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Hydraulic Model Experiments on Underwater Enforced-flow
Structures for Applications to Artificial
Fish Shelters and Fish Farms*

Haruhiko MATSUMOTO**, Sei-ichi KANARI** and Hirohiko MYOSE***

Abstract:

An underwater enforced-flow structure with L-shaped or inclined flow-path posesses

a suction effect for surrounding horizontal current when its inlet is confronted by the sur-

rounding flow and the outlet faces at right angles with the flow direction.

Hydrodynamical

considerations for the above-mentioned structure will be presented and theoretical character-
istics of the suction effect is tested through simple hydraulic model experiments. Some
applicational plans of the structure to the fisheries agriculture are also suggestively presented.
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Fig. 1. Schematic view of an underwater structure
with L-shaped flow-path (a), and definition sketch
for theoretical consideration (b).
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Fig. 4. Definition sketch in the case of two-
layered waters with constant flow velocity of
Us. The flow direction in the upper layer is
not necessarily the same as the lower one.
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Table 1. Specification of the models used in the hydraulic model experiments.
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Fig.5. Measured characteristics of mean vertical
flow velocities of model Nos. 1 and 2. Thick

lines show theoretical relationships for the same
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Flow-visualization of the Model No. 1
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at flow velocity of

Photo 2. Flow-visualization of the Model No. 2
at flow velocity of 2.7 cm/sec.

Photo 3.
at flow velocity of 2.5cm/sec.

Flow-visualization of the Model No. 12
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Photo 5. Flow-visualization of the Model No. 14
at flow velocity of 2.5 cm/sec.

Photo 6. Flow-visualization of an additional
Model.
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The Estimation of Photosynthesis of Individual Species
in a Natural Phytoplankton Community Using
Grain Density Autoradiography*

Yoshio OGAWA** and Shun-ei ICHIMURA**

Abstract: Photosynthetic rate of individual species in a phytoplankton community taken from
a small eutrophic lake was determined by grain density autoradiography. Grain count per
cell (X) was converted to absolute radioactivity (Y) by using the proposed regression equation,
Y =587.06 X+0.78, and the photosynthetic rate was calculated from radioactivity incorporated
in the cells and total inorganic carbon in the sample water. Photosynthetic rates of phyto-
plankters varied widely with species and their physiological states. The data also gave infor-
mation on the contribution of the component species to total community production.

1. Introduction

Grain density autoradiography has been
employed by several investigators to measure
the productivity of individual algal species in
natural phytoplankton communities. However,
this technique was criticized by BROCK and
BrROCK (1968) and KNOECHEL and KALFF
(1976a) because of several inherent sources of
errors in the autoradiographic processes.
KNOECHEL and KALFF (1976b) recommended
an alternative technique, track autoradiography,
for the quantitative study of individual species
production.

In the previous paper (OGAWA and ICHIMURA
1980), we examined the sources of errors in
grain density autoradiography which were cited
by KNOECHEL and KALFF (1976a). Checks
were made on the following major points using
three different unialgal cultures; development
time, chemography, latent image erasure and
geometrical effect, and it was concluded that
larger errors could be eliminated if the auto-
radiography processes were made carefully. In
addition, a new method was presented for
converting the grain count to absolute disinte-

* Received January 12, 1981
This study was supported by a research grant
from the Ministry of Education, Science and
Culture, Japan

** Institute of Biological Sciences, The University
of Tsukuba, Sakura-mura, Ibaraki, 305 Japan

gration rate.

The present study was carried out to test the
possibility of using an improved grain density
autoradiography for measuring photosynthetic
rate of the component individual algal species
in natural phytoplankton populations.

2. Materials and methods

Lake Nakanuma, a small eutrophic lake, is
located in Ibaraki Prefecture 50 km northeast of
Tokyo. The lake has a surface area of 1.2ha
with a maximum depth of 13.5m and is pro-
tected from wind by low hills around it. The
water is strongly stratified during the summer
stagnation period from July to September and
a well developed thermocline is found between
the depths of 6 and 8m. A characteristic
phytoplankton community dominated by blue-
green algae has been observed at the depth
near or below the thermocline. Such an almost
monospecific population is considered to be
usable as material for the verification of the
applicability of an improved technique to the
complicated natural phytoplankton community.

Water sample was collected with a pump
system from the depth of 8 m on September 7,
1979. The sample was transferred to 5 liter
polyethylene bottles and immediately brought
back to the RI experimental laboratory of the
University of Tsukuba 30km from the lake.
Each 48 m/ of sample water was taken in 50 m/
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BOD bottle and injected with 0.2 m/ of NaH
14COs solution having an activity of 10 #Ci/ml.
The filled bottles were incubated in a water
bath under illumination of 4.8 klux from in-
candescent lamp at ca. 17°C (the in situ temper-
ature).

controls.

Dark bottles were also prepared as

After a 2 hr incubation, each 2 m/ of
sample was filtered gently through 24 mm HA
Millipore filter and the filter was used for grain
density autoradiography. The autoradiography
preparation was made with the technique de-
scribed in the previous paper (OGAWA and
IcHIMURA 1980). The slides for autoradiogram
were exposed for 7 days.

Photosynthetic activity of each cell was calcu-
lated by the following equation;

¢Ci
pCi*xt ’
where P is the photosynthetic rate per cell of
the given species (gC cell™*th™Y); YCO;, the
available total inorganic carbon in the sample;
#Ci*, the added radioactivity; pCi, the mean
radioactivity of C incorporated in individual
cells of the given species; and t, the incubation
time. The amount of ¥CO; was measured with
an infrared gas analyzer (Maihak, UNOR 2).

Photosynthetic rate of individual cell is usually
calculated from the apportionment of total radio-
activity to grains produced in each cell. How-
ever, this approach leads to the overestimation
of activity when phytoplankton community
consists mainly of delicate phytoplankters or
small ones. In the present study, the grain
counts per cell (X) were converted to absolute
radioactivity (Y, dpm/cell) by using the regres-
sion equation, Y=587.06 X+0.78, which was
given in the previous paper (OGAWA and IcHI-
MURA 1980). Total photosynthesis in the sample
was deduced by summing up the amount of
photosynthesis in each of the given species
population (PXxN), where N is the number ot
total cells of the given species in the sample.
Total radioactivity was also measured by a
liquid scintillation counter (Beckman LS 8100)
after filtering the remaining sample in the bottle
through 24 mm Millipore filter.

P=3CO;x

3. Results and discussion
The algal species found in the sample are

listed in Table 1. Phytoplankton community
was represented by blue-green algae, mainly
Oscillatoria mougeotii, the cell number of which,
10750 m/~*, accounted for 50% of the total
phytoplankton cells in the Three
other blue-green algae, Coelosphaerium naege-
lianum, Chroococcus sp. and Aphanizomenon
Slos-aquae, were also present, but their contri-
bution was only 3.1, 1.7 and 0.6 % of the total
phytoplankton cells respectively.

sample.

Subdominant
algal groups were the flagellate Crvptomonas sp.
and unidentified small flagellates. The former
occupied 5.8 %, of the total phytoplankton cells
and the latter 16 %. More than 10 species of
green algae were found, and in particular two
species, Scenedesmus quadricauda and Crucigenia
rectangularis, showed a relatively high density
of 1450 cells mi~!. Three diatoms species were
present but their cell density was less than
0.5% of the total phytoplankton cells.

The radioactivity incorporated in the cells
varied widely with species (T'able 1). The high
values were measured with a range from 7.2
x 1073dpm/cell/h for flagellates to 62.28 x 10~*
dpm/cell/h for Peridinium sp. and the photo-
synthetic rates calculated from the radioactivities
were 9.31x107%gC/cell/h to 80.55x107*3gC/
cell/h. Relatively high values were also measured
in algae with a large cell volume such as the
green algae Staurastrum sp. and Cosmarium sp.,
the diatoms Cyclotella kiitzingiana and Synedra
acus. Their radioactivities were from 8.75x 1073
to 18.34x107*dpm/cell/h and photosynthetic
rates were from 11.3x107%® to 23.72x1073gC
/cell/h.
latoria mougeotti showed a remarkably low
value 0.49x 10 3dpm/cell/h and it corresponded
to 0.63x107gC/cell/h. Lower photosynthetic
rates of 1.15x 10713, 1.18x 107" and 2.97x 10713
gC/cell/h were also measured in other blue-
green algae Aphanizomenon flos-aquae, Coelo-
sphaerium naegelianum and Chroococcus sp.,
respectively. KNOECHEL and KALFF (1975,
1976b) determined the carbon fixation rates as
4.0 x10~3gC/cell/h for Tabellaria fenestrata and
6.0x10"13gC/cell/h for Amnabaena planktonica
through track autoradiography. These rates
coincide fairly well with those of the green
algae but are little lower than those in flagel-

Radioactivity incorporated in Oscil-
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lates: obtained in the present study.

