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Photosynthetic Response of Estuarine Phytoplankton
to Salinity Variations in their Habitat*

Osamu MAEDA**, Masaaki ZAMMA** and Shun-ei ICHIMURA**

Abstract: Effect of salinity variation on photosynthesis was examined on estuarine phyto-
plankton growing in Shimoda Bay. Photosynthesis of estuarine phytoplankton had a lower
optimal salinity and it was not so much affected by salinity variations as compared with

neritic and freshwater phytoplankton.

1. Introduction

The importance of salinity for the growth or
distribution of marine phytoplankton may be
evaluated through their metabolic responses to
salinity variations (cf. GESSNER and SCHRAMM,
1971). As far as we are aware, however, the
salinity effects on photosynthesis and respi-
ration of natural phytoplankton have not been
investigated by anyone besides NAKANISHI and
MoNsI (1965).  Since salinity in estuaries shows
daily changes, phytoplankton living in such
environment are exposed temporarily to different
salinities or confronted with rapid changes in
salinity. Thus the estuary is an excellent site
for the study of phytoplankton ecology associated
with salinity as well as nutrients. From this
viewpoint the study was carried out on phyto-
plankton growing in the estuary of Shimoda
Bay. The purpose of this experiment is to
make clear the effect of salinity variations on
phytoplankton photosynthesis.

2. Materials and methods

Experiments were performed on water samples
collected with Van Dorn samplers from a depth
of 1m at 14 stations in Shimoda Bay including
adjacent sea and the River Inohzawa (Fig. 1).
Chemical analyses of sea water were conducted
according to the Japan Meteorological Agency
Methods (1970) and chlorophyll-a concentrations

* Received June 10, 1973
Contribution No. 259 from the Shimoda Marine
Biological Station

** Department of Botany, Faculty of Science, Tokyo
Kyoiku University, Otsuka, Tokyo, 112 Japan

by the SCOR-UNESCO Method (1966). Photo-
synthesis of phytoplankton was measured by
the light- and dark bottle method using the
14C technique. The water samples were poured
into 250-m/ glass bottles and 2 m/ of radioactive
sodium bicarbonate solution (10 xCi/ml) was
added to each bottle. Then the bottles were
suspended at a depth of 0.3 m in a large out-
door pool filled with running sea water, and
exposed to sunlight for a half day from 12:00
to 19:00 in local time. The half day photo-
synthesis was multiplied by two to obtain day-
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Fig. 1. Map of Shimoda Bay including adjacent
sea area and the River Inohzawa, showing loca-
tions of stations for sampling of phytoplankton.
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time photosynthesis. For the calculation of
photosynthesis (in terms of assimilated carbon)
the amount of total inorganic carbon in water
was determined volumetrically (YOKOHAMA and
ICHIMURA, 1969). Photosynthesis was also
measured after exposing the samples to different
salinity regimes: the raw samples were divided
into six subsamples and their salinity was
prepared to be 9, 18, 27, 36 and 45 %, respec-
tively, with Millipore-filtered river water or
with crude salt.
the samples was adjusted to 90 mg COg/! with
sodium bicarbonate. A series of the samples
were left in original salinity and used as a
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Fig. 2. Horizontal distributions in June (solid
lines) and December (broken lines) 1971 of
salinity(a), nitrite(b), ammonia(c) and phos-
phate(d) in studied area. Sampling was made
at stations in Fig. 1.

glass containers and incubated in an outdoor
pool. Following different incubation periods
photosynthesis was measured by the tank
method at 18 klux of illumination supplied by
five fluorescent lamps.

3. Results and discussion

Some properties of sea water at sampling sites.
Chemical properties of sea water measured in
June and December are given in Fig. 2. Salinity
was below 0.05 %, at Sta. 2 in the River Inoh-
zawa and was increased to 18 to 27 %, in down-
stream regions toward the bay, subsequently
to the normal sea water level of 34 %, in the
bay. Concentrations of ammonia, nitrite and
phosphate were relatively high in the upper
reach of the estuary due to discharge of waste-

Chlorophyll-a mg/m3

Daytime photosyn. mgClmd.

,0 i ——
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Photosyn. mgC/imgChl/d.

