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Estimation of Directional Properties of Wind Waves

by Ultrasonic Current Meter*

Noriyuki IWATA** and Wataru INADA**

Abstract: Energy distribution of wind waves with regard to direction is obtained by measuring

orbital velocities and surface elevations. Ultrasonic current meters are used to obtain hori-
zontal velocity components and capacitance type wave gauge is for surface elevations.

It is concluded that the width of angular spreading of energy density is different for
each frequency component and that the observed angular distribution of energy from mean
direction is consistent with semi-empirical formula previously obtained by J. T. PRIESTLEY
from atmospheric pressure fluctuations on land surface.

1. Introduction

Two dimensional ocean wave spectra can be
approximately determined from measurements
of surface elevations and induced horizontal
orbital velocities (NAGATA, Y., 1¢64; BOWDEN,
et al., 1966). From this method we can calculate
the first five coefficients of the Fourler expansion
of two dimensional spectra representing angular
spreading of energy. Instead of horizontal
velocities we can also utilize gradients of surface
elevations (LONGUET-HIGGINS M. S. et al.,
1¢63). To obtain higer terms of Fourier series
we must device another instrumentation. CART-
WRIGHT-SMITH (1€64) and EWING (1568) tried
to measure even the curvature of surface ele-
vations. By stereophotographic methos (Swop,
1956; UBEROI, 1564; STILLWELL, 1¢69) or by
measurements of surface elevations at several
points (BARBER 1€63; GILCHRIST, 1565; KRYLOV
et al., 1568, MOBAREK, I. E., 1965) it is also
possible to obtain approximate two dimensional
spectra.

The aim of this article is to obtain the direc-
tional properties of wind waves from measure-
ments of surface elevations by capacitance type
wave gauge as well as induced horizontal orbital
velocities by ultrasonic current meter at the
marine observation tower in SAGAMI-Bay,

* Received February 26, 1971

** Institute of Coastal Oceanology, National Re-
search Center for Disaster Prevention, Science
and Technology Agency

Japan, constructed at the spot of 20m depth
and 1.3km off shore.

The method of data reduction is essentially
the same with that of LONGUET-HIGGINS (1¢63).

2. Two dimensional spectra

Surface elevation can be represented by
stochastic integral as, :

Lx, 0= (keXp Ak .

rt=k-x—ot, (1)

where k=k cos ¥, ksin ) denotes wave number

vector and x=(x,9) is horizontal position

vector, 6 is the angle between x axsis and

wave number vector, ¢ shows angular frequency.
Dispersion relation stands for,

o?=gk tanh kh , (2)

where h denotes mean depth of the water and
¢ is acceleration of gravity. From linearized
Bernoulli’s equation. we have surface boundary

condition,
__1fo¢
¢= gr<3t>2=0,

where ¢ denotes velocity potential and at the
bottom we must have,

9 _5. o
E—O, z==—h.

The harmonic function satisfying the above
boundary conditions is given by,

1)



2 La mer, Tome 9, N° 1 (1971)

¢:—igg é{—exp(iz)d/l(k) ,
k
where
_ coshk(h+2)
~ coshkh )
Orbital velocities can be derived from this
potential as follows,

P l )
u:a—i zgng;exp(lX)dAUO )
8¢ . -
w="22 _lngwa exp(IDACK) ,
where hkCh+2)
sin +z

[=Fkcosf, m=ksinf.
Wave induced pressure fluctuation is given
similarly as follows,
o¢
p=—p ot

:pgSkKexp(iZ)dA(k). (6)

When we denote (k) as wave number spectrum
and S(o,#) as frequency directional spectrum,
we have identical relations,

¥ (k)dk="(k, 0k dk d0=S(o, ) da db .

From definition of power spectrum we have
also,

V(k)dk=dA(k)dA*(k) ,

where dA* shows complex conjugate of dA.
When we denote power spectrum of surface
elevations such as,

Pre (o) :S;S(o, 0)do,

then we have similar relations for velocities and
induced pressure,

Pu(o) = (% K)zS"_nZZS(o, 0do
Pr(o) = <%K >2S7[_”m25(0, 0do

Puslo) =K SGo,00a8,

Ppp(a) = (pgK)*Pre (o)

Similarly cross-spectra can be derived as follows,

Cun(0) = (—%K)ZS:_ﬂlmS(a, 0do, (1)

Q@) :gKKwS;lS(a, 0)do (8)
Qun()=gKEL| " mSCo,man,  (9)
Cau(o) =YK S‘T_IZS(U, 0)db , (10)
Cro(o) =%K SiImS(a, 0)db an

where Q(o) denotes quadrature-spectrum (ima-
ginary part of cross-spectrum) and C(¢) shows
co-spectrum (real part).

When we put in general

N, (o) = g PmeS(a, 0)db

it follows then immediately,

PPD(‘)') . Pryo(a)

Ny(o) =Py (o) =

(gK»? ~ (0K,)*

Nig(o) =Qzz.(0) = fpg;;K)z Cpu (@)
= Ca0) = e Q@)

Nor() = Qeza(@) = s Conl)

__9 _ 1
=K Co(= gKKme@ ,

Nao(6) = Pryra(0) = (QLKYPW@ :

Nig(o) = Peyy (o) = (;"E)ZPW@ ,

s \2
Nuo)=Cer0) = ) @) .
It is noticed that we have now identically,
Neo(0) + Noa(0) =k Nyo(@) . (12)

We can see that N, (o) can be calculated from
adequate combinations of surface elevations,
surface gradients, induced pressure and orbital
velocities.

In order to obtain two dimensional spectra,
we expand now it in Fourier series,

S(e,0)= %aw % 1(an cos nfl+ b, sin nf) ,
"

an+ibn=% " exp(@n®)S(o, 0,  (13)

25



Estimation of Directional Properties of Wind Waves by Ultrasonic Current Meter 3

so that we obtain

a ()=~ Nup(o) ,

_ 1 N b= 1 Nyi(o)
al(”)-;? 10(0), l_n'_k‘ 0tlo) ,
a5(0) = —L [ Na(o) — Na( )1 ,

rk

ba() = 2 NuCo) . (14)

The first five coefficients a»(n=0, 1, 2) of Fourier
series can be easily determined, for example,
by power and cross spectra of pressure and
velocities.  When we now introduce (14) again
in (13), we get approximate two dimensional
spectrum as follows,

1 sing(ﬂ-ﬂ)
Si(o, 0) =4 — e S(a,0)HdY",
’ in=—(0—0"
B sin 5 ( D

this is a smoothed average of the actual distri-
bution by weighting function, which can be
eventually negative in some directions. In
order to avoid this difficulty we may put,
S(Uy 0) :%aﬁ“ Z Qanp (an CcOSs ﬂ0+ bn sin n0) .
n=1

When we introduce (14) into the above formula,
it follows,

Sa(,0) = 2%5 W (0—6)SCo, 0)dl’
W) =1-2(a1—az)
0 o
+4(a;—4ay) cosz--éf +16as COS45

putting «@;=2/3, as=1/6 we obtain binominal
low pass filter of LONGET-HIGGINS (1963).
0
W) = %cos"E 15)
It must be noticed that band width of this
filter is rather large, as seen from the relation,

W(z/3)=9/16 W(0).

3. Angular spreading of energy density

The following article is due to LONGUET-
HIGGINS (1963), but we repeat it in resumé in
order to show the method of the processing of
data.