The photosynthetic rate per unit volume of
the cell was also determined for several species.
Cell volume was calculated from the length and
width of the cell. The highest rate of 9.59
x1074%gC/¢®/h was obtained in the diatom
Cyclotella sp. and the lowest rate of 1.99x
10~15gC/p®/h was in Oscillatoria mougeotii. The
green algae Tetraedron minimum and Scene-
desmus quadricauda showed considerably high
values of 8.74x 10715 and 6.24x107%gC/?/h,
respectively.  Using track autoradiography
KNOECHEL and KALFF (1978) measured the in
situ carbon fixation rate for five freshwater
phytoplankton diatoms Asterionella formosa
Fragilaria crotonensis, Melosira italica, Synedra
radians and Tabellaria fenestrata and the
photosynthetic rates of 2.0x107'%, 1.6x 10715,
1.0x107%5, 0.8x107 and 1.2x107% gC/g*/h
were obtained for the respective species. These
rates are somewhat lower than those obtained
in the present study.

The total photosynthetic production of phyto-
plankton community was determined by the
two approaches. One is to sum up the pro-
duction of each species population measured by
grain density autoradiography and the other is
to measure directly by liquid scintillation counter.
The total production estimated by the former
method was 67.7x107'%C/mi/h. The contri-
bution of each algal group to the estimated
total community production was 30.9% in the
green algal populations, 17.5% in the small
flagellate populations and 12.99%; in the blue-
green algal populations. Among the individual
species populations, Cryptomonas sp. accounted
for 18.49, of the total production and the next
was 9.89% in Oscillatoria mougeotii. The green
algae Tetraedron minimum, Ulothrix sp.,
Scenedesmus quadricauda and Crucigenia rect-
angularis contributed 6.6, 5.8, 5.6 and 3.6 %
of the total production, respectively. The total
production measured by liquid scintillation
counter was 112.74x107%C/ml/h. There are
considerable differences between the total pro-
ductions determind by the two methods. The
production measured through grain density
autoradiography accounted for about 629, of
that measured by liquid scintillation counter.

If the production by scintillation counter is
assumed to be the actual production, 389 of
the total production may be missed in grain
density autoradiography. This is probably due
to the following reasons. The dense grains
produced by prolonged exposure interfere with
the counting of grains through the self-shading,
thereby the enumerated data become lower than
the actual grain number. The 7-day exposure
used in the present experiment is designed for
blue-green algae so long as to produce grains
fit for ready counting, but it may be longer
for cther phytoplankton species. Thus, it is
desirable in natural phytoplankton community
to prepare several autoradiograms exposed with
different times and the maximum grain counts
should be determined for each species. The
ratio of the cell surface centacted with emulsion:
cell volume is smaller in large phytoplankters
than in small ones, thereby the efficiency of
grain production may be lowered in the former
than in the latter. As the result of this low
efficiency, the *C radioactivity incorporated in
the cell is supposed to be underestimated for
larger phytoplankters. Since the conversion
equation used in the present study is applicable
only for nanoplankton species, the relationship
between incorporated *C radioactivity and pro-
duced grains should be further certified for
larger phytoplankton species, through which the
conversion equation will become more valid,
In natural phytoplankton communities, it is not
easy to count completely the total cells in the
sample. This may also be responsible for under-
estimation of total production in grain density
autoradiography. However, autoradiography is
a technique improved for measuring production
of individual species and not for assessing the
total production. If several critical points men-
tioned above are examined carefully, grain
density autoradiography can be used to measure
quantitatively the photosynthetic behavior of the
component species of phytoplankton community.
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The Behavior of Swash*

Hideyuki YAMAMOTO** and Tomosaburo ABE**

Abstract:

The experiment was designed to investigate the maximum run-up height and the

maximum run-up thickness over a beach of the smooth bottom slope ranging from 5.1 to
46.6°. Solitary wave was used as an incident wave, which was produced by pushing a plate

laterally into a still water.

By analyzing the experimental data, following results were obtained. 1) The maximum
run-up height (Rmaz) was found to be in proportion to the incident wave height (H), that is,
Rmae=(24/3)H where A, indicates the proportional coeffcient. 2) The incident wave was
observed to run up with breaking in the bottom slope range not more than about 20° in our
experiments, in which case the proportional coefficient Ao increased with increasing bottom
slope 8. But, in the case of 3 exceeding about 20°, the proportional coefficient Ao decreased
gradually. In addition, the maximum thickness of uprush was observed to decrease exponentially

with increasing the distance along beach slope.

A little discussion was made on the obtained

proportional coefficient in view of the conservation of energy.
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Fig. 1. Hypothetical beach and cross section
showing the water table.
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Sensor \

Fig. 5. Arrangement of sensors for measuring
the maximum run-up thickness.
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TS Dynamic Height Calculation in the Kuroshio Region*

Isao TAKANO**, Shiro IMAWAKI*** and Hideaki KUNISHI***

Abstract: An investigation of TS relationships shows that the Kuroshio region can be
classified into three sub-regions; namely, the offshore warm water region, the coastal cold
water region, and the transition region between the other two. TS relationships gather well
both in the offshore warm water region and in the coastal cold water region. TS dynamic
heights in these two regions can be calculated fairly well from temperature profiles by use
of the TS relationships there. A TS dynamic height in the transition region can be calcu-
lated from an average of the two dynamic heights by use of the TS relationships in the
above-mentioned two regions. Errors of these TS dynamic heights referred to 500db are

estimated to be within 1.8 dynamic cm.

It is comparable to the ordinary dynamic height

error of 0.8 dynamic cm due to measurement errors of the STD.
The TS dynamic height calculation is applied to the XBT data obtained in the Kuro-
shio region. Geostrophic velocities calculated from the TS dynamic heights agree well with

the GEK velocities measured simultaneously.

can be considered to be geostrophic.

1. Introduction

The use of XBT has facilitated a rapid, de-
tailed survey of vertical temperature profiles in
the ocean. A temperature distribution from the
XBT observation provides information, for ex-
ample, about a position of a current axis and
a general view of the horizontal velocity field
(FUGLISTER and VOORHIS, 1965; KAWAI, 1969).
It is impossible, however, to calculate the
dynamic height from the XBT data alone.

The first attempt was made by STOMMEL
(1947) to calculate the "dynamic height from a
vertical temperature profile with the aid of a
historical TS relationship. In the present article,
the dynamic height calculated from a vertical
temperature profile by use of some TS relation-
ship is called the TS dynamic height according
to EMERY (1975). He investigated the accuracy
of this method at three ocean weather stations
in the Pacific; using a number of STD data

* Received February 7, 1981
** Geophysical Institute, Faculty of Science, Kyoto
University, Kyoto, 606 Japan
Present affiliation: Meteorological Satellite Cen-
ter, Kiyose-shi, Tokyo, 180-04 Japan
*#% Geophysical Institute, Faculty of Science, Kyoto
University, Kyoto, 606 Japan

This suggests that the flow of the Kuroshio

from 1947 to 1969, he compared TS dynamic
heights with ordinary dynamic heights. He
concluded that at two of these weather stations,
the rms difference (root-mean square difference)
between these two dynamic heights referred to
1,000 db is about 2 dynamic cmf, and at the
remaining station the rms difference is 10
dynamic cm.

FLIERL (1978) calculated the dynamic height
at 200 db level referred to 800 db with the rms
error of only 0.5 dynamic cm using a similar
treatment of TS relationships in the Gulf Stream
rings. e excluded, however, the upper 200 db
layer from the calculation, which may bring a
large amount of error. In the Kuroshio region
Y AsUI (1955) examined the relationship between
the ordinary dynamic height and the vertical
integral of temperature. He showed that the
TS dynamic height referred to 1,000db is of
an error of about 5 dynamic cm. YASUI (1957)
also applied the method in other regions adjacent
to Japan, showing that a larger error of 8
dynamic cm is encountered owing to the
scattering of TS relationships.

EMERY and WERT (1976) pointed out that
the TS dynamic height remarkably differs from

+ 1 dynamic cm is 0.1 m®/s?
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Fig. 1. Ship track and the STD and the XBT stations during the leg II of
the Hakuho Maru Cruise KH-75-5.

the ordinary dynamic height near a boundary
of different water masses. The Kuroshio south
of Japan is accompanied with a frontal water
structure composed of the offshore warm waters
and the coastal cold waters. Therefore, it is
necessary to examine the accuracy of the
method.

A detailed survey of the Kuroshio south
of Japan was carried out during the Cruise
KH-75-5 of the R.V. Hakuho Maru in 1975
(KUNISHI et al., 1978), consisting of a track-
ing of the Kuroshio by XBT’s and two STD
sections across the Kuroshio. In the present
article, TS relationships in the Kuroshio region
obtained from the STD observations are examin-
ed and it is shown that the TS dynamic height
offers a fairly accurate approximation of the
dynamic height by selective use of TS relation-
ships. The TS dynamic height calculation is
applied to the XBT data. Geostrophic velocities
estimated from the TS dynamic heights are
compared with the GEK velocities.