6 7 8 9 10 11 12 13 14
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12 3 4 5

Fig. 3. Horizontal variations in June (solid
lines) and December (broken lines) 1971 of
chlorophyll-a(a), daytime photosynthesis(b)
and photosynthetic activity of phytoplankton
(¢) in studied area. Sampling was made at
stations in Fig. 1.
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Photosynthetic Response of Estuarine Phytoplankton to Salinity Variations in their Habitat 139

water but they were rapidly diluted in the bay
area.

Locational variations of chlorophyll-a con-
centration (mg/m3), photosynthetic capacity of
water (Cmg/m?/day) and photosynthetic rate
of phytoplankton (C mg/Chl. a mg/day) are
given in Fig. 3. Chlorophyll concentrations
were relatively high in downstream regions of
the estuary and the highest value of 5.45 mg/m?
was measured at Sta. 6 in June. It decreased
gradually in the bay and was reduced to 0.35
mg/m?® at Sta. 14 in the neritic water. The
photosynthetic capacity of water was low in
the upper reach of the estuary, even though
a considerable amount of chlorophyll was
measured. The highest capacity was measured
in the lower reach of the estuary and it associ-
ated with high chlorophyll concentrations.
Photosynthetic rate of phytoplankton was ex-
tremely low in the upper and the middle
reaches of the estuary and was considerably
high in the bay toward offshore water.

Photosynthetic response of phytoplankton to
salinity wvariations. Effect of different salinities
on photosynthetic activity of phytoplankton was
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Fig. 4. Relative photosynthetic rates of phyto-
plankton as a function of salinity, following
7-hr incubations with different salinity levels.
Samples were collected in June 1971 at Stas.
2,3,5,6,7 and 14 in Fig. 1. Photosynthetic
rate was expressed with a relative value to the
rate at original salinity.

examined with samples taken at Sta. 2 (river),
Stas. 3, 5 and 6 (estuary), Sta. 7 (bay) and Sta.
14 (neritic water). Salinity of water samples
was adjusted to different levels and photo-
synthesis was measured after 7 hours. The
results obtained in June are illustrated in Fig.
4. In these experiments the maximum photo-
synthetic rate was not always found at the
original salinities. Neritic phytoplankton from
Sta. 14 showed a noticeable depression of
photosynthesis in low-salinity waters. Their
photosynthetic rate in the 18 %j-sample was
reduced to 609 of that observed at their
original salinity. For phytoplankton collected
in high-salinity reach (Stas. 5, 6 and 7) of the
estuary, the maximal photosynthetic rate oc-
curred at salinities of 18 9%; to 27 %, which
were slightly lower than those of original water.
This result indicates that phytoplankton living
in such high-salinity estuary will be photo-
synthetically more tolerant to low salinities as
compared with neritic phytoplankton. Photo-
synthesis of phytoplankton collected from a low-
salinity region (Sta. 3) in the estuary showed
a high rate in more saline water than the
habitat water, but decreased in high-salinity
waters. Freshwater phytoplankton taken from
Sta. 2 showed an abrupt drop and subsequently
progressive decrease in photosynthesis as the
salinity increased. Their photosynthesis seems
to be almost inactive in saline water.

Effect of pretreatment periods on photo-
synthesis-salinity relation. Experiments were
performed on the samples from Stas. 5, 7 and
14 in June and December. Salinity of the
sample waters were adjusted to different levels,
and photosynthesis was measured after the
samples were incubated for 6 hours and 4 days
for summer phytoplankton, and for 4 hours and
2 days for winter phytoplankton. For most
samples, as shown in Fig. 5, there was no re-
markable difference between the photosynthesis-
salinity curves obtained after the short- and
the long incubation. The optimal salinity for
photosynthesis roughly corresponded to that of
their habitat. Only one exception was noticed
in the June samples from Sta. 7 when the
samples were incubated for 4 days. Photo-
synthesis was highest at the original habitat

3
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Fig. 5. Relative photosynthetic activities of
phytoplankton as a function of salinity, follow-
ing short incubations (solid lines) and long
incubations (broken lines) with different salinity
levels. Experiments were made in June and
December 1971 with samples from Stas. 5, 7,
and 14 shown in Fig. 1.