We consider now an integral,

8(~ . 1
(o) =;—Sﬁns1n2~—;~<a—ﬂl>sm2 o (=02

X S(a,0)do .
When we approximate S(o, 6) by the first five
terms of Fourier series, I(¢) can be considered
as a function of 0.(n=1,2), a.(n=0,1,2),
bn(n=1,2). 1t is shown by LONGUET-HIGGINS
(1955) that for the extreme value of I(¢), 6»
must be roots of the quadratic,

Ry — Ry + Ry =0, (16)
where R,(n=0, 1,2) must satisfy,
(a—DRy— (a1—ib) Ry + (az—ib2) R3=0,
(a1+ib)Ry—aoRy+ (a1 —ib) R =0,
(a1+ib2)Ry— (ar+ib1) Ri+ (ap—HR2=0.
(17 a, b, ¢)
From the condition that the determinant of

coeflicients shall vanish, we get,

42 —241+ 4,=0, (18)
where
a, ay—iby-- an—iby,
An: a.l‘}‘l.bl ap """""" Clnjl_ibn_l (19)

a.n“}’l-bn a;z_1+ibn_1---;zo
The minimum value of I(¢) is given from (18),
oo di—yd2— 4,4,

Ilnln(a) - ki‘A‘(;"i‘_A .
To solve (16) we can put now,

Ry: Ri: Re=e—t9:7: el¥,
because we have Ry=Rs* for real R; as seen
from (17b), we obtain then from (17a,c),

(ag—I+as) cos 9+ by sin 9—a;r=0,
(ag—I—asz) sin 3+ by cos §—byr=0,

which gives,

20)

cos 9 sin &

(20a)

7
X Yy Z°
where
X="(ay—Da;— (ajas+b1bs) ,
Y=_(ay—1)b;— (a1bs—asby) ,
Z=(ay—1)*—(at+bs%) . 2D

From (16) we have now the products of roots

exp [i(01+05)] = % —exp(2i9), (22)

¢3)



4 La mer, Tome 9, N°E1 (1971)

or

1 gt ~1(.X>
2(01+02)—19—tan <)

When we put moreover,
61:19+¢3 02:’94—‘;!7
we obtain again from (16) the sum of roots as

follows,

$= % (01—02) =cos™*

1 Z
=cos II:EVXQA—Q-YE:\ . (23)

I(¢) and ¢ are invariant under the rotation
of coordinate. For the special case when the
spectrum is symmetrical about one particular
direction, say 9, then b1=5b;=0 and we have,

Do

1 :
Imin(lf) :70 [<a027012) - ‘412_a042,]~

From (14) it follows however,
Aodz j\roo(NzogNoz) o <COS 20

a® ]\‘7102

where

{cos 02’

T

{cos n0) Pre(0) = S cos n0 S(a,0)d0 .

&

For narrow spectrum we have aoas/a;?<1 and
it follows,

9 -
Imin (o) :ao‘:l —2<ﬂ> +ﬂJ .
ag ao

Moreover we have from (22) and (23),

-1 41
9=0, y=cos™!— .
ao

As LONGUET-HIGGINS shows ¢ is a measure of
r.m.s. of angular spreading of energy from the
mean direction and Imin/[ac¢*] becomes an
indicator of the peakedness of this energy dis-
tribution with regard to direction.
In general long-crestedness is defined,

E2Nop—v A
F2Noo+VA

For symmetrical spectrum it turns out to be,

72 (o) =

, A=(Neo— No2)?+4 N2

apg—dasz

(o) = (24

aotas
4. Principles of ultrasonic current meter

Traveling time of sound pulse between a pair
of transmitter and receiver fixed in a definite

Fig. 1. Sensor of the used ultrasonic
current meter.

s
Ty Tn,
3, 8
T . n
RS' \\\ \\‘ G
DSL-Y a2 oGl o
,// ] S \\\j
Ry .-~ SO R
n. - ~ ~
o ~e’
“®
Ty

Fig. 2. Arrangement of transmitter
and receiver of sound pulse.

distance apart in fluid in motion depends on
the velocity of fluid itself. Let us take arbitrary
axses &, 7 (not necessary rectangular) as shown
in Fig. 2. Te and T, denote transmitter and
Rz, R, receiver of sound pulse.

We assume temporary that the distance be-
tween each pair of transmitter and receiver is
L. Let us draw x axis dividing ejually angle
goy and y axis perpendicular to it. Now the
problem is how to find components of velocity
vector v on x and y axes.

From trigonometry we find at first,

v _ Vi _ Vs
sin20  sin(a—6)  sin(a+6) ’
where @ denotes the angle between x axis and
velocity vector.

V1 and V2 show components of this velocity
vector on & and 7 axes positive towards trans-
mitter. We have from the above formulae as

45



Estimation of Directional Properties of Wind Waves by Ultrasonic Current Meter 5

follows, ency of sound wave constituting a transmitted
sin(a—0) sin(a+6), . pulse in fluid is 4 MHz. Frequency of sing-
Vi= Csin20 vl Ve= sin 20 vl (25) around pulse itself can be determined by f=c¢/L,

Travel time of pulse between each pair of
transmitter and receiver is given by,

As L=145cm and ¢=1,550m/s wec have
approximately f=10.4 KHz. Desired diffcrence
of this sing-around frequency is detected after

Z'E:—fo o= L . (26) multiplying 16 times each frequency. /Analog

c—V;y c=Vs output can also be obtained through frequency-

Reciprocal of this travel time is so called sing- voltage converter. Variation of sound velocity

around pulse frequency. Now the difference of due to temperature fluctuations is obtained by

two frequencies is, comraring sing-around frequency and a fixed
1 1 Iv| cosa standard frequency of 14.8 KHz.

of = ze _;':‘f‘ cost ’ Let us now examine systematic error of actual

or devise. For the case of sing-around method

Va(=|v| cos @) =3fL cos 0 . @n there is always delay time between arrival of

In other words x component of velocity vector
can be determined by measuring 6f. It must
be noticed that V, does not depend on sound

velocity.

When we set another pair of transmitter and
receiver of sound pulse on £’

particular pu'se and a succeeding transmission
of pulse. Moreover distance between trans-
mitter and receiver can not be exactly equall.
When we denote the distanze and delay time
for a pair (T¢e—R¢) as L and ¢ and that for

. ; . th ir (T,—R,) as L+6] ¢
axis paraliel to &, another pair (T;—Ry) as L+0l and t+0z, we

e have,
we have similarly,
L e 1 P 1
&= §= s b s L s
Te +V, Tet1’ Ty (1-4-04/L) +2+d¢
and Thus the difference of the above frequencies is
of 1 1 V sina given by,
ter T, L sinf of=fi—f,
The velocity component on y axis is given by, 1 1 \"(1 ' . 1 \]+
. . = — e N l=il—+— 3
Vy(=|v|sina)=0df Lsinf . (28) e T, L e [ﬁ) ’
Fig. 3 shows block diagram of circuits. Frequ- where
electroacoustical BLOCK DIAGRAM OF SONIC UNIT SYSTEM
transducer
" frequency analog
frequenc
e e sing aroundi_J mu?fipllel)'l out put out put
oscillator X16
Ty frequency _[_ F—A _ v
transmitter receiver difference S
detector converter amplifier
sing around frequency St
R "1 multiplier
oscillator X6
k¢ frequency _A _e¢ v
K difference F o . —o 4
detector converter amplifier
e @ sing around| [ frequency _J— St
oscillator mu;flxglver
i frequency — ~ ¢
i difference F-a || °o—¢
detector converter amplifier
@_@ sing around [ l
oscillator oscillator
reflector transmitter high stability
a receiver

power supplies

Fig. 3. Block diagram of the circuits of ultrasonic current meter.

¢5)



6 La mer, Tome 9, N° 1 (1971)

Table 1. Legend. 4¢: sampling interval, N: total number of data, 7m: optimun period
of spectrum, h: water depth, =z: depth of ultrasonic current meter from the surface.

Run No. Date Adt(sec) N Twu(sec) h(m) z(m)
1 March 8, 1968 11h 25m 0.5 2000 6.7 21.75 2.25
2 ” 13 35 ” ” ” ” ”
3 ” 17 38 ” ” 7.7 21.35 1.85
4 July 3, 1970 18 00 0.9 ” 11.3 22.30 2.80

Table 2. Statistical properties of waves. F: significant wave height, V and U: significant
wave induced velocities, 7: significant period, 7T and To: crest-to-crest and zero-up
crossing period.

1% U
Run No. H(em) T(sec) Tp/To Vicm/sec) T(sec) Tp/To Ulcm/sec) T(sec) Ty/To
1 128 6.3 0.48 87 6.6 0.67 77 6.7 0.42
2 195 7.5 0.63 140 7.0 0.58 100 6.0 0.42
3 155 7.8 0.65 121 7.4 0.58 78 6.2 0.61
4 70 7.0 0.74 47 8.6 0.67 40 7.9 0.73
Lt 5t) v o
e= - .
oo \L Ty Y 2&';“’sec
Substituting (26) into the above formula and X Y
. .. . 20 X
remembering the condition that ¢<V, we have,
. Ve ct 15
; = - 1—2——~ g, 29
of L cost < L ) (29)
where 0 10
c .
5:———5(014-('50 . 05
When we put V,=0, then we have df=s. I N .