2. TS relationships in the Kuroshio region
Figure 1 shows a part of the ship track and
the locations of stations during the leg II of the

cruise, The Kuroshio south of Japan began to

take a stationary meander path in August 1975.
The observations were carried out from Sep-
tember 22 to October 4 in 1975, i.e. just after
the beginning of the stationary meander. The
accompanying large cold water mass existed to
the south of the Enshu-nada.

Observation Line MEN crosses the Kuroshio
from the center of the cold water off the
Enshu-nada toward the west-southwest. The
Kuroshio axis determined from the GEK
data is located between Stns. M6 and MS.
Observation Line SIK crosses the Kuroshio
off Shikoku, extending to the center of the
warm water off Shikoku. The Kuroshio axis
is located between Stns. S8 and S14. At the
stations on Lines MEN and SIK, temperatures
and salinities were measured by a STD from
the sea surface to the bottom or to the depth
of 1,500m. The STD was a Hytech Model
9006 with a 1,500 m depth sensor, which had
nominal accuracies of 0.02 %o for salinity, 0.02°C
for temperature, and 3.75m for depth.

Figure 2 shows the TS relationships at all
stations on Line MEN and selected stations on
Line SIK. These TS relationships are clearly
seen to be classified into three groups. The
first group is of the offshore warm water
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Fig. 2(a) TS relationships at stations on Line MEN. Solid lines are those at Stms. M8 to
M12 in the offshore warm water. Dotted lines are those at Stns. M1 to M4 in the coastal
cold water.

(b) TS relationships at stations on Line MEN. The solid line is that at Stn. M8 in

the offshore warm water.

The dotted line is that at Stn. M4 in the coastal cold water.

Broken lines are those at Stns. M5, M6, and M7.

(c)

TS relationships at stations on Line SIK. Solid lines are those at Stns. S14,

S16, S18, S20 and S22 in the offshore warm water and dotted lines are those at Stns, S4

to S7 in the coastal cold waters,

character; these TS relationships are illustrated
with solid lines (at Stns. M8 to M12 in Fig. 2-a
and S14 to S22 in Fig. 2-¢). The second group
is of the coastal cold water character; these TS
relationships are illustrated with dotted lines (at
Stns. M1 to M4 in Fig. 2-a and $4 to S7 in Fig.
2-c). Here the coastal cold water is simply
defined as the water that is found on the in-
shore side of the Kuroshio axis, and does not
necessarily mean the water which originated

from the coasts. The cold water south of the

Enshu-nada is also called the coastal cold water
in the present article. The third group is of an
intermediate character between the former two;
these TS relationships are illustrated with broken
lines (at Stns. M5 to M7 in Fig. 2-b). The
separation of TS relationships in the Kuroshio
region is also discussed by ISHII et al. (1981).
TS relationships within each group except
the third group gather fairly well especially
below the depth of the salinity maximum; there
are tight TS relationships in the first two groups.
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There are no noticeable differences between the
TS relationships at Stns. M8 to M12 and those
at Stns. S14 to S22 in the first group. Agree-
ment between the TS relationships at Stns. M1
to M4 and those at Stns. S4 to S7 in the second
group is also fairly good, though the salinities
in the upper layers at Stns. M1 to M4 are a
little lower than those at Stns. S4 to S7.

There are salinity maxima at about 20°C in
the offshore warm water and at 17°C in the
coastal cold water, and salinity minima at about
7°C in both waters. Between these salinity
maxima and minima, TS relationships are nearly
straight. TS relationships of the offshore warm
water and those of the coastal cold water
intersect at a point where the thermosteric
anomaly is about 220 to 240cl/ton and the
temperature is about 14°C. For higher temper-
atures the offshore warm water is more saline
than the coastal cold water, and for lower
temperatures the former is less saline than the
latter. This is a favorable feature which secures
the smallness of the error in the TS dynamic
height calculation as will be mentioned later.
There are no significant differences between the
TS relationships of these two waters below
a depth of 1,000 m.

TS relationships at Stns. M5, M6, and M7
classified into the third group vary at random
between the TS relationship at Stn. M8, repre-
sentative one of the offshore warm water, and the
TS relationship at Stn. M4, representative one of
This suggests that the
waters at the former stations are mixtures of
the coastal cold water and the offshore warm
These stations are located at the Kuro-
shio axis. Therefore, the Kuroshio is con-
sidered to be the boundary between the off-
shore warm water and the coastal cold water,
where these two waters are intermixing with
each other in a somewhat complicated way.

the coastal cold water.

water.

3. TS dynamic height calculation

It is shown in the previous section that TS
relationships are quite tight both in the offshore
warm water region and in the coastal cold
water region. This suggests that a salinity at
some given temperature can be evaluated cor-

rectly, so that the TS dynamic height can be

calculated with only a small error.
The calculation procedure of the TS dynamic
height is as follows. The dynamic height

anomaly 4D is
?
ap=\'ur.5.pap,
0

where 7T is the temperature, S the salinity, p
the pressure, and «a the specific volume anomaly.
A STD station data gives a temperature versus
depth curve and a salinity versus depth curve.
Their small local fluctuations are eliminated by
the running mean procedure. The salinity is
described as a function of temperature as S=.S(T")
by means of these two curves. If a vertical
profile of temperature at another station is
known, the profile of salinity is estimated by
use of the above function of temperature, so
that the profile of the specific volume anomaly
o is determined. The integration of « with
respect to pressure gives the TS dynamic height.

4. Error estimates

The error of the TS dynamic height at the
sea surface referred to the 500db surface is
estimated for the purpose of examination of its
applicability to the XBT data. First, it is
TS relationships
of the offshore warm water and the coastal
cold water (Fig. 2) show that the range of an
estimated salinity for a given temperature is
roughly 0.3 % at 0-100 m depth and 0.1 %0 at
100-500 m depth. The salinity error of 0.1 %
corresponds to the specific volume anomaly
error of about 8cl/ton.
mum error of the TS dynamic height can be
estimated at 5.6 dynamic cm, giving the
ordinary standard error of 1.4 dynamic cm.
The error of temperature measurement by a
XBT is about 0.2°C (FLIERL, 1978), which cor-
responds to the specific volume anomaly error of
3cl/ton, resulting in the dynamic height error
of about 0.4 dynamic cm. It is small compared
with the roughly estimated error of the TS
dynamic height.

The error of the ordinary dynamic height
calculated from the STD data is as follows.
The measurement error of salinity is about
0.02 %0, which corresponds to the specific volume

roughly estimated as follows.

Therefore, the maxi-
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anomaly error of 1.6cl/ton. Its integration
to 500db gives the dynamic height error of
0.8 dynamic cm. The measurement error of

Table 1. Errors of the TS dynamic heights re-
ferred to 500db at the stations in the offshore
warm water (a) on Line MEN and (b) on
Line SIK calculated by use of TS relationships
at the neighboring stations. Each column in
the middle indicates the station where the TS
relationship is used. The errors ¢ are classified
into five degrees: @, ¢=0.5 dynamic cm: O,
0.5<¢=1.0; [, 1.0<e£1.5; A, 1.5<e=2.0;
X, 2.0<e. 0 is the rms error in dynamic cm.

(a)
TS relationships at Stns.

Stns. M8 M9 MI10 M1l MI12 5
M9 o - © © O 0.6
M10 o & - © © 0.5
M11 o O o - O 0.7
M12 A O O O — 1.2

(b)
TS relationships at Stns.

Stns. S14 S16 S18 S20 S22 5

S14 - O © ©0© o 0.4
S16 o - O © O 0.6
S18 © O — ©0 0 0.4
S$20 o © o - 0 0.5
S22 © © © o0 -— 0.4

Table 2. As in Table 1, but for the errors at
the stations in the coastal cold water (a) on
Line MEN and (b) on Line SIK.

temperature is about 0.02°C, which is negligibly
small in the present calculations. Hence the
error of the ordinary dynamic height- is con-
sidered to be about 0.8 dynamic cm.

TS dynamic heights are compared with ordi-
nary dynamic heights for various combinations
of temperature profiles and TS relationships at
STD stations, and the errors in this method
are examined practically. Here, the TS dynamic
height error is defined as the difference between
the TS dynamic height and the ordinary dy-
namic height which are both estimated at the
see surface and referred to the 500 db surface.
Tables 1 to 3 show the degrees of TS dynamic
height errors represented in five classes. The
rms errors 0 of the TS dynamic height are
shown in the right-hand columns in the tables.

TS dynamic heights at the stations in the
offshore warm water (Table 1) calculated by
use of the TS relationships at the surrounding
stations give fairly good approximations of the
dynamic heights. The average of rms errors
0 is 0.6 dynamic cm, which is as small as the
ordinary dynamic height error of about 0.8
dynamic cm. The errars of TS dynamic heights

Table 3. (a) As in Table 1 (b), but for the errors
at the stations in the offshore warm water on
Line SIK calculated by use of TS relationships
at stations on Line MEN. (b) As in Table
2 (b), but for the errors at the stations in the
coastal cold water on Line SIK calculated by

use of TS relationships at stations on Line
MEN.

