwater spectral irradiance (OKAMI et al.,
1978, 1981). An instrument was lowered to
selected layers, first facing its collector to the
zenith direction for cbtaining downward irradi-
ance. After all downward irradiances were
measured, the instrument was returned to the
deck. Then, the instrument was lowered again
into the water in such a way that the collector
looked at the nadir for the measurement of up-
ward irradiances. This procedure took some
time. In some cases the sky condition changes
during the measurement. This may bring a
serious error in the measurement, especially in
the irradiance reflectance which is a ratio be-
tween upward and downward irradiances at a
given instant. To remedy this shortcoming, the
instrument which can measure downward and
upward irradiances quickly and simultaneously
is required, but such a meter has not been
reported so far. Hence, we designed an irradi-
ance meter which is quick-scanning type and has
two independent collectors collecting downward
and upward irradiances almost simultaneously.
Its underwater unit is shown in Fig. 1.

Its optical system and a block diagram of its
electric circuit are presented in Figs. 2 and 3,
respectively. The downward and upward irradi-
ances collected by the collectors reach a mirror
inserted in the path. The mirror reflects one
of the irradiance components towards grating
grid (600 lines/mm) and the other component is
intercepted by the back of the mirror. The light
reflected by the mirror is divided by a beam
splitter into two components; one component
travels towards the grating grid and the other

* Received June 28, 1983
** The Institute of Physical and Chemical Research,
Wako-shi, Saitama, 351 Japan

Fig. 1. Underwater unit of the spectroradiometer

component is used to monitor the incident light
level at one of the wavelengths of 482, 531 or
569 nm. These monochromatic lights are derived
by interference filters placed in front of the
detector. We need to select one of the filters
beforehand in such a way that the optical center
of the filter is as closest as possible to the wave-
length of maximum transmittance of spectral
irradiance. This is due to the fact that the
monitor signal at the selected wavelength con-
trols the high voltage supply to the photomulti-
plier tube for producing a spectral distribution
normalized at the selected wavelength.

The measurement is done as follows: first, the
grating grid sweeps downward irradiance from
350 nm to 750 nm and then returns to 350 nm
with the shutter closed, to measure dark current.
Next, the mirror is turned around to measure
upward irradiance, followed by the same pro-
cedure of the grating grid. The grid sweeps
downward or upward irradiance from 350 nm
to 750 nm in one second; the total time required
for a set of measurements of spectral downward
and upward irradiances is about 4sec. The
signals from the photomultiplier tube at 2 nm
intervals from the detector are amplified. The
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The relative spectral distribution is monitored
on the screen of oscilloscope and only data to be

: Analog / degital converter
: Analog switch

: Buffer amplifier

: Comparator

: Control panel

: CRT display

: Cassette tape recorder

: Degital /analog converter

Interference filter

‘HY power supply’

Block diagram of the

with the high voltage
used, are sent back to the deck unit through

Sensor
1/F : Interface
4 : Pulse motor
PA  : Pre amplifier
PC : Parallel /serial converter
PG : Pulse generator for motor drive
PM  : Photomultiplier tube
PS  : Power supply
RS : Rotary solenoid
SC @ Segquence control
TPG : Timing pulse generator

electric circuit of the spectroradiometer.

analysed are recorded on casette tape in digital’
form. In our previous instruments, values aver--
aged over several scans are recorded. In the-
present instrument, however, data for each scan:
are recorded, and the averaged values are calcu--
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lated later. This offers an advantage of exclud-
ing needless data during data processing if they
are still present as well as of simplifiyng the data
processing unit of the instrument.

Absolute calibration of the irradiance meter
is done by use of a quartz-halogen lamp having
1000 watt tungsten filament as a standard source
for spectral irradiance. The detailed calibration
prodecure is described in a paper by KISHINO
et al. (1983). Wavelength calibration is made
by using monochromatic light of known wave-
lengths from an ordinary monochromator and
checked with mercury line spectra.

Angular response of cosine collector is tested
in a water tank. The results are compared with
the cosine curve in Fig. 4. Both are in good
agreement.

Immersion effect is examined also in the same
water tank; the ratio of sensitivity in water to
that in air was 0.62 over almost whole wave-
length range except in a region of very short
wavelengths.

The spectroradiometer was tested in the KT-
81-14 cruise of the R.V. Tansei-Maru. The
spectral irradiances presented in Fig. 5 were
taken on Aug. 19 at the location of 33°30.1’N
and 138°54.7’E to the west of the Izu Islands.
The water in that region is expected to be of
clear oceanic type. These data are averaged

KT81-14 Stn. 2-2 Aug. 19, 1981 10:06-10:35
T i T T T i )

!

————_—___lust gbove the surface

e
N, —

N

[log scalel

2

Irradiance  (uw/cm™nm)

Townward

-y 1 1 i 1 1 1 1
400 500 600 700
Wavelength (nm}

values over several scannings. Due to unskill-
fulness the first in-site operation took about 29
minutes to obtain the data shown in Fig. 5, but
subsequent operations required only 15 to 20
minutes. In addition to shortness of the oper-
ation time, another advantage is that the instru-
ment is of quick-scanning type. Therefore, the
spectral curves are little affected by the temporal
change in environmental factors, especially, by
the change in the depth of underwater unit due
to wave action. As the depth increases, the

1.0 ,

Relative response
o (e} o
= > &»

T T T
1 1 Il

e
N
T
1

O] IS I SN VRN SN DS B N S
0 30 60 90

Angle .of incidence

Fig. 4. Measured response (circles) of the collector
of the spectroradiometer compared with an ideal
cosine collector response (solid line).

KT81-14 Stn, 2-2 Aug. 19, 1981 10:06-10:35
1 ) T T T

Upward

{Log scalel

2

Irradiance  (uw/cm™.nm)

!
400 500 600 700
Wavelength (nm)

Fig. 5. Spectral irradiance distribution at some selected layers
at Stn. 2-2 of Tansei-Maru cruise on Aug. 19, 1981.
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spectral irradiances of both downward and up-
ward components are concentrated gradually
into a narrow band.

Since the spectral data obtained by this instru-
ment give the photosynthetically available radi-
ation (PAR), they are very useful for the study
of primary production; the photosynthetically
usable radiation and the quantum yield are
evaluated from the PAR. Further, the simul-
taneous measurement of downward and upward
irradiances has an advantage for the remote
sensing study, because the ratio of upward to
downward irradiances is often used for quanti-
tative evaluation of oceanographic parameters
such as chlorophyll-a concentration and suspend-
ed solids.

The authors are much indebted to Dr. S.
SUGIHARA, the Institute of Physical and Chemi-
cal Research, for his valuable advice and sug-
gestions. This study was supported by a grant

for ‘“‘Solar Energy Conversion by Means of
Photosynthesis’ to the Institute of Physical and
Chemical Research from the Science and Tech-
nology Agency of Japan.
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