. s e . et
5 . . 15 20 25 30 35 3840 45 50 55 §5(Hi
¢ and 0t do not vary in time, so & remains #

constant and V, is exactly proportional to df.
When we admit fluctuations of these quantities

Fig. 4. Calibrations of the ultrasonic
current meter.

such as, 5. Data reductions
c=cFdc, t=to+dty, ot=<oty+ot’ From (13) and (11) we have non-dimensional
then we obtain, Fourier coefficients,
{ety=coto 4 (ﬂ a1> 1 No o Cnlo)
2 - W= \)=7 AR s R
<s>150[1+ <<-5i> >J$60, ar/ k No gk KPg(o)
“ 5 <4£>7}_ Now _ o Celo)
where "\" a0/ k N gk KPy(o)’
0= 2” (314 codt) . 4 <:ﬂ>__L Nao— Noz
k h . . l z ao - k2 NOO
Bracket shows mean value over time interva 6 \2 Pos(0) — Poy(o)
large compared with travel time of sound pulse =\5) KePu(a)
(about 100 p£sec). By taking these mean values, g e
we can consider <{¢) as constant and it is pos- 52<:ﬁ>:,_2_4&
sible to obtain V, by measuring df. Fig. 4 o K Noo
shows the results of calibration giving a relation _ <L>2. Cuw(o)
between V and df. T\ gk/ K2Pp(o)

(6)



Estimation of Directional Properties of Wind Waves by Ultrasonic Current Meter 7

When we denote calibration coefficient for wave
gauge as {ocm/volt and that for ultrasonic . .
. »
current meter as wvocm/sec/volt we can re- . L
write as, 21
—~ L]
ay=cras*, 131 = Cfb1* . . *
/d\2:Cf2a2*. 32:Cf2bz*, b o n 4
where - ¢ . .
8 ° . = . A o
g 1 v Z!z; . . " A o
Cr=—— —— —— o
S gk K CO 2 . . ™ “o o ° A
and * " °, a0t
. 'y oo °
* %a
Clu (U) 2 . 4
a*= <, etc. 30 . ®ad e
IO (30) b il T oo Run
2°8, o b LI |
Here ctu* and Py* show spectrum calculated ° foat s 2
e 3
from output voltages themselves. From (17a) o 4
and (18) we obtain,
I 05 ! 5 5/5m 2
1-20ocp(1-1), (3D o - S
ao Fig’ 5. Ratio of spectra of surface elevations
and induced velocities.
] . I
o% o Pss ote
- *00 ‘*50 % Pou .gi‘. P PSS
w| o 0 gel o o —_ * x X Pww
AS & e P 2 °p
AS o %% Hs o R T “
* ¢+ %0 £ %0 _0%%0" "%
; o %0 i 0% "% o ::’z,
=1 00 . 900
10 OO:g o.':hn.os Idl . o ﬂfi *‘u .
»%® g’. ; * . *u
[ ] g%
L] .
-2
10 = : - :
) I 2 3 &
. < 5/5"4“ 0 1 2 5/:fm 3
Fig. 6. (@) Fig. 6. (¢)
! 1, I ;z‘ .
e % % £9° ® IMss
—_ °° o:%;’o Iy ‘ P” -~ :o ° ¥ Porv
29 o .: . w ¥ P 2 § ie °Pu
o, % 0002”0 P I
¥ o¥* . [ ) %9
| : o® § 9g00" ©
10 00°° .gfr x i6' % ) e
S8 ety o
*S‘ % :' 2y ':i:"
** * 3 ;
o'.
. "
& — & .
10
0 ! 2§l 3 0 1 2 55w 3
Fig. 6. (b) Fig. 6. (d
Fig. 6. Normalized power spectra. (a) is for Run 1, (b) for Run 2,

(c) for Run 3 and (d) for Run 4.
7
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£
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— s T

Fig. 7. (b) Fig. 7. (D
Fig. 7. Normalized angular distributions ol energy for each component,
(a) is for Run 1, (b) for Run 2, (¢) for Run 3 and (d) for Run 4.

2 3

|

Fig. 8. Wind field at the observation time. Fig. 9.

0 7March 2 0 2 0 ° | 2 .3 4§/t

Parameter of r.m.s. angular distribution
of energy. Full curve is derived from semi-
empirical formula of PRIESTLEY (1963).
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Estimation of Directional Properties of Wind Waves by Ultrasonic Current Meter 9

where
1—le=a*2+ b,
+ [(ay*2—by*2— gqo¥2) + (1)2*~2a1*171*)2]‘/2.
From (21) it follows also,

cos ¢ :;—'cy{(l—l*)zf (az*2+by*2)}/

[(a*2+ b)) {(1—= L)+ (a2**+b5*) }
—2(1—I»{as*(ar™—b1*?)
+2a1*b1*bi*bo*}]. (32)

Mean direction of each frequency component
is obtained from (20a) as,

tan 9= [(1— L) b1* — (ar*bs* —as*b1*) ]/
[(1—LYar*— (ar*as* +b1¥be™) ].
It is interesting to note that we have from (12),
Pt(e)

2 _

T Pu*(0)+Put(o)”
Both side of (33) can be obtained from obser-
vations. We can use (33) as a criterion of
data to be used.

Fig. 5 shows the results of calculations, where
c=2rf and fm denotes optimum frequency of
each calculated spectrum. In the neighbour-
hood of fm, (12) is satisfied considerably well,
but for lower and higher frequency range the
ratio becomes larger and larger. It might be
partially due to the scattering of waves around
the observation tower.

Cy (33)

Representative scale of
this tower is horizontally about 14 m, exactly
equall to the wavelength of surface waves with
period of 3sec. It can be seen also that the
ratio of (30) and (33) is rather systematically
discrepant for each run, so that we use here-
after ¢y calculated from (33).

Fig. 6(a)~Fig. 6(d) are normalized spectra
of surface elevations and horizontal components
of orbital velocities, f,, denotes optimum frequ-
ency of each spectrum and C(0) shows the
integral of spectral densities, so that the area
under each spectrum curve equalls to unity.

Fig. 7(a)~Fig. 7(d) show angular spreading
of power spectrum defined #S/Pr. It does
not show a usual directional spectrum but indi-
cates general character of directional distribu-
tions of wave energy for each frequency. It
can be seen evidently that the peakdness of the
energy distributions with regard to direction is

different for each frequency component. It is
largest for optimum frequency and becomes
smaller for both higher and lower frequency
components.

Fig. 8 shows the wind field for the first 3
runs. Wind directions are almost constant for
36 hours and wind velocities fluctuate from 10
m/sec to about 20 m/sec with apparent periodi-
ties of 6~9 hours. On the other hand the last
observation is made under the condition of
weak wind characterizing swells propagating
from open sea, so that Fig. 6(d), the power
spectrum, becomes rather narrower compared
to the others.

Fig. 9 shows cos¢ calculated by (32). It
is a measure of angular distributions of energy
from mean direction of each frequency compo-

nent. The full line is derived from Priestley’s
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0.8

o7
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Fig. 10. Parameter of peakcdaess of two
dimensional spectra.
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Fig. 11. Long-crestedness of surface waves.
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formula (1965) of atmospheric pressure fluctu-
ations (IWATA, 1971). It must be noticed that
r.m.s. of angular distributions of energy is
larger also for lower frequency components. It
may be due to the randomness of the swells
constituting the background of wind wave field.

Imin/ao is a function of Fourier coefficients,
which is different for each frequency components,
so that Imin/ao becomes also a function of
frequency. Fig. 10 shows a relation between
I/ao and cos ¢.

f/fwm is originally mutivalued function of
cos ¢ as seen in Fig. 9, so that we have selected
higher frequency range f>fm. The real curve
is derived again from semi-empirical formula
of atmospheric pressure fluctuation of PRIESTLEY
(1963). Peakedness of the energy distribution
becomes to be proportional to the r.m.s. of
angular distributions.

Fig. 10 shows long-crestedness 7 calculated
from (24). The crest length is largest for
optimum frequency component and becomes
smaller for both lower and higher frequency
components. The real curve is again derived
from semi-empirical function of atmospheric
fluctuations.

6. Concluding remarks

Two parameters derived by LONGUET-HIG-
GINS (1963) denoting the r.m.s. angular dis-
tributions of energy and spectral peakedness
and also long-crestedness are obtained from
observations of surface elevations and of wave
induced horizontal velocities.