(a)

@ TS relationships at Stns.
TS relationships at Stns. Stns. M8 M9 MI10 M1l Mi2 J
Stns. M1 M2 M3 M4 4 S14 O % < A < 1o
M1 - @) @) = 0.8 S16 © o O C X 1.4
M2 © — O O 0.8 S18 o A A D X 2.0
M 3 O O — © 0.7 S20 © O O C X 1.5
M 4 0 O © - 1.0 S22 © AN AN i X 1.7
(b) (b)
TS relationships at Stns. TS relationships at Stns.
Stns. S4 S5 S6 S7 0 Stns. M1 M2 M3 M4 d
S 4 — © O © 0.6 S 4 O VAN O O 1.4
S5 © - O © 0.6 S 5 AN A = C 1.6
S 6 o ¢ - O 1.2 S 6 X x A A 2.2
S 7 © © U - 0.8 S 7 O A O O 1.8
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at the stations in the coastal cold water (Table
2) calculated by use of the TS relationships at
the surrounding stations are also small, giving
the average of rms errors 6 of 0.8 dynamic cm.

Table 3(a) shows the errors of TS dynamic
heights at the stations in the offshore warm
water on Line SIK calculated by use of the
TS relationships at the stations in the offshore
warm water on Line MEN, which are some-
what apart from the former stations (Fig. 1),
Although the errors are a little larger than the
errors in Tables 1 and 2, the average of rms
errors 0 of 1.7 dynamic cm is only about twice
as large as the ordinary dynamic height error
and is permissibly small. The inverse calcu-
lations of TS dynamic heights at the station
on Line MEN by use of TS relationships ai
the stations on Line SIK show similar results_
Table 3(b) shows the errors of TS dynamic

Table 4. Errors of the TS dynamic heights at
Stns. {(a) M5, (b) M6, and (c) M7 calculated
from averages of two TS dynamic heights by
use of TS relationships at the stations in the
offshore warm water (columns) and at the
stations in the coastal cold water (rows) on
Line MEN.

(a)

heights at the stations in the coastal cold water
on Line SIK calculated by use of the TS relation-
ships at the stations in the coastal cold water on
Line MEN. They are also permissibly small, giv-
ing the average of rms errors of 1.8 dynamic cm.
As examined above, TS relationships both in
the offshore warm water and in the coastal
cold water are so tight that the TS dynamic
height can be calculated accurately by use of a
representative TS relationship in each water.
The TS dynamic height might not be calcu-
lated accurately, however, in the transition region
between the offshore warm water region and the
Fig. 2-(b) shows that
TS relationships in the transition region vary
between those in the offshore warm water and
in the coastal cold water. It indicates that
dynamic heights in the transition region are
intermediate between the TS dynamic height
calculated by use of the TS relationship in the
offshore warm water and that calculated by
use of the TS relationship in the coastal cold
water. If the difference between these two

coastal cold water region.

Table 5. As in Table 4, but for errors at Stns.
(a) M5, (b) M6, and (c) M7 by use of TS
relationships at stations on Line SIK.

(a)

TS relation- TS relationships at Stns.
ships at Stns. M8 M9 MI10 M1l Mil2 0

=

TS relation-
ships at Stns.

TS relationships at Stns.
S14 S16 S18 S20 S22 0

M1 © © © © O S 4 Cc C © O
M 2 © © © © O 0.8 S5 O O O O 09
M 3 o o o O O ' S 6 0 AN U B R ’
M 4 O O w C 0 S 7 O o O © ©

(b) (b)

TS relation- TS relationships at Stns.
ships at Stns. M8 M9 MI10 M1l MIl2 0

M1 o O O O 0
M 2 o oo = o o
M 3 7 A A = o b
M 4 A A O A
(e)

TS relation- TS relationships at Stns.
ships at Stns. S14 S16 S18 5207 S22 a

S 4 O JAN (] C 0
S5 o o o 0O O 4
S. 6 X X JAN AN AN '
S 7 ] o O J O

(e)

TS relation- TS relationships ét Stns.
ships at Stns. 'M8 M9 MI10 MIl1 MI12 0

TS relation-
ships at Stns.

TS relationships at Stns.
S14 S16 S18 S20 S22 J

M1 O @] @) O O

M 2 L O O Cl O 0.9
M 3 O C O O © '
M 4 [ O o O ©

S 4 o © O @ C

S 5 C O D C O 0.7
S 6 © © © © 0 ’
S 7 O O O O C
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TS dynamic heights is small enough, the dy-
namic height in the transition region can be
estimated correctly from an average of these
two TS dynamic heights. Table 4 shows the
errors of TS dynamic heights at Stns. M5, M6,
and M7, which are calculated from averages
of these two kinds of TS dynamic heights. The
rms errors 0 are 0.8 to 1.4 dynamic cm, which
are as small as the error of the ordinary dy-
namic height. Table 5 shows other error esti-
mates of TS dynamic heights at Stns. M5, M6,
and M7 calculated by use of TS relationships at
the stations on Line SIK. The rms errors
are 0.7 to 1.8 dynamic cm.

The differences between the TS dynamic
heights at these stations calculated by use of
the TS relationship in the offshore warm water
and those calculated by use of the TS relation-
ship in the coastal cold water are about 3
dynamic cm, which is small compared with the
absolute value of the dynamic height of about
150 dynamic cm. The reason for the smallness
of these differences can be explained in Fig. 2.
TS relationships in the offshore warm water
and those in the coastal cold water intersect at
a temperature of 14°C. For a higher tempera-
ture, the TS relationship in the offshore warm

water provides higher salinity and smaller
specific volume anomaly than the TS relation-
ship in the coastal cold water. For a lower
temperature, the TS relationship in the offshore
warm water provides lower salinity and higher
specific volume anomaly than the TS relation-
ship in the coastal cold water. When the
specific volume anomaly is integrated with re-
spect to pressure, these two tendencies cancel
each other and the above-mentioned differences
between the two TS dynamic heights are re-
duced.

Consequently, it is shown practically that the
TS dynamic height can be calculated correctly
within the error of 1.8 dynamic cm everywhere
in and around the Kuroshio, if the TS relation-
ships in the offshore warm water and the
coastal cold water are known. The error is
fairly small and comparable to the error of the
ordinary dynamic height due to the measure-
ment errors of the STD. The estimated error
of 1.8 dynamic cm is comparable to or a little
smaller than those in the previous studies
(YAsur, 1955; EMERY, 1975)

5. Application
The TS dynamic

calculation s

height

aDg-500 from XBT & TS-rel.
Sep. 23- 26, 1975
434°N
432°
s S
LT
L L : L L i 1 O°N
132°E 134° 136° 138° 140°E SUN

Fig. 3. TS dynamic topography (in dynamic meter) at the sea surface in the Kuroshio region
referred to 500db. The XBT data and the two TS relationships at Stns. M4 and M8 are used.
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applied to the XBT data obtained during the
tracking of the Kuroshio in the same cruise
(Fig. 1). The TS relationship at Stn. M8 in
the offshore warm water region and that at Stn.
M4 in the coastal cold water region are used.
XBT stations are classified into three groups
according to the temperatures at a depth of
400 m as follows. The first group, where the
temperature at 400 m depth is higher than 11°C,
is considered to be in the offshore warm water
region and the TS relationship at Stn. M8 is used.
The second group, where the temperature is
lower than 8°C, is considered to be in the
coastal cold water region and the TS relationship
at Stn. M4 is used. The third group, where
the temperature is between 8 and 11°C, is con-
sidered to be in the transition region and an
average is taken over two TS dynamic heights
calculated by use of the TS relationships at
Stns. M4 and M8. This classification is based on
the examination of the temperature field in the
Kuroshio region. The distribution of the TS
dynamic height at the sea surface referred to
500 db is shown in Fig. 3. The dynamic height
varies between 110 and 150 dynamic cm across
the Kuroshio. A contour of 130 dynamic cm
roughly coincides with a 15°C isotherm at 200 m

depth, which is usually considered to be an
indicator of the Kuroshio axis.

Geostrophic velocity components of the Kuro-
shio at the sea surface are calculated from
the TS dynamic height differences between two
adjacent stations. They are compared with
the GEK velocities observed simultaneously at
the XBT stations (Fig. 4). The result is shown
in Fig. 5. Here, the GEK velocity is trans-
formed into the velocity component normal to
the line joining the two adjacent stations. Least
square method gives a regression line of y=
0.98 x, where z is the GEK velocity component
and y is the geostrophic velocity component.
The standard deviation from the regression line
is 23cm/s. Errors of TS dynamic heights of
1.8 dynamic cm result in errors of geostrophic
velocity of about 13 cm/s when the intervals of
stations are 20 km. Therefore, the standard
deviation is a little larger than the errors of
geostrophic velocity due to the use of TS dy-
namic heights. GEK velocities contain short-
term velocity fluctuations which may not be
geostrophically balanced, while the temperature
field also has fluctuations due to internal waves
and other small-scale disturbances. These fluctu-
ations might be one of the causes of somewhat

GEK
Sep. 23 - 26, 1975

— 1 100cm/sec

°

N
L0 e
: : . - L - " E L T 'OON
132°E 134 13€ 138 140°E ?