salinity and it decreased with decreasing salinity
when it was measured after 6-hr incubation.
After 4-day incubation, however, two photo-
synthetic maxima occurred at 18 %, and 34 %.
This fact may suggest that the phytoplankton
population at Sta. 7, which is located in a
rather narrow zone between estuary and neritic
water, consists of two physiologically different
phytoplankton groups. One group probably
predominates at their habitat salinity and the
other can recover specifically their photosynthetic
activity when they are transported into the
water of low salinity. The observed occurrence
of the second photosynthetic maximum at lower
salinity may be explained in this way. The
time effect was also examined on freshwater
phytoplankton from Sta. 2. Their photosyn-
thetic rate was reduced at high salinities after

FOsiEY 72 v 7 v ORERES T b5 02

short incubation and it did not recover even
after a considerably long incubation.

From these results it may be concluded that
the photosynthesis of estuarine phytoplankton
has a lower optimal salinity and it is not so
much affected by salinity variations as compared
with neritic and {reshwater phytoplankton.
Such photosynthetic nature of estuarine phyto-
plankton may be advantageous to survive in
estuary environment in which salinity varies
extensively. 1t may also contribute largely to
considerably high primary production in the
estuary.
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Equatorial Upwelling due to the Wind Stress
and Density Distribution®

Koji HiIDAKA**

Abstract:

A finite expression for upwelling valid at and only at the equator is worked out,
assuming a balance between pressure gradients, Coriolis forces and vertical mixing.

It enables

us to estimate the amount of equatorial upwelling in terms of density distribution and the

wind stresses both computed from observations.

Some numerical result was worked out and

it was shown that the contribution from wind stresses and that due to density distribution

are of nearly the same order of magnitude.

1. In recent years, a number of theories has
been published on the upwelling, or the steady
vertical motion of sea water. (HIDAKA, 1954;
STOMMEL, 1956). However, most of the ex-
pressions for computing the upwelling given
by these theories are not valid at the equator,
because they have the sines of latitude in the
denominators. In the present paper, the author
is going to give an expression for computing
the upwelling at the equator from distribution
of density and wind stress, both obtainable from
observations. In establishing the theory, only
a balance between pressure gradients, Coriolis
forces and vertical mixing was assumed. Effects
of field accelerations and horizontal mixing will
be neglected.

2. We start with the hydrodynamical equations:

g 5~ 200 sin ¢v—%
o op (1)
oy —20p smgbu— oy

In these expressions, we take x-, y- and z-axes
positive eastwards, northwards and downwards
respectively; # and v are the components of
current velocity parallel to x- and y-axes, 4 the
coefficient of vertical mixing supposed constant,
p the pressure, p the density of sea water, both
functions of z, ¥ and 2z, @ the angular velocity
of the earth and ¢ the geographical latitude.

* Received June 29, 1973
** (Qcean Research Institute, University of Tokyo
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In addition to (1) we need the surface con-
dition:

ou
HGe =

Ov
z=0: U T (2)

where 7, and 7, are the components of wind
stress, being generally functions of z and y,

and the bottom conditions:

(3>

where ==/ represents the sea bottom, supposed
horizontal.
Two equations in (1) lead to

ﬁ{i( +')}_' 2000 si
,uazz PG v i+ 200 sin @

X{ba—z(u-l—iv)} (Zz

where the space variation of p
against those of « and wv.

Further,

> (4)

is neglected

by an operation ——
O0x

0

. 1 0
hat — == —
taking into account that % "R 0 where R
ha

is the radius of the earth, we have from (4)

02 . . 0 [0u Ov
</¢ 7 — 1200 all’l¢> . {5;(5; +—@—>

ov  Ou 200 0, .
+-a*z*<a——a;} TCO:gﬁ az(ufzv)

_ (00 T )
*g( o)
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3. Putting ¢=0 or sing=0, cos¢g=1 in (4)
and (5), and taking real parts only, we have
at the equator

02 ou o0
W(’a$>* 8x €6)

and
e (G &)
022 " dz\ox oy
200 Ou (0% %
:—R—' ETQ(’@""G—%) C7)
respectively.