These parameters are different for each
frequency component and take extreme value
at optimum frequency of power spectra. It is
interesting to note that in lower frequency range
the r.m.s. angular deviations of energy becomes
larger than that for optimum frequency com-
ponent. The similar characteristics are derived
also for atmospheric turbulent pressure fluctua-
tions at land surface having the same frequen-
cies with ocean waves. It is possible that the
tertiary interactions between surface wave com-
ponents can contribute to the angular dispersion
but the observed results indicate that this
angular distribution of energy are almost the
same with linear theory of surface wave deve-

lopment under turbulent atmospheric pressure
fluctuations.
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Studies on the Formation of Demersal Fishing Grounds*

2. Analytical Studies on the Effect ¢f the Wind on the Spreading
of Water Masses in the Eastern Bering Sea
Kohei KIHARA**
Abstract: The three major water masses; Alaskan Coastal Water, Alaskan Stream Extension

Water and Boreal Cold Water, were previously reported by the present author (KIHARA et al.,
1969). The strength of Alaskan Stream Extension Water in summer season is closely related
to the six months mean cumulative value of the wind force (from February to July) at the
Unimak Island. In 1963 and 1968, the strength of the northward component of the six months
cumulative wind force is prevalent and consequently the spreading of Alaskan Stream Extension

Water is remarkable one.

The high negative correlation is noticed between the catches of

halibut and the volume of Alaskan Stream Extension Water in the eastern Bering Sea.

1. Introduction

The purpose of the present paper is to study
the unity of marine organisms and their environ-
ments, since the population dynamics of the
abundance of a species is considered to be
affected by the interaction between the organisms
and their abiotic and biotic environments. The
connection between an organism and any par-
ticular component of its environment is never
isolated from the connections with other environ-
mental components (HELA, 1965). The water
masses in the eastern Bering Sea in summer
season can be classified into three types; Alaskan
Coastal Water, Alaskan Stream Extension
Water and Boreal Cold Water, on the basis of
the T-S diagram. These water masses affect
the formation of the demersal fishing grounds
in this sea area. Especially Alaskan Stream
Extension Water seemed to be the optimum
Alaska pollack (Theragra
chalcogramma), on the other hand it acts on
the formation of fishing grounds of Yellow
sole (Limanda aspera), Rock sole (Lepidop-
setta bilineata) and Pleuronectes pallasi as a
As mentioned above, Alaskan
Stream Extension Water affects on the formation

water mass for

limiting factor.

* Received February 27, 1971
** Tokyo University of Fisheries, Konan-4, Minato-
ku, Tokyo 108, Japan
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of the demersal fishing grounds in the eastern
Bering Sea. More detailed research is necessary
but the present study is confined into the
relation between the strength of Alaskan Stream
Extension Water and the wind force at the
Unimak Island from 1663 to 1569.

2. Materials and methods

The materials utilized are mainly based on
the fisheries oceanographic data obtained by
Oshoro-maru (the fisheries training and research
ship, Faculty of Fisheries, Hokkaido University,
Hakodate) in the eastern Bering Sea from 1663
to 1569. The values of water temperature and
salinity in the bottom layer are plotted on the
T-S diagram to distinguish the water masses.

o(Temp)

(A) Alaskan Coastal Water

[SJ

Berin,
. (C)Boreal gold Water

3100 3200 3300 %e(Sal)
Fig. 1. Classification of basic water masses in

the eastern Bering Sea.
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60°N

Figs. 16~22. Distribution of Alaskan Stream
Extension Water and Bering Boreal Cold Water
in the bottom layer from 1963 through 1969.
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The points on the T-S diagram are distributed
in the domain of the triangle ABC. The ver-
tex A, B and C mean the following three
standard water masses;
A: Alaskan Coastal Water
B: Alaskan Stream Extension Water
C: Bering Boreal Cold Water
The water temperature and salinity of each
point are expressed as A(i, s1), B(s, s2) and
C(ts, s3). The water masses in the domain of
the triangle are composed of the standard
water masses A, B and C, and the ratio (%)
of their composition differs with the distance
from each vertex. Each side of the triangle is
divided into 100 equal parts and joined each
point to make grids. If the composition ratio of
each standard water mass at the point, P(,s),
in the domain of the triangle is expressed by
my, mg and ms, these relations may be written
as follows;
my-+me+m3=100
t=mysti+maetet+msets
S= M1 S Mg Sot+ 13 S3
The standard water mass which occupies more
than 50 percents in the composition of every
water mass is treated as a dominant water
mass in the three staadard water masses. The
water mass having no dominant water mass is
considered to be equally composed and is named
Mixed Water. The depth of upper and lower
limits of Alaskan Stream Extension Water and
Boreal Cold Water can be read by the T-S
diagrams of each station (Fig. 1).

The horizontal distributions of each water
mass are shown at the depth of 60m, 100 m
and in the bottom layer (Figs. 2~22). The
thickness of these water masses is obtained by
the T-S diagrams (Figs. 23~29). The volume
of Alaskan Stream Extension Water in the
triangle area is computed by a planimeter to
estimate its strength (Figs. 30 and 31). The six
months mean cumulative wind force (from
February to July) of the northward and the
westward components at Unimak Island are
computed to know the relation between the
wind force at sea level and the strength of
Alaskan Stream Extension Water which is
considered to be the mixed water of Alaskan
Stream Water flowing through the straits of

Aleutian Chains and the coastal water in the
eastern Bering Sea. The six months mean
cumulative wind force at Unimak Island is
calculated as following:

1o,
F,= —6—wa F,=Westward component

Fn:‘if'fff;z F.=Northward component

Where f,, means the daily wind force of west-
ward component and £, neans northward com-
ponent at sea level from February to July.

3. Results and discussion

The Alaskan Stream flows westwards along the
south coast of Aleutian Chains. Some parts of
this water are considered to enter into the
Bering Sea through the straits in the Aleutian
Chains. It is conjectured that the forces of
westward wind and northward wind in this
area affect on the volume of Alaskan Stream
Extension Water. The graph of the six months
mean cumulative wind force shows the fact
that there is little change of westward com-
ponent, but is remarkable change of northward
component which shows the maximum in 1967
and the minimum in 1668 (Fig. 32). Regarding
the strength of them, northward component is
superior to westward component except in 1968.
It is concluded that northward component of
wind affects on the strength of Alaskan Stream
Extension Water dominantly. The apparent
difference between northward component and
westward component is the least in 1263 and
is the greatest in 1¢68.

As shown in the Fig. 30, Unimak Strait
opens to NW-SE direction and it is considered
that westward component of wind generates the
current which flows directly in Unimak Strait
in conformity with the Ekman’s wind driven
current theory.

The gradient of thermosteric anomaly be-
tween A and B points in the Figs. 33~39 is
calculated on the basis of the fact that this
gradient is proportional to the pressure gradient.
The strength of the northward component
which affects on the strength of Alaskan Stream
Extension Water is weaker in 1963 and 1968.
In the years 1963 and 1968, the gradient of

(17)
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60°N —
ALLASKA

55°Nr

UN

T70°W 66w
Fig. 30. Submarine topography and Polaris
fishing ground of halibut. Triangle indicates
the sea areas used to calculate the volume
of Alaskan Stream Extension Water. (Depth
in meter).
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Fig. 31. The volume of Alaskan Stream Exten-
sion Water in the sea areas which are shown
in the Fig. 30 from 1963 through 1969.
thermosteric anomaly is greater and it is con-
cluded that the current gains in speed (Fig.
40). On the contrary, current speed is slower
in 1664 and 1967 when the strength of the
northward component is greater and the gradient
of thermosteric anomaly is less. The high
negative correlation (= —0.91) is recognized be-
tween the northward component of wind and
the gradient of thermosteric anomaly (Fig. 41).
In the following, the relation between the
gradient of thermosteric anomaly and the
strength of Alaskan Stream Extension Water is
investigated. It is marked that the geostrophic

o:Fy

‘63 ‘64 ‘65 ‘66 ‘67 ‘68 ‘69 X
years
Fig. 32. Variation of the six months mean
cumulative value of the westward and north-

ward components of wind force at Unimak
Island from 1963 through 1969.