Fig. 4. Surface velocities observed by means of the GEK.
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Fig. 5.
GEK velocity components.

large standard deviation.

The regression coefficient of 0.98 is almost
equal to the unity. The correlation coefficient
is estimated to be 0.76. This fairly good agree-
ment between the calculated geostrophic velocity
component and the GEK velocity component
suggests that the flow of the Kuroshio is nearly
geostrophic. The agreement is, however, surpris-
ing because the reference level adopted here
(the 500 db surface) is a little shallower than the
ordinary reference level that is inferred from
the density field of the Kuroshio; the dynamic
height differences at the sea surface referred to
the 500 db surface across the Kuroshio is about
40 dynamic e¢m, which is only about 60 % of
that referred to the 1,500db surface of 70 dy-
namic cm.

6. Conclusions

An investigation of the TS relationships shows
that the Kuroshio region can be classified into
three sub-regions, i.e., the offshore warm water
region, the coastal cold water region, and the

Geostrophic velocity components calculated from the TS dynamic heights versus
The solid line is the regression line, whose slope is 0.98.

transition region between the two. TS relations
gather well both in the offshore warm water and
in the coastal cold water, especially below 100 m
depth. Therefore, the salinity can be correctly
estimated from temperature by use of a TS
relationship there. The TS dynamic height can
be calculated with a small error by use of two
representative TS relationships in the offshore
warm water and in the coastal cold water. The-
TS dynamic height in the transition region can
be calculated fairly well from an average of the-
two TS dynamic heights by use of the above-
mentioned two representative TS relationships.
It should be noted that the following two features
of TS relationships assure the smallness of the
TS dynamic height error in the Kuroshio region.
First, TS relationships in the offshore warm
water intersect those in the coastal cold water.
Secondly, the TS relationships in the transition
region have an intermediate character between.
those of the offshore warm water and the
coastal cold water.

The errors of TS dynamic heights referred
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to 500 db are estimated from various tempera-
ture profiles by use of proper TS relationships.
The errors are within 1.8 dynamic cm, which
is only about twice as large as the ordinary
dynamic height error due to the measurement
errors of the STD, and are permissibly small.

The TS dynamic height calculation is applied
to the XBT data in the Kuroshio region. The
contour of 130 dynamic cm roughly coincides
Geostrophic velocities
calculated from the TS dynamic heights are
compared with the GEK velocities measured

with the Kuroshio axis.

simultaneously and a fairly good agreement is
obtained. Therefore, the flow of the Kuroshio
is considered to be nearly geostrophic.
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Introduction

Vertical Structure and Horizontal Scales of the Mesoscale
Baroclinic Variability in the Western North Pacific*

Shiro IMAWAKI**

Abstract: Vertical modal structures of the mesoscale baroclinic variability and internal radii
of deformation are obtained for the lowest three modes from vertical profiles of observed
temperature and salinity in the western North Pacific. They primarily depend on the struc-
ture of the main thermocline and are not very sensitive to that of the seasonal thermocline.
They are quite similar to those in the MODE area in the western North Atlantic. The
first-mode baroclinic wave has intense vertical shear of the horizontal velocity in the main
thermocline.

Temperature sections were obtained by XBT’s (expendable bathythermographs) to the east
of the Izu-Ogasawara Ridge in 1977 and 1979. By use of a mean TS relation, TS dynamic
height at 300 db relative to 800db is calculated for zonal temperature sections as an indicator
of the fluctuation of the main thermocline. Vertical shears of mean geostrophic flows with
a southward component are detected and removed from the distributions. Autocorrelation
functions of the zonal distribution of TS dynamic height give dominant wave lengths of
about 350 km. Fluctuations of these wave lengths have amplitudes of geostrophic velocity
differences between 300db and 800 db surfaces of 7 to 8 cm/sec; they are about an order
of magnitude greater than the velocity differences of the mean flows mentioned above.

(1974) showed that they are consistent with a

An existence of energetic mesoscale variability
in the mid-ocean was pointed out at first by
CREASE (1962) in the western North Atlantic.
Roles of the mid-ocean mesoscale eddies in the
general ocean circulation might be very im-
portant and intensive studies have been made
during the last decade. Most of them were
concentrated on the eddies in the North Atlantic.
Results were summarized by MODE GROUP
(1978). Mesoscale eddy variability exists almost
all over the world ocean. There are baroclinic
eddies as well as barotropic eddies. Their time
scales are weeks to months and their horizontal
scales are tens to hundreds of kilometers (MODE
Group, 1978).

Mesoscale baroclinic variability in the North
Pacific was studied by several authors. BERN-
STEIN (1974) observed mesoscale eddies with
zonal wavelengths of 480 km in the central
North Pacific, which propagate westward at a
speed of 4.5cm/sec. BERNSTEIN and WHITE

* Received March 25, 1981
** Geophysical Institute, Faculty of Science, Kyoto
University, Kyoto, 606 Japan

first-mode baroclinic Rossby wave. RODEN (1977)
examined meridional profiles of dynamic height
in the North Pacific and found that the length
scales of the variability are between 400 and
600 km and that the intensity is larger in the
western than in the central and eastern Pacific.
The zonal variation of the intensity was also
discussed by BERNSTEIN and WHITE (1977),
WILSON and DUGAN (1978), and KENYON (1978)
for zonal temperature sections at mid-latitudes.
Mesoscale variability was also discussed on the
basis of direct current measurements in the
eastern tropical Pacific by HAYES (1980) and in
the central North Pacific by TAFT ez al. (1981).
Descriptions of the mesoscale variability, how-
ever, are not sufficient and the dynamics is not
understood.

Vertical profiles of temperature and salinity,
and vertical temperature sections were obtained
to the east of the Izu-Ogasawara Ridge in the
western North Pacific (Fig. 1). The observation
area is in the Kuroshio Countercurrent region
shown in the climatological mean circulation
charts by Japan Oceanographic Data Center
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Fig. 1. Locations of CTD and hydrographic stations and XBT sections.
The ITzu-Ogasawara Ridge is indicated by a 2,000 m depth contour.

Table 1. Description of observations.
Observations Date Location Vessel/Cruise
CTD stations Dec. 2-18, 1977 Hakuho Maru/KH-77-4
Hydrographic Dec. 4-5, 1977 Hakuho Maru/KH-77-4
stations Sept. 30-Oct. 1, 1978 Hakuho Maru/KH-78-4
XBT section A Dec. 17-19, 1977 30°N Hakuho Maru/KH-77-4
XBT section B Dec. 19-20, 1977 30-33°N Hakuho Maru/KH-77-4
XBT section C Oct. 29-30, 1979 30°N Keiten Maru/KE-79-10
XBT section D Nov. 23-25, 1979 30°N Tokaidaigakumaru 1I/TK-54-14

(1975). The flow is weak and directed to the
west-southwest at the sea surface and at mid-
depth. The area is considered to be in the
westernmost part of the mid-ocean. Observations
were made in 1977 and 1979, whose descrip-
tions are shown in Table 1. XBT (expendable
bathythermograph) sections are of 500 to 700 km
length and of 20 to 40 km station spacing.

In the present article, vertical structure of the
baroclinic motion is discussed and also the inten-
sity and horizontal scales of the mesoscale vari-
ability are examined.

2. Vertical modal structure

BERNSTEIN and WHITE (1974), MCWILLIAMS
and FLIERL (1976), and RICHMAN ez al. (1977)
examined whether the baroclinic
variability is accounted for by the baroclinic

mesoscale

Rossby waves or not. It is an appropriate first
step of understanding the variability dynamics.
If the motion of the variability is governed by
a linearized vorticity equation and has a vertical
modal structure, the structure function Fy(z) of
stream function for the n-th mode satisfies an
equation (see PEDLOSKY, 1971).

d(f* dF. )

. 1n2 n=

d*( N? d=z T4 =0
and boundary conditions

dF,
dz

(1)

=0 at 2=0, —H,

where z is the upward vertical coordinate, f
the Coriolis parameter, N the Brunt-Viisild
frequency, 4, the eigenvalue for the n-th mode,
and H the water depth. Here the bottom is
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Fig. 2. Vertical mean profiles of (a) potential temperature (a solid line) and salinity (a dotted line),
and (b) the potential density (a dotted line) and the Brunt-Viisild frequency (a solid line).

assumed to be flat. An internal radius of de-
formation R, for the n-th mode is related to
the eigenvalue 4, by R,=1/2,. Equation 1 can
be solved numerically by means of a trial-and-
error procedure and a proper value for the
eigenvalue 4, can be obtained. It is advantageous
to normalize each structure function such that

igo Ftdz=1
H —-H n e

The horizontal velocity is proportional to the
function F, and the vertical velocity and dis-
placement are proportional to the integral of F,
with respect to z.

If the motion of the variability is assumed to
be a plane wave or a baroclinic Rossby wave,
the dispersion relation is

— 0k
e
where w is the angular frequency, 8 the meridional
variation of the Coriolis parameter, k the zonal
wave number, and / the meridional one.

Vertical mean profiles of potential temperature
(a solid line in Fig. 2-a) and salinity (a dotted
line) in the observation area are obtained from
.averages over nine CTD (conductivity-tempera-
‘ture-depth recorder) stations for upper 1,500 m

layer and three hydrographic stations for the
lower layer, which are shown in Table 1 and
Fig. 1. The potential density o; (a dotted line
in Fig. 2-b) and the Brunt-Viisild frequency
N (a solid line) are calculated from them. The
main thermocline is seen at mid-depth (at about
300 m to 800 m) and the seasonal thermocline
is seen at shallower depth (at about 50 m to
250 m), giving relatively large values of the
Brunt-Viisild frequency. The water depth is
about 6,000 m and the ocean bottom is fairly
flat in the area.

Figure 3 shows vertical profiles of modal struc-
tures for the lowest three baroclinic modes of
(a) the horizontal velocity and (b) the vertical
Rossby’s baroclinic radii of defor-
mation R, for these modes are listed in Table
2. Vertical profiles of modal structure are also
obtained in the case of no seasonal thermoclines.
The radii of deformation (Table 2) are almost
the same as the formers and the vertical struc-
tures little differ from the formers except near
the seasonal thermocline depth.

The results are compared with those in the
MODE area (see MCWILLIAMS and FLIERL,
1976; RICHMAN et al., 1977; and FU and
FLIERL, 1980). The vertical profile of the Brunt-

velocity.
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Table 2. Internal radius of deformation in km.
Western North Pacific
Mode MODE
- with seasonal without seasonal area™
thermocline thermocline
Ist 45 45 47
2nd 20 20 20
3rd 14 13 16

* After FU and FLIERL (1980)

Viisild frequency is somewhat different; the
main thermocline is about 200 m shallower than
that in the MODE area and the maximum
frequency at the thermocline is about 1.3 times
as high as that there (see RICHMAN et al.,
1977). The radii of deformation and vertial
structures, however, are quite similar to those
in the MODE area (see Table 2). Hence vertical
structures for these lowest modes are not very
sensitive to the density profile.

Intensity and horizontal scales of the
variability
In the mesoscale baroclinic variability, the
first mode is dominant (MODE GRoOUP, 1978).
It is primarily accompanied with a vertical dis-
placement of the main thermocline. In the
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Vertical profiles of modal structures for the first three baroclinic
modes of (a) the horizontal velocity and (b) the vertical velocity.
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present article, fluctuation appearing in the
main thermocline is examined.

Figure 4 shows two temperature sections
along 30°N latitude observed by XBT’s with an
interval of 26 days in 1979, Here temperature
is vertically averaged over about 5m and hori-
zontally smoothed with a filter as T';=0.25 T,
+0.5 T;+0.25 T;,1, where T; is the tempera-
ture at a station of a serial number 7; small
fluctuations and measurement noises are intended
to be removed.
fluctuation of the main thermocline located be-
tween depths of 300m and 800 m is evident.
Upper layers
different from those

In both sections, mesoscale

having fluctuations somewhat

in the main thermocline

TS Dynamic Height (dyn.cm)

0 200 400 600 800
Distance (km)
Fig. 5. Horizontal distributions of TS dynamic

height (solid lines, in dynamic cm) at 300 db
relative to 800 db of Sections A, B, C and D.
Linear trends are removed. Dotted lines are
fitted waves.

Table 3.

are excluded in the following analysis.
Dynamic height can be estimated from a
vertical profile of temperature by use of a TS
relation if the relation is tight in the area.
Hereafter it is called TS dynamic height after
EMERY (1975). TS relations at the CTD stations
are fairly tight at mid-depth and a mean TS
relation is obtained. A standard deviation of
differences between ordinary dynamic height and
TS dynamic height at 300 db relative to 800 db
is 0.6 dynamic cm (1 dynamic cm=0.1]/kg) at
nine CTD stations, which is fairly small. The
mean TS relation is used in TS dynamic height
calculation not only at Sections A and B but
also at Sections C and D, because its temporal
fluctuation is considered to be small in the main
thermocline. Horizontal distribution of TS
dynamic height at 300db relative to 800 db
(concisely called TS dynamic height 4D here-
after) at Sections A, B, C and D are shown in
Fig. 5 (solid lines). Here it
smoothed with the same filter as used in the

is horizontally

temperature sections and linearly interpolated at

regular intervals. And also a linear trend is

Correlation Function

P S S S S SN S SR

~ -

———

"200 | 300 400

Lag (km)

0o 100

Fig. 6. Autocorrelation functions of TS dynamic
height shown in Fig. 5.

TS dynamic height differences 4D (in dynamic cm) and associated

geostrophic velocity differences 4dv (in cm/sec, positive northward) between
300 db and 800 db surfaces in the temperature sections.

Mean Fluctuations
Section —i:z;t- vazs?f - e — Standard Fitted wave
AD difference dv dfvgl]%lon Wave Amplitude Amplitude
o length of 4D of 4dv
A —5.9 —-1.1 3.3 330km 2.8 7.3
B —10.7 —2.8 2.4 350 3.3 8.1
C —1.9 —0.5 2.6 350 3.1 7.6
D —4.3 —0.9 3.1 340 2.9 7.4
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removed; since these sections are located in the
Kuroshio Countercurrent region, broad steady
flows may be included in the sections though
they are weak. The flows are assumed to be
horizontally uniform in the sections. East-west
differences of TS dynamic height (estimated as
inclinations of TS dynamic height times lengths
of the sections) and associated geostrophic ve-
locity differences 49 between depths of 300 db
and 800db are listed in Table 3. They are
weak and of southward components (southwest-
ward component in Section B).

At first sight, mesoscale variability is seen in
the distribution of TS dynamic height 4D’ with
a wave length of 300 to 400 km. Figure 6 illus-
trates their autocorrelation functions. First zero-
crossings are 80 to 90 km, implying the wave
lengths of 320 to 360 km. Autocorrelations of
horizontal distributions of temperature at Section
A were also discussed by TAIRA (1980, personal
communication). Maximum entropy spectra and
least square wave-fit also give prevailing wave
lengths similar to these figures. The dominant
wave lengths are assumed to be four times of
the first zero-crossings of the autocorrelation
functions and listed in Table 3. Amplitudes
4D of TS dynamic height fluctuations having
these wave lengths are estimated by means of
least square wave-fit. These fitted waves (dotted
lines in Fig. 5) account for 61, 96, 84 and 68%
of the standard deviations of 4D’ at Sections
A, B, C and D, respectively; namely, distri-
butions of 4D’ at Sections A and D can not be
sufficiently expressed in a single sinusoidal form
and the present results for these two sections
should be tentative. Amplitudes 49 of associated
geostrophic velocity differences between 300 db
and 800 db normal to the sections are estimated
as in Table 3. They are 7 to 8cm/sec and
about an order of magnitude greater than the
velocity differences 47 of mean flows.

These wave lengths and amplitudes are com-
parable to those of the first-mode baroclinic
Rossby waves in the MODE area obtained by
MCWILLIAMS and FLIERL (1976). The wave
lengths, however, are considerably shorter than
those observed in the zonal sections in the
Kuroshio Extension - and in the North Pacific
Current (see BERNSTEIN and WHITE, 1977;

KENYON, 1978; WILSON and DUGAN, 1978).

Phase propagation of the fluctuation is ex-
amined at Sections C and D. If the propagation
is assumed to be westward as for the Rossby
waves, the propagation speed is 6 cm/sec esti-
mated from the phase difference of the fitted
waves or 4 cm/sec estimated from a shift of a
peak of 4D’ (shown by an arrow in Fig. 5).
These figures are remarkably higher than a
phase speed expected from the dispersion relation
(Eq. 2) for the first-mode baroclinic Rossby wave;
the latter is 2.4 cm/sec for /=0 and 1.7 cm/sec
for =4k when k=—27/350 km.

4, Summary

Vertical structure, intensity and horizontal
scales of the mesoscale baroclinic variability
are examined in the western North Pacific.
From the vertical mean profile of the potential
density, vertical structure functions are obtain-
ed for the lowest three modes.
depend on the structure of the main thermocline

They primarily

and are not very sensitive to that of the seasonal
thermocline. The vertical profiles of structure
functions and radii of deformation are quite
similar to those in the MODE area for these
modes. The first-mode baroclinic wave has
intense vertical shear of the horizontal velocity in
the main thermocline and is primerily accompa-
nied with a vertical displacement of the main
thermocline.