current flows along the edge of continental
shelf and the vortex due to the submarine
topography are formed (Figs. 33~39). The
horizontal spreading of Alaskan Stream Extension
Water at the depth of 60m, 100 m and in the
bottom layer is remarkable towards northwest
direction in 1963 and 1968 when the gradient
of thermosteric anomaly is greater (Figs. 2~
22). On the contrary, the spreading of this
water is not so conspicuous in 1967 when the
gradient of thermosteric anomaly is less. The
spreading of this water mass towards the in-
terior of the Bristol Bay is remarkable in 1964,
1965, 1966 and 1967 when the strength of this
water mass is not so strong. The spreading
of Boreal Cold Water at 60 m depth is not re-
cognized in 1967 and 1969 when the northward
component of wind is stronger. This water
mass intrudes towards the interior of this bay
in 1963 and 1568 when the northward component
is weaker (Figs. 2~15). In the bottom layer
the strength of Alaskan Stream Extension
Water is not so strong in 1963 and 1968 when
northward component of wind is also weaker.
In 1967, the northward component of wind is
stronger, and then the spreading of Alaskan
Stream Extension Water towards the NW
direction is prevalent. The strength of Boreal
Cold Water in the bottom layer is conspicuous
in 1963, 1964 and 1968 (Figs. 16~22). It is
noticed that the spreading of Boreal Cold

(18)
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Fig. 40. Difference of thermosteric anomaly be-
tween A and B points which are shown in
Figs. 33-39 from 1963 to 1969.
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Fig. 41. Relationship between the six months

mean cumulative value of the northward com-
ponent of wind force at Unimak Island (X) and
the diflerence of thermosteric anomaly between
A and B (Y).

Water towards the interior of Bristol Bay is

remarkable in the years when the northward

component of wind in this area is not so

prevalent.

Figs. 23 to 29 show the thickness, namely
vertical spreading of Alaskan Stream Extension
Water. It is found from these figures that the
vertical spreading of this water mass is remark-
able in 1968 when the strength of the north-
ward component is weaker and then horizontal
spreading towards northwest direction is stronger

+50

+25}

13 year averagesy

UONDINGD JUSIISY
o

-25}¢ J
_50 1 1 1 1 1 1 1 i 1 1 ] i
1960 1965 1570
Years
Fig.42. The abundance of halibut aged 6 through

10 on the Polaris ground as indicated by the
deviation from the average catch per unit effort
from 1958 through 1970 by North American
setline vessels (smoothed X 3, according to
William H. HARDMAN).

o 100 200 X_300x/0'm"
-25l
-50‘1‘

Y

Fig. 43. Relationship between the volume of

Alaskan Stream Extension Water in the triangle
area (X) and the deviation of catch of halibut
in Polaries fishing ground (Y).

(Figs. 2~29).

The volume of Alaskan Stream Extension
Water in the triangle area is computed by a
planimeter to find the strength of this water
mass near the entrance of Unimak Strait (Figs.
30 and 31). The volume is maximum in 1968
and minimum in 1966. Since the volume of
this water is calculated in the limited areas,
the volume is not always related to the six
months mean cumulative wind force and the
gradient of thermosteric anomaly. The high
negative correlation (= —0.72) is recognized be-
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tween the volumes of Alaskan Stream Extension
Water in the triangle areas and the catches of
halibut in the Polaris fishing ground (Figs. 30,
31, 42 and 43). Consequently, it is concluded
that Alaskan Stream Extension Water affects
on the formation of the fishing ground of halibut.

From the facts mentioned above, it may be
concluded that Alaskan Stream Extension
Water affects on the formation of the demersal
fishing grounds and there is a remarkable cor-
relation between the northward component of
the six months mean cumulative wind force at
Unimak Island and spreading of Alaskan
Stream Extension Water.
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Isoplethes de sin¢/h*

Melle Noriko KATAYAMA**, Melle Sawa MIYASHITA*** et Kenzo TAKANQ****

Nature du probléme Lorsque la latitude, la
vitesse angulaire de la Terre et la profondeur de
l'océan sont désignées par ¢, w et h, respective-
ment, la quantité 20 sin ¢/h s’appelle, comme
cela étant bien connu, le tourbillon planétaire
potentiel et égale approximativement le tour-
billon potentiel, si le cisaillement horizontal de
la vitesse relative a la Terre est petit par rapport
a 2 sin .

Elle jouerait un ro6le considérable dans le
mouvement de ’eau, notamment dans les couches
profondes. On se rappelle, a cet égard, une
étude du méandre du Gulf Stream par WARREN
(1863) suivie d’autres (cf. GILL et PARKER,
1970) qui suggérent plus ou moins I'importance
du relief du fond ou du tourbillon potentiel,
en tant qu’il s’agit de phénomeénes de grande
échelle.

-]

Nous nous proposons de préparer les isopléthes
de sin ¢/h, qui peut é&tre a4 son tour considéré
comme le réciproque de la profondeur de
P'océan mesurée le long de I'axe de la rotation.
Cela est un premier étape préliminaire a 1'étude
du méandre du Kuroshivo et de la genése de
la masse d’eau froide au sud du Japon central.
Alors que de nombreuses recherches synoptiques
portent sur ce probléme, peu nombreuse est la
recherche théorique.

Isopléthes Pour commencer nous avons dessiné
des isobathes sur les cartes bathymétriques nos
5257, 5450 et 5492 de 1'U.S. Naval Oceano-
graphic Office, Washington, D.C. et puis des
isopléthes de sin@/h a partir de sin ¢/h cal-
culées sur chacune de ces isobathes. Les figures
1 et 2 illustrent les isobathes et les isopléthes

de sin ¢/h. La profondeur s’exprime en brasse

N

34~

]
140 °E

Fig. 1. Isobathes au sud du Japon (10? brasses).

* Manuscrit recu le 2 février 1971
** Actuellement Mme H, TANAKA
*#** Actuellement Mme M, MATSUYAMA au Centre

de Calcul de ’Université de Hosei
*#8% Rikagaku Kenkyusho (Institut de Recherche
Physique et Chimique), Saitama-ken
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Fig. 2. Isopléthes de sin ¢/h (107* brasse™).
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Fig. 3.

Position de 1'axe du Kuroshivo.
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Fig. 4. TIsopléthes de sin ¢/h dans ’océan mondial (10~* brasse=!).

(1,829 meétres). La figure 3 donne, & titre
indicatif, un apercu de la position de l'axe du
Kuroshivo, variable avec le temps (MASUZAWA,
1565).

Laissant de coté la discussion d’une particu-
larité suggestive qui pourrait apparaitre de la
comparaison des figures 1, 2 et 3, nous nous
bornons ici 4 les présenter et y reviendrons dans
une note prochaine consacrée a 1'étude propre-
ment dite de ce probléme.

Les isopléthes de //sin ¢ dans ’océan mondial
ont été récemment montrées par GILL et PARKER
(1970). A titre de comparaison, la figure 4
représente les isopléthes de sin ¢/h dessinées
d’une maniére analogue & la figure 2 sur les
cartes bathymétriques de I'U.S. Navy Hydro-

(25)

graphic Office. La vue générale est évidemment
ressemblante I'une & l'autre, bien que le détail
ne le soit pas partout.

Ce travail a été fait lorsque nous avons été
a I'Institut de Recherche Océanique de I'Univer-
sité de Tokyo.
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Current Techniques for Measuring

the Productivity of Seaweeds*

Shun-ei ICHIMURA**

As compared with a great deal of the avail-
able information on the organic matter produc-
tion by phytoplankton in the ocean, suprisingly
little attention has been focused on the scaweeds.
This is presumably due to the fact that the
contribution of seaweeds to photosynthetic
organic matter production in the ocean is
comparatively small because of their habitat
restricted in relatively narrow littoral zone of
the ocean.

The principal primary producers in the ocean
are represented by planktonic algae but on the
littoral fringe the primary producer consists
chiefly of seaweeds which are of great importance
as a direct food stuff for fishes and other
animals inhabiting in the littoral zone. Thus
it is required to determine the production of
seaweeds as a first step to understand fully the
matter cycle in littoral ecostem.

At present, the production of seaweeds has
been mainly investigated from the viewpoint of
fishery and the efforts have concentrated upon
the commercial product. Some of the methods
used in fishery are directly applicable to the
study of the production of seaweeds but more
suitable techniques are necessary to develop
in this field.

The purposes of this paper are to review the
current techniques which have been used for
measuring the production of seaweeds and to
call an attention of marine ecologists on this
subject.

* Received February 12, 1971
Special Project Research supported by the
Ministry of Education on Dynamic Status of
Biosphere. This study was carried out as part
of JIBP-PM.

** Department of Botany, Faculty of Science,
Tokyo Kyoiku University, Otsuka, Tokyo,
Japan

1. Measurement of production from changes
in standing crop
Design of sampling

The outline of the study area is described on
admiralty chart and detailed topographical maps
are prepared by means of aerial photography
or by preliminary survey!'¥’.

Sampling of standing crop is usually made
by the quadrat technique. The shape of the
quadrat is a square or a rectangle. Sampling
is normally made at random. The seaweed
communities have often shown well defined
zonations associated with a gradient in the
environmental factors. Under such conditions
transect lines are set up vertically to the shore
line and quadrats are located along each line
at appropriate intervals or in various depths
according to community types. Belt transect
can also be employed in continuous communi-
ties.

The size of the quadrat is usually 0.25 m? to
1 m? but is determined with types of community.
Since the standing crop of seaweeds is very
variable with locations, the number of quadrat
must be such that it finds a fair statistical
sample to be sufficient to obtaine the average
value for the whole bed or those for a district.

Sampling is usually made at appropriate
intervals throughout the growing season. How-
ever, the design of sampling must take the
character of community growth into considera-
tion, since the seasonal pattern in standing crop
When
the number of surveys is limited, the sampling
is desirable to be made near the seasonal
maximum and minimum of standing crop.
Sampling techniques

Quadrats are established along transect or at
random and all plants within a quadrat are cut
off at the surface of bed with a knife or a

is very variable with community types.
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sickle. This treatment is made by hand in
shallow water and by divers in deep water
using SCUBA. Basket quadrat is useful for
collection of plants on exposed shore and littoral
fringe or sub-littoral belt.

The harvested plants are kept in polythene
bags and returned to the laboratory, washed
with a jet of water, and separated into species.
The excess water is removed from the plants
with soft absorbent tissue. Individual plants
are dissected into each organ such as stipes and
fronds, and each component is then weighed.
Weighing is made as quick as possible to avoid
fresh weight errors due to evaporation losses.
Standardization of the fresh weight determi-
nation is necessary before study.”

To obtain vertical structure of seaweed com-
munity, the plants are cut out into 10 or 20 cm
sections from holdfast to apex, and each com-
ponent of sections is weighed. By this way,
spatial distribution of each component of sea-
weeds is approximated. The frond area is also
measured by the techniques used for land plants.
The determination of the total frond area or
frond area index!® (total frond area in m?/m?
of bottom area) is a useful measure in produc-
tion study.

It has been traditional to utilize wet weight
as a measure of standing crop of seaweed but
the dry weight and amounts of ash-free organic
matter, organic carbon and organic nitrogen
should be measured?”®. The -calculation of
production is usually made based on ash-free
organic matter or carbon. It may be possible
to convert fresh weight to dry weight or to
organic matter using conversion factors. The
factors are examined from time to time because
the content of water and organic matter in sea-
weed varies with season, age and environmental
factors.

When the community consists of large algae
such as Ecklonia cava® and Macrocystis pyri-
ceral® and species composition is homogeneous,
it is often useful to estimate the standing crop
by combining the density of plants per square
meter and the average wet weight of a plant.
In the field work, several large belt transects
(a transect 30~100m long by 4 to 6 m wide)
are established at various depths, and the dis-
tribution of plants along the transect and the

number of adult stipes for each plant are
recorded on an underwater board. The number
of stipes is expressed per square meter (so-
called stipe index). Individual plants at each
depth are removed, returned to the laboratory,
dissected into various components and weighed.

The average standing crop per square meter
of bottom is calculated assuming that in a given
depth the relative proportion of the morphologic
components of a plant is the same. The ‘stipe
index” for each depth is divided by the number
of stipes in a mature plant from that depth,
and this ratio is multiplied by the total weight
of the plant to obtain the average weight of
plant per square meter of bottom.

When the community consists of heterogeneous
plants as in Laminaria, the distribution of age,
weight and length are measured. The method
utilized by KAIN'V to assess the age of Lami-
naria hyperborea by examination of a longitudinal
median section of the lower stipe and holdfast
is valuable.

LEstimation of material loss
Increment in standing crop on seaweed bed
at a definite period is shown by

increment in standing crop
= (gross production—respiration) — losses
=net production—losses

If the losses are negligible between two
sampling times or during the growth season
the increment of standing crop is equal to the
net production. In seaweed communities, how-
ever, the losses of materials from the stand
occur continuously and the total amount of loss
is large. It seems therefore essential to make
measurements of any loss for getting reliable
net production.

As regard the technique for the exact determi-
nation of losses we know very little at present.
The losses of materials will involve the sum of
the following components; frond loss accompani-
ed with the regeneration of new fronds, casting
loss from distal frond tissue, loss of matured
reproductive cells, loss by abrasive action, loss
by animal grazing. Continuous renewal of
tissues has been reported by many workers.
The losses of fronds by regeneration are of
onsiderable importance in computing the pros-
oduction ofeameed community. The maximum
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life span of the frond of the giant kelp, Macro-
cysis pyrifera’® is about 6 months and the
average may often be only 2~3 months. The
distal frond tissue of Laminaria saccharina*®
is cast continuously throughout the life of a
sporophyte and the normal age of the oldest
frond tissue is said to be 5 to 7 months. A
noticeable decrease in standing crop by liberation
of reproductive tissue has been observed in
Ascophyllum?®, Fucus'® and Porphyra. It has
been reported in Laminaria® and Gelidium®V
that a large amount of material is washed away
from the stand by abrasive action such as storm.

The marking method is used for the direct
determination of the losses of plants. The
most satisfactory marking is the attachment to
the selected plants of numbered chicken- or
hen-rings. Small plants are marked by small
celluloid tables. A very large number of plants
have to be marked in order to secure data of
statistical significance. The life span of fronds
can be observed by tagging individual new
fronds with numbered small plastic squares.
Two or more fronds per plant are always tagged.
The treatment is made by divers using SCUBA.

The punching method has been used in
Laminaria™® for the determination of daily
rate of “‘cast off’”” of old tissue {rom the distal
frond tissue. This method is employed for the
determination of the growth rate of {rond.
The punching is made periodically at 10cm
above the basal portion of the frond. Growth
is gauged by the elongation between the punched
hole and the basal protion of the frond. The
plants marked by punching are also tagged
with colored celluloid discs.

Calculation
The estimation of production from changes
in standing crop is suitable for large algal bed
where losses can be measured directly. Net
production of seaweed is expressed as follows:
Net production =increment in standing crop
+losses
so that,

Total net production= (Se—.S;+ F2)
+(Se—Se+F)+..... (Sp—Sn 1+ Fo).

The mean daily net production is given by

S=Si+Fy

‘ 753—S2+F3
te—11

ts—1t2

Sn_A n—1 '*‘Er,
and —— —
tn—iIn_1

>

S, are the standing crop at
the sampling times, ¢, to....t,; and Fo, Fs. ...
F, are the amount of losses at the sampling
intervals of ¢1—1¢s, ta—¢3....t,.1—ts, respective-
ly. Su is the standing crop at the end of the
growing season (z,).

where Si, Sa. ...

2. Measurement of photosynthesis and respi-
ration of isolated seaweed

Some specific problems occuring in the measure-
ment

Primary production of seaweed can be measur-
ed indirectly by the measurement of metabolic
rates, photosynthesis and respiration rates. The
measurement of metabolic rate of seaweed has
been customarily done in closed flasks of sea
water and the changes in oxygen or in carbon
dioxide concentration in medium are determined.
The techniques used to measure gas exchange
are usually Winkler method or the manometric
method, but the radioactive carbon technique
has recently developed.

Since numerous factors affect the rates of
metabolism, every effort is taken to prepare
the experimental conditions as near as in situ.
Besides experimental light and temperature
conditions the following factors must be cheked
in preliminary experiments.

Because of lower diffusion rate, the renewal
of gasses and nutrient at seaweed surface
usually proceeds by water movement under
natural conditions. The noticeable effect of a
current of water has been demonstrated for the
growth of Porphyra tenera®® and Zosterra
marina in both laboratory culture and in situ
observation. When the plant is placed in a
closed bottle, the metabolic rate may be reduced
in long-term experiment through the shortage
of nutrient supply and gaseous exchange.