By use of the mean TS relation, TS dynamic
height at 300 db relative to 800 db are calcu-
lated for zonal temperature sections obtained in
1977 and 1979 to the east of the Izu-Ogasawara
Ridge. Vertical differences of mean geostrophic
flows (0.5 to 2.8cm/sec between 300db and
800 db surfaces) are detected and removed
from the distribution of TS dynamic height.
Autocorrelation functions of these zonal fluctua-
tions give dominant wave lengths of about
350 km. Amplitudes of TS dynamic height
fluctuation having these wave lengths are
obtained by means of least square wave-fit.
Amplitudes of the associated geostrophic velocity
differences between 300db and 800 db surfaces
normal to the sections are estimated at 7 to
8 cm/sec, which are about an order of magni-
tude greater than the velocity differences of the
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mean flows.
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Influence de la combinaison des facteurs température et salinité

sur la croissance larvaire de Macrobrachium nipponense
(De Haan) (Palaemonidae, Décapodes Crustacés)*

Hiroki YAGI** et Yutaka UNO**

Résumé: Nous avons calculé le taux de métamorphose des larves, la durée du stade larvaire
et la longueur des carapaces des postlarves sur Macrobrachium nipponense élevée, en appli-
quant 25 combinaisons différentes de température et de salinité. La température varie de 20,8
a 34,9°C et la chlorinité de 4,1 & 19,5 % Cl. Cette espéce peut se métamorphoser dans les
conditions suivantes: lorsque le niveau de chlorinité est 4,1 %0 Cl, la température de ’eau peut
varier de 23,8 2 34,9°C; pour une chlorinité 7,9 %o Cl, la température est comprise entre 23,8
2 34,9°C; pour une chlorinité de 11,9% Cl, de 26,0 3 34,9°C; pour 15,7 %0 Cl de chlorinité,
la température est de 26,0 & 32,0°C. L’équation de Van’t Hoff est applicable pour calculer
la relation qui existe entre la durée du stade larvaire en jours (T) et la température de I’eau

en degrés Kelvin (°K).

Les valeurs du Qio sont de 1,63 & 2,83 pour des chlorinités de 4,1 a

19,5 % Cl.  Pour la longueur des carapaces des postlarves, I'influence de la salinité est signifi-
cative & 5% de risque mais celle de la température ne l’est pas & 1% de risque. Ensuite
nous avons estimé le taux de mortalité par la méthode de Box et Youle d’aprés la mortalité

observée au cours de cette expérience.

1. Introduction

La crevette Macrobrachium nipponense (DE
HAAN) est unee spéce, dominante en eau saumétre
et douce en Extréme-Orient, particuliérement
en Chine, a Formose, au Japon et en Corée
(HoLTHUIS, 1950). Récemment, les études taxo-
nomiques et écologiques de cette espéce ont été
rapportées par KUBO (1940, 1949, 1950), UNO
(1971) et OGASAWARA et al. (1979). Néanmoins
au niveau du stade larvaire, jusqu’a cette date,
quelques questions restent posées, la tolérance
a la salinité, par exemple. L’influence de la
température et de la salinité sur les taux de
métamorphose larvaire chez cette espéce sera
étudiée dans ce document.

2. Matérial et méthode

L’expérience a été menée de la méme maniére
que pour M. rosenbergi que nous avons présentée
dans l’article précédant (UNO et YAGI, 1980).

* Manuscrit recu le 14 Mars 1981

** Laboratoire d’Ecologie Animale, Université des
Péches de Tokyo, Konan 4, Minato-ku, Tokyo,
108 Japon

Les adultes gravides de Macrobrachium nippo-
nense utilisées pour cette expérience proviennent
de Kasumigaura dans le préfecture d’Ibaraki.
Elles ont été capturées par des pécheurs pro-
fessionnels en juin 1977 et ensuite placées dans
un bassin d’éclosion (307, 8,9 %0 Cl) a I’Univer-
sité des péches de Tokyo. Les larves sont nées
avant le lendemain matin. Les différents élevages
larvaires ont été réalisés dans le méme type de
bassin et en méme temps. Pour récolter les
larves qui éclosent au stade zoé, nous avons
employé la lumiére car la crevette est phototaxi-
que au stade larvaire. Cenginte larves exacte-
ment, le nombre a été établi de fagon précise
en les comptant une & une a ’aide d’une pipette,
ont été transférées dans les filets d’élevage du
bassin d’essais. Les filets d’élevage sont sus-
pendus dans I’eau au milieu de "aquarium qui
est rempli de 457 d’eau de température et de
salinité précises. Ces bassins sont équipés
d’un systéme de double fond et un exhausteur
et ils donnent tourjours d’excellents résultats
dans notre laboratoire.

Les larves ont été suffisamment nourries
chaque matin a4 10 heures avec les Ariemia
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salina au stade nauplius juste éclos dont les
oeufs provenaient de San Francisco. Clest a
ce stade que la valeur énergétique est la plus
elevée.

Afin de préciser l'influence de la température
et de la salinité sur les crevettes larvaires, nous
avons réalisé les 25 combinaisons différentes
indiquées au Tableau 1 et calculé chaque fois
le taux de métamorphose (en pourcentage de
survie des larves). Pour réaliser les différents
taux de salinité de chaque combinaison, de I’eau
douce filtrée dans un filtre a charbon a été
Pour garder la méme salinité, le niveau
La température

ajoutée,
d’eau est ajusté régulierement.
est mesurée tous les jours et maintenue con-
stante grice a une résistance de 100 W et un
thermostat, la régularisation est donc réalisée,
pour éviter une influence climatique. Ces
manipulations ont été effectuées a4 10 heures
chaque matin lors de l’alimentation.

La longueur des carapaces des postlarves est
mesurée immédiatement aprés la métamorphose,
in vivo, a4 l'aide d’un micrométre sous micro-
scope binoculaire. La longueur de la carapace
correspond & la distance de la base du rostre
au bout postérieur de la carapace. Apres la
mesure, les postlarves sont conservées dans une

solution a4 8% de formol neutre.

3. Résultats
Mille cing cent larves au stade zoé, juste aprés
I’éclosion sont élevées selon les combinaisons

Tableau 1.

différentes de température et de salinité indi-
quées au Tableau 1 (donc 50 larves par combi-
naison). La température varie de 23,8 4 34,9°C
et la chlorinité de 4,1 4 19,5 %0 Cl. Le Tableau 1
et la Figure 1 indiquent le taux de métamorphose
des larves dans les conditions suivantes: lorsque
le niveau de chlorinité est 4,1 %.Cl, la température
de I’eau peut varier de 23,8 a 34,9°C; pour une
chlorinité 7,9 %o Cl, la température est comprise
entre 23,8 et 34,9°C; pour 11,9 %, Cl de chlori-
nité, de 26,0 a 34,9°C; pour 15,7% Cl de
chlorinité, de 26,0 a 32,0°C; pour 19,5 % Cl de
chlorinité, la température est de 26,0°C. Par
contre pour 11,9 %o Cl de chlorinité aucune larve
ne vit a la température de 23,8°C; pour une
chlorinité 15,7 % Cl, il n’y a pas de vie entre
23,8 et 34,9°C; pour 19,5% Cl de chlorinité,
aucune larve ne vit au dessus de 29,0°C et en
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Fig. 1. Influence des combinaisons de la tempér-
ature et de la salinité sur la métamorphose
chez des larves de Macrobrachium nipponense.

Influence des combinaisons de la température et de la salinité sur la

métamorphose chez des larves de Macrobrachium nipponense. PM, pourcentage
(%) de métamorphoses; T, durée larvaire en jours.

Température Cl (%)
°C 4,1+0, 16 7,940, 12 11,90, 09 15,70, 22 19,50, 24
PM 64,0 © 38,0 0 0
23,811 1 23 1+1,73 ©  22,6+1,57 -~ - -
96 0404 PM 76,0 86,0 52,0 12,0 2,0
040,41 18,0+1, 58 18,0+1,86 20,20, 76 21,842, 10 26, 00, 00
PM 90,0 96,0 78,0 26,0 0
29,0£0,1 1 14,841,309 16,9+0,95 16,841,690 & 17.3+1,32 -
PM 90, 0 96,0 66, 0 © 44,0 0
N ) : , o4
32,0+£0,2 7 14,2:1,57 14,3+1, 68 16,4+2,26 & 17,4=1,37 -
PM 74,0 66,0 20,0 0 0
34,9£0,3 1 16,31, 47 16,11, 18 15,61, 84 - -
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Tableau. 2.

Nombre de métamorphoses de Macrobrachium nipponense dans

les différentes combinaisons de température et de salinité; a,b,c,d et e
représentent des températures de 23, 26, 29, 32 et 35°C.

Jours aprés
éclosion

Cl (%0)
11,9 19,5

abcde abocecde abede

10 Sours

11

12 2
13 6 22
14 16
15 2 10
16 4 10
17 8§ 1
18 14 0
19
20
21
22
23
24
25
26
27
28
29
30

11 9
12 10 23
2 910
2 2
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Total 32 38 45 45 37

19 43 48 48 33

026 39 33 10 0 61322 0 010 00

Pourcentage de
métamorphoses

64 76 90 90 74

38 86 96 96 66

0 52 78 66 20 012 26 44 0 02 000

dessous de 23,8°C. Si la chlorinité est inféri-
eure a 15,7 % Cl, le taux de survie est toujours
de moins le 50 %.