Before study, the following factors are ex-
amined in relation to their effect on the meta-
bolic rate of algal material; amount of samples,
size of experimental bottle, length of time for
incubation and rocking of apparatus. When a
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large amount of materials is used in an experi-
ment, decline in the rate of photosynthesis
appears in a relatively long experimental period
due to the depletion of available nutrients and
carbon dioxide. It has been reported in ex-
periments using Gelidium cartilaginaeum'®
that the rate of photosynthesis is retarded when
the amount of materials exceeds 0.6g of dry
weight in a liter of solution. Practical solution
of this problem is utilize a large water volume
to sample volume ratio. Experiment is also
designed to prevent the settling of algal materials
in the bottom of bottle and to make measure-
ment without self-shading of materials. It is
useful to place glass balls in a bottle as stirrers,
the bottle being placed on a shaker.

The metabolic rate of materials appears to be
Materials kept in a
laboratory for some period reduce their metabolic
activity, even if they are mainteined in running
water. It is therefore desirable to collect
materials immediately before the start of ex-
periment.29:®  Since the time of day affect the

affected by pretreatment.

metabolic rate of seaweed, it is necessary to
examine the preillumination history. It has been
recommended to collect material and use it in
Whether the materials
are kept under light or in the dark and now
long they are kept before use should be always
considered in the interpretation of the results.

the early afternoon®®.

When the measurement is made on discs of
blade or pieces of stipe, effect of damages by
cutting or punching must be considered care-
fully. Respiration rate increases depending on
the degree of injury. The excreted substances
from the cuts, especially of brown algae with
thick fronds, sometimes intefer the measurement
by consuming the dissolved oxygen. Before
use, discs and pieces are washed to f{ree them
from exuded substances.

If the metabolic rate of plant is estimated
from the results obtained on a small tissues, it
may produce a considerable error. Metabolic
rates vary with parts, positions and age of
plant®®, and this is also the case even in a
organ. The younger parts have higher rates
of metabolism. Leafy parts show higher rates
than stipy parts. Reproductive parts show
higher rates than vegetative parts. There is a

distinet gradient in photosynthetic rate from
base to apex of a large appendage. BROWN
and JONSON has calculated the metabolic rate
of a whole plant of Scytophanus australis®® by
summing up the overall photosynthetic oxygen
evolution in the lower and upper leaves, and
in the lower and upper stipes.

The result of a short-term experiment, with-
out suitable modification to allow for any factor,
cannot be expanded to daily production, seasonal
production or annual production by a simple
multiplication. Under natural conditions, age
or stage in a life cycle of seaweed is closely
related to the season and the metabolic rate
shows a marked seasonal variation. Time of
day may also be considered for daily produc-
tion, because some algae show diurnal rhythm
in metabolisms.

A correction for the photosynthetic and respi-
ratory quotients is necessary to compare the
metabolic rate expressed in terms of oxygen
and that in terms of carbon. In some seaweeds,
both quotients are reported not to deviate signifi-
cantly from unity.

The photosynthetic products and respiratory
losses are indicated by dry matter or ash-[ree
organic matter in the study of production. The
composition of CgH;9Os may be applicable in
seaweeds, although the chemical composition of
the photosynthetic products has not been fully
established in marine algae.

On surveying the literature on seaweed
photosynthesis, one often encounters a difficulty
in comparing the data reported by different
authors because the rate of photosynthesis is
expressed in reference to different units of
material such as dry weight, fresh weight and
unit area. At present no suitable conversion
factor has been worked out to make these ex-
pression comparable with each other. Stand-
ardization of the method of expressing the rate
of photosynthesis of seaweed is deemed highly
relevant at present.

Preparation of material

Materials are usually collected immediately
before use, preferably in the early afternoon®V.
Prior to use, materials are kept in a large tank
with running sea water and thoroughly washed
free of adhering organisms or substances. The
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amount of samples used for experiment is
dependent on volume of flask. It has been
recommended to utilize a large water volume
to sample volume ratio. In general, this is
approximately 0.1 to 1 mg of dry weight in a
liter of solution. The plant is dissected into
each morphological component such as stipe,
blade and holdfast. Each component is futher
dissected into several parts such as lower stipe,
upper stipe, lower blade and upper blade. When
the plant is larger in size, blade and stipes are
separated in segments from apex to holdfast.
Experimentation should be disigned to make
measurement with a reasonable number of
discs. The punching is to punch out a blade
disk of 1cm? to 4cm?  When the plant is of
fern-like appearance with pinnate branches, the
periphery of the samples are traced for a plani-
metry after experiment and samples are dried
to constant weight at 80°.

Procedure for measuring photosynthesis and
respiration
1. Oxygen method using light and dark bottles

General description, limitation and possible
sources of error with this method have been
given by many workers. The oxygen method
is used most frequently for investigation of
phytoplankton production but there are some
practical difficulties in the application of this
method to seaweeds.
of error are the formation of gas bubble and
the oxygen consumption by oxidation of sub-
stances exuded by samples during extended
period of incubation. Colored soluble organic
matter excreted from the sample, especially in
the case of brown algae, also brings consider-
able trouble in Winkler method.

The sea water to be used is filtered twice
through glass fiber filters and autoclaving can
not be recommended, because it reduces the
amount of total carbon dioxide and increases

The most serious sources

the pH of water. The effect of microorganisms
in the filtered water is small on the measure-
ment.
2. Measurement of gas changes by Warburg
manometric technique
Warburg’s technique can be used to find the
changes in oxygen and carbon dioxide in water

before and after the experiment. Warburg
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manometer is usually used in physiological
experiment but differential respirometer seems
to be convenient for use in ecological experi-
ments.

3. Determination of photosynthetic production
of seaweed by half leaf method

Half leaf method has been applied to some

CHAPMAN measured successfully the
27)

seaweeds.
dry matter production of FEgregia laevigata
by this method. Since entire basal and terminal
leaves of E. laevigata are similar on either side
of the axis, comparable leaves are removed
from both sides. A great number of discs is
taken from the leaves by means of a cork borer
and the discs are dried and weighed. The
remaining leaves are put in a bath with running
water, and placed under the light and in the
dark. After incubation, the same number of
discs are similarly taken from these leaves. All
discs are dried and weighed.
weight during the experimental period represents
net photosynthesis or respiration, though some
diffusion of products is suspected.

Any change in

4. Measurement of metabolic rates of sea-
weed in situ

Several devices are needed for incubation
chamber for in situ measurement. It has been
recommended to use cylinders made of plexi-
glass or round-shape tank made of plastic in
various sizes, depending on species. Several
small underwater screw-motors, each with a
propeller are set on the inside walls, by
which the water in chamber is motion. The
measurement of metabolic rates is made by
either oxygen or C methods. The materials
are held in the chambers, submerged, and kept
at the respective depths from which the samples
have keen taken.
not exceed a few hours. The daily production
is calculated from the summation of the rates
during short periods or from a half day-exposure
multiplied by two.

Transparent and dark bags made of saran
sheet may be useful to hold the seaweeds under
semi-natural condition and to measure the
metabolic rates. This technique, however,
seems to be less reliable, if well trained divers

Duration of exposure does
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and good skill are not available. Practically,
the transparent and black bags are filled with
sea water and intact plant is inserted into the
bag, and then the bag is closed tightly at the
mouth. The temperature and light attenuation
at each depth, where the bag has been exposed,
are measured. After incubation the water
sample is withdrawn from the bag and changes
in oxygen concentration in the water samples
are measured. The plant is kept in the bag
and returned to laboratory, and then dry weight
and blade area of plant are measured. It should
be mined that the other biological components
such as epiphytic periophyton and animals
attached on the plant always contribute to the
oxygen production and consumption in the bag.

5. Measurement of community production

Although a few attempts have been made to
measure the community production of seaweed
in situ, many difficulties still remain. The
measurement of community production is gene-
rally made by employing the following tech-
niques; (1) suspending paired light and dark
bottles in situ, (2) covering part of a com-
munity with a chamber n situ, (3) measuring
diurnal changes in oxygen content in water!®,
and (4) estimating by mathematical model.

(1) Light and dark bottle method

This technique is frequently used to measure
daily production of phytoplankton community
per unit of water surface but its application to
seaweed community is relatively complicated.
Plant material typical of its neighbors is selected
at desirable depth. It is kept in the bottle and
suspended in the given depth for gas exchange
measurement. The results are expressed in
terms of mg Oz or mg C per unit blade area
per day or per gram dry weight per day.

In order to calculate community production,
seaweed biomass and area index are measured
at various levels from the surface to the bottom.
These values are multiplied by the production
rate per gram dry weight or per unit blade
area of plant, to obtain the production rate of
community per square meter of bottom.

(2) Enclosure of community

Community is enclosed with a chamber and
the changes in dissolved oxygen in the enclosure

are measured. Many forms of enclosure vessel
have been devised for this purpose. Cylinder,
bell jar, glass-topped box and semi-spherical
plastic ball have widely been used. These ves-
sels are desirable to be equipped with stirring
apparatus. A choice of form and size of vessel
depend upon the situations, species of plant
and types of associations.

(3) Diurnal oxygen change curve method

This technique!® may be useful in the standing
water or tide-pool. Water samples are taken
every two or three hours from various depths
at several stations marked with a anchored
float within a study area and the oxygen con-
centrations are measured. Increases or decreases
in oxygen concentration from successive sampl-
ing may indicate the rate of community photo-
synthesis or respiration between the sampling
period at each sampling depth. Total photo-
synthesis and community respiration are deter-
mined graphically for each station at each
depth below the surface. Correction for the
diffusion between air and water, and layers is
necessary.

(4) Mathematical model

Mathematical models for measuring the photo-
synthetic production of terrestrial plant com-
munity have been derived by many workers.
Such models may be applicable to the seaweed
community with some modefications. The
variation of photosynthetic rate with depth is
primarily determined by the vertical gradient
of light intensity in the water. So that the
photosynthesis-depth profile is introduced by
combining the formula for photosynthesis-light
curve and the light attenuation in the water.
Then the total community photosynthesis is
calculated by combining the photosynthesis-
depth profile and the depth distribution of
photosynthetic system.

The author wishes to express his cordial
thanks to Professor Minoru KATADA, Tokyo
University of Fisheries, for the helpful sugges-
tion and criticism in the preparation of this
manuscript.
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2 5%, BIK 100 AU LOMBEHRUASHNTWD I L
b, Larl, THLOEHEOTRTE, BROT
LHERLEFCEOR TS, Lici-T, BARDEE
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DORTMAZ TR NEZ L RBH D, LU, KR
L UTREMDN TN S S DIZHEN OW %D
NedbDTHHH, TN THEEDT —FDHITH
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R&ETHD,
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X, WEERIRE L 28 Y 0L 2b0FHEL
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L ERIC DWW T O k& fFE, HEOHET LEhD T
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3. BEMESD Instrumentation

AETREEBRFICOVWCIRLINT, # 71w f
CONWTDHLEND, TOHE, MEROTD Dy
D5 LB T&S, 20, HEBEHEGOMELE ZOHE
BEENOMEE THD, Uik, TOTODMBERKE
HBH-THY, PACHULZENRTERVEY S - T
Wa,

A7 VA OWEER ORE - BUBEER =Dl 4%
TED, Thbb, Tovhi—F 745K R 7T v
7 (HCWT - AdiE b R, BLEBWHTFFHATH
B, KL, ZO0DDHWHTFHFRBZELERIINT
EBOF, EELOMELZRLLDBDTHD, chbWhTh
OFREE DR, 7ok 23, BEEBEHCHLE ST,
EENROER AL, R0 ADIELOHED
PR KELEATH, BRCDOVWTWZIEH ET2 A
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ZoOB9O%k WI1E 97D, H{EEEAR

Fx—T7 0y IRBELLBEETENE SN, b5
Ba (K - WRPRORER) 1Kk 5Tk, BROR
TR XZHETHL VW5 THBETHRAVWES S,

T, e THEERBH A AMETHLEEL Fic LT
B UG TR biavs, B8z iibin,
LWV ol L HRE - EREOBRECESETS, BED
BRI, TUh—F . TABREEY L IBAL. BT
CHARBEBONZENDTH D,

COETH, UEDOEL2STE 200 REMBHOA
HCONWTONRD, B L ToMEBR, FROBMCE
CT, BHORRNELD, Lisi-1T, BHT2HEE
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UCCZei 2 L EBERBD5, kezider+—DBAK
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WA, ML EBEREACRERYET S,

T TRHUBLDNTHE D <DL LIZDORRNA,

IR HBEMEFhCRD bR b MR,

O E R frrarh PATST pmmesE
A fEUNHE 10~100 Hz 10~%cm/sec 40~60 dB 50
B [ GRS 5~20Hz 10~7cm/sec 40~60 dB 5H
C TR FE b, 1~10Hz 10"cm/sec 60 dB 20H
D SEHRFHE, &E 0.5~5Hz 10~ 7cm/sec 60 dB 30H
E R AN T HE 2~20Hz 10~"cm/sec 40 dB 5H
F TR A T HE 1~10Hz 10~"cm/sec 40 dB 10H
g W ERT 2~200 sec -5 (100 sec) 40~60 dB ¥or A

* B 700km BEET
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LR ()

B

Y — 5Hz 1Hz

BE 1 Vpp/cm/sec 1 Vpp/cm/sec

R4 1 (CETED FTEy 1, AKEE2
EEHRE AJ1EH 8 k2 8 kQ

Gain 90, 70, 50 dB 80, 60dB

(H B2 80, 60, 40 dB)

THEE S 15 mW 23 mW
T—=Tr T AR=} )= 54 F [FEkiZ6407] 54 F (712614 0F]

T — 7 1 mm/sec 0.2 mm/sec

SREr R U B 5sec-100 Hz 25 sec-20 Hz

FLRRERF 7H[9.5H] 35H[48H ]
BIF LHERS 420 mW(+6 V) 430 mW (=6 V)
VAT LELTDREZAF Iy I LYY 87 dB 67 dB

v—27 S/N 48 dB(10 Hz) 48 dB(2 Hz)
ik AR KB
LRSS Ik SN 187 X PYEE 147 X & 1000 CAH 29 1)

BER 40 kg (), 7.6 kg Ok, KfEDHA

i 28 10,000 m KA k.
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THRE WV, BAOM TR IDOKHENAT A%, T—7

BLOCK DIAGRAM OF THE OCEAN BOTTOM SEISMOGRAPH

SENSOR 1¢ (integrated circuit) _4 F1RECORDING HTEAD
with gimbal AMPLIFIER gain} 90dB
{4.5Hz)
#2 RECORDING HEAD
3 RECORDING HEAD
XUTAL TIMER TIME MARK 43 RECORDING HEAD
GENERATOR

[y s worow R oo |

SERVO AMPEIF R

BUFPER AMPLIPIER
[T
BIAS AMPLIFIER
12 picees

BN BEHMEHO 0wl - FAT7 74, T
NRE2EDVAT A @ IChid, BHHEY
Bl T2 FERLAbR, 1 420mW I
Aol

va—X—BERO~ 47 oE— 42— QKRR

LETHY (BI1K), ZOkDdHEMELEOHE

BHHR2/3 D 420mW /&L $5HTERTEI,

BHEEBRDIR Ve, BE/hInwsDTT A,
2AMOBACIIE 18 1 Q2@E5D, 1225 OBH
CREA2MOTVHY « = o v (FEREBMTEIC
HbEDBIENTES, 1ABOBEBHOEREIEHK 1.0/
THb,

HBEHES O instrumentation DFE KOBEAIRZ T —
Fra—L—DAH=h VLB TH 7. DAR X
HELBEHEE T~ va—&—i%, 4TI DIBBLE,
SACKS, F L THEESIc ) - THEEAE LTUIERMER

AC BIAS CURRENT
X

i

ALKALINE MANGANESE
BATTERY

15V x
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73%‘5/)7‘60
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PG ~ v O BEIOEBRIZ LA EZTT, TR
Bl EOMOFROEE S DV - T
755 2—1% 0.9

D, LhhbT—Fra—&—pIv -

; !EJ%EJLJ
Tl LB 3 @?E\iiﬁ:ﬂi'] ‘/,19/‘ /73%;
4 FHRERHERTH D, BNTHSo— 7130
DOHEBEZHIET S £ LOBEELITHE L,

A HOK H 145 (1971); H{LEEFELATE
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Transmitt