Les conditions convenables pour obtenir plus
de 50 % du survie sont a l’intérieur du cadre
en pointillé sur le Tableau 1. Mais la zone
qui permet plus de 10 % de survie est beaucoup
plus grande que pour M. rosenbergi.

Le Tableau 2 représente les durées du stade
larvaire (de ['éclosion & la métamorphose) en
jours en fonction des combinaisons de tempéra-
ture et de salinité. Comme pour M. rosenbergi
lorsque la température durée
moyenne du stade larvaire diminue de méme
que l’écart-type.
quotidiennes est indiqué a la Figure 2.

L’équation de Van’t Hoff est applicable pour
calculer la relation qui existe entre la durée du
stade larvaire en jours (T) et la température de

augmente, la

Le nombre de métamorphoses

I’eau en degrés Kelvin (H). Nous avons calculé
d’abord la relation entre H et T avec la méthode
de YAGI (1929) avec les valeurs du Tableau 2,
puis la valeur du Qio.
pour une chlorinité de 4,11 % Cl
log 1/T=16,49—4,21 Hx107?
pour une chlorinité de 7,89 %o Cl
log 1/T=13,99—3,73 Hx 10-?
pour une chlorinité de 11,92 %o Cl
log1/T=9,11-1,94 Hx 10-?
pour une chlorinité de 19,52 % Cl
log 1/T=10,11—2,22 Hx 10-?
Ces résultats apparaissent a la’ Figure 3 et
I’on peut ensuite calculer la valeur du Qio entre
23°C et 33°C par la méthode de YAGI (1929).
On trouve ces valeurs dans le Tableau 3. Chez
Macrobrachium nipponense, la valeur de Qo est
maximale pour une chlorinité de 4,1 % Cl et
elle diminue rapidement au fur et a mesure que
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Fig. 2. Nombre de métamorphoses de Macro-
brachium nipponense dans les différentes
combinaisons de température et de salinité.
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Fig. 3. Relation entre la température (K) et la

durée larvaire (T) dans 4 différences combi-
naisons; A 4,1, B 7,9, C 11,9, D 19,5 % Cl.

la salinité augmente.

Les combinaisons de température et de salinité
pour lesquelles la survie dépasse 50% apparaissent
ci-dessous; pour une chlorinité de 4,1%Cl la
température minimum est de 23,3°C, la tempér-
ature maximum de 36,0°C; de méme pour une

Tableau 3. Valeurs de Qyo selon ’équation
de Van’t Hoff.

4,1 %0 Cl 2,838

7,9 2, 350
11,9 1,633
19,5 1,754

a0l

°C

TEMPERATURE

] -l i 1
o] 5 10 15 20
C | (%)

Fig. 4. Estimation du taux de mortalité de

Macrobrachium nipponense par méthode de
Box et Youle d’aprés la mortalité observée
dans les 25 combinaisons de température
et salinité.

chlorinité de 7,9 %0 Cl, minimum 23,7°C, maxi-
mum 35,7°C; pour une chlorinité 11,9 %. Cl,
minimum 25,9°C, maximum 33,0°C.

La zone ou la survie dépasse 809 est plus
grande que celle de M. rosenbergi et au dessus
de 15,7% Cl de chlorinité, quelque soit la
température, le taux de métamorphose n’excéde
jamais 50 %.

On peut calculer ces zones en faisant 'hypo-
thése de BOX et YOULE (1952) a l'aide d’un
ordinateur. Les différentes zones apparaissent
sur la Figure 4.

Pour chaque combinaison de la température
et de la salinité permettant la métamorphose
des larves, les longueurs de carapace des post-
larves immédiatement aprés la métamorphose,
Ces résultats figurent
au Tableau 5, et les différences de longueur de

in vivo, ont été mesurées.
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Tableau 4. Pourcentage de métamorphoses des crevettes larvaires Macrobrachium
nipponense selon les résultats, dans 25 combinaisons différentes de température
et de salinité; min., température minimale; max., température maximale.

Pourcentage de Cl (%%0)
métamorphoses 4,1 7,9 11,9 15,7 19,5
min. max. min. max. min, max. min. max. min, max
20 % 20,4 37,2(°C) 21,5 37,1 24,1 35,0 27,8 33,7 - —
30 21,4 36,8 22,3 36,7 24,7 34,4 29,6 33,0 — —
40 21,9 36,4 23,1 36, 2 25,3 33,7 31,3 32,4 — —
50 22,3 36,0 23,7 35,7 25,9 33,0 — — — —
60 22,8 35,6 24,4 35,3 26,9 32,3 — — — —
70 24,5 35,2 25,0 34,6 28,1 31,0 — — — -
80 26,8 33,9 25,6 33,6 — — — — — —
90 29,0 32,0 27,2 32,6 — — — — —
Tableau 5.

Longueur de crapace (en mm) des postlarves métamorphosées de Macrobrachium

nipponense élevées dans 18 combinaisons différentes de température et de salinité; m,
longueur moyenne; N, nombre de spécimens; sd, déviation standard.

Température Cl (%)
4,1 7,9 11,9 15,7 19,5
m sd N m sd N m sd N m sd N m sd N
23,8 1,50 0,10 16 1,53 0,13 13 — - — — _ — -
26,0 1,64 0,09 38 1,66 0,09 42 1,60 0,12 26 1,54 0,09 4 1,47 0,00 1
29,0 1,74 0,08 42 1,84 0,11 48 1,68 0,09 38 1,60 0,06 7 — - -
32,0 1,74 0,09 44 1,80 0,10 47 1,75 0,10 32 1,55 0,11 22 — _ -
34,9 1,61 0,11 37 1,59 0,13 33 1,34 0,06 10 _ = = = =
Tableau 6. Résultats de I'analyse de la variance la température de 23,84+1,1°C—34,9+0,3°C;

sur le longueur de carapace selon le Tableau
5. d.f, degré de liberté; F, F ratio observé;
Fo, F ratio théorique; S.S, somme des carrés;
V, variance.

S.S A_,,»d'f v B F Ii",_,
Température 3,18 4 0,796 3,42 3,01
Salinité 6,61 4 1,653 7,12 4,77
Erreur 3,72 16 0,232
Total 13,51 24

carapace entre les postlarves élevées sous les
différentes combinaisons de température et de
salinité sont analysées selon le test de Fisher
(CAMPBELL, 1976) comme indiqué au Tableau
6. L’influence de la salinité est significative a
59, de risque.

4, Discussions

Selon les résultats mentionnés ci-dessus, nous
avons remarqué que les combinaisons de tempér-
ature et de salinité pour laquelle la survie dépasse
509 sont pour une chlorinité de 4,1+0,16 %o,

pour une chlorinité de 7,940,12 %0 Cl la tempér-
ature de 26,0+0,4—34,9+0,3°C; pour une
chlorinité 11,94+0,03% Cl la température de
26,0+0,4°C—16,4%2,26°C.  Cette plage qui
permet la métamorphose de plus de 50% est
deux fois plus grande que celle de M. rosenbergi
(UNO et YAGI, 1980).
que M. nipponense est plus tolérante lors du
changement des facteurs d’environnement que

On peut donc considérer

M. rosenbergi.

OGASAWARA et al. (1979) ont étudié la tolé-
rance a la salinité de la crevette larvaire de la
méme espéce M. nipponense provenant du lac
Kasumigaura et ont montré que les larves qui
sont mises dans une eau de chlorinité comprise
entre 5,6 et 9,7 %0 Cl peuvent se métamorphoser
avec un taux de survie compris entre 80 et
92.59%. Malheureusement leurs expériences ont
été réalisées non en prenant comme parametre
le couple, température et salinité, mais en pre-
nant ces deux facteurs indépendement, nous ne
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pouvons donc pas comparer leurs résultats avec
les notres.

Quoi qu’il en soit, d’apres cette expérience, il
est évident que les conditions de métamorphose
des crevettes larvaires du genre de Macro-
brachium changent considérablement selon les
facteurs compliqués de l’environnement. On
doit, par conséquent, toujours tenir compte au
moins de la combinaison température salinité
quand on discute de ’écologie, de la distribution
de fauna, ou bien de la survie chez les crevettes.

5. Conclusion

1. Nous avons calculé le taux de métamor-
phose sur larves de Macrobrachium nipponense
élevées dans les 25 combinaisons différentes de
température et de salinité.

2. Dans la zone ou la métamorphose dépasse
50 9% pour M. nipponense, la chlorinité peut
varier entre 4,1 et 11,9 % Cl et la température
34,9-23,8 et 32,0-26,0°C.

3. Les taux de métamorphose de M. nipponense
sous des conditions variées de température et de
salinité sont préentés en comparaison avec ceux
de M. rosenbergi. On peut donc remarquer
que M. nipponense est plus tolérante au change-
ment des facteurs de l’environnement que M.
rosenbergi.

4. Les valeurs de Qo en fonction de la salinité
sont de 2,84 pour une chlorinité de 4,1 % Cl,
2,35 pour 7.9 % Cl, 1,63 pour 11,9 % Cl et 1,75
pour 19,5 %. Cl.
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