Integrating (6) sublect to the conditions (2)
and (3), we have

ou

h—z oo
e R P g as, (8)

where z in o is replaced by s, and K(z,s) is a
symmetric kernel of the type:

. h—z
K{z, 5):( ; )s (s<=)
h
h—s) (9
= (s>2)
z
Substitution of (8) in (7) gives
0? { <8u n ov >}
922 "oz 3y
_ 200 B
= WRE Ty * (h—2)
_ 2ag ("0p ., 0% | %
T&R JO oz I\(@, S)d5+g< Ot +_@;> .
1o

Since

25 26) 50%)
“ox\oz "y ) T 3 \Faz )T oy \H s

we have, after

substitution from (2), two
following boundary conditions:
Ou v 0ty 6&,)
e _
0: ﬂaz(ox+oy) <6$ ab

Ou
2=h: ,ua< +@y> 0; (12)

then the solution of (10) becomes

T (et ()
Faz \ox oy 0x oy
h—=z +29£ __xg (h—ys)
h /LR 0
| h 62p 620
ng()( P + o )K(z, s)ds

_ 2wpg S
,uR

X

Kz, s)as

op — K®(2,5)ds,

o oz as

where K(z, 5) is the same as that given by (9) and

v
K® (z,5) :,) LK(z, o) K(o,s)do .
0

eTy
4. If we neglect the space variation of density

compared with those of velocity components,
we have from the equation of continuity

Ou Ov fw

o oy e (15)

where w is the vertical velocity components
counted downwards positive.
Substituting (15) in (13), we have

0w *< 0t n 0ty > h—
~ 922\ dx oy h

(h—2)(2h—=)

6
)K(zs

o —K® (2,5 ds.
0 0x

_ 20p
pR

o], (G

2apg g
,uR

16

Integrating this equation subject to the con-
ditions:

w=0 for 2=0 and =z=h,

17

and again disregarding the space variation of
0, we have

__L(afuafv).z_(h;zxﬁﬁ
AN P 6h

200 3 %2 L. _l 3)

%0 6p)
PR K@ (z, s)d.
Xz(h—z2) ﬂs (6x2 + ) (=, 8)ds

+ 20)@35 90 gz, sds,

(18)
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where

K® (z,5)= ’hK@) (z,0) K(o,s)do . a9
Jo

5. Equation (18) is the expression for com-
puting the equatorial upwelling. Of course, it is
valid at the equator only. The vertical velocity w
is counted positive downwards. Two last terms

on the left-hand member represent the contri-

Wind Stress and Density Distribution

143

while the two first ones give the upwelling
produced by the stress of winds sweeping the
sea surface.

We see that convergence of wind stresses and
westward wind are correlated with upwelling
or negative value of w. Although both of the

functions (2h—2)z(h—2) and <12—5h3+l~25h22
~%hz2+2—10z3> +2(h—2) vanish at 2=0 and

z=h only and nowhere in between, the joint

bution correlated with density distribution, effect of the two wind terms working together
Table 1. Values of —'\ %T; 65;;)2_(@:_22‘22]}:@* (Winter)

Depth  180°W 175°W 170°W 165°W 160°W 155°W 150°W 145°W 140°W 135°W
0 +0 -0 -0 -0 —0 -0 -0 -0 —0 -0
10 +0.42 —0.63 — 1.00 —0.27 —0.47 —0.69 — 053 — 231 -—0.45 —0.11
20 +0.83 - 125 — 197 —0.52 —0.93 —1.34 —1.03 — 4.56 —0.88 —0.20
30 +1.23 - 1.8 - 291 —-0.77 —1.38 - 199 — 153 —6.74 —1.30 —0.30
50 +1.98 — 2.9 — 470 -—1.24 —2.23 —3.21 — 2,47 -10.88 -—2.10 —0.50
7 +2.86 - 4.28 — 6.77 —1.78 —3.21 — 4.64 — 3.57 -—15.69 —3.03 —0.71

100 +3.65 — 5.48 — 8.68 —2.29 —4.11 - 5.94 — 457 —20.09 -—3.88 —0.92
125 +4.38 — 6.57 —10.40 —2.74 —4.93 — 7.12 = 5.47 —24.09 —4.65 —1.09
150 +5.04 - 7.56 —11.96 —3.15 —5.67 - 8.19 -—6.30 -—27.71 —=5.35 —1.26
200 +6.15 — 9.23 —14.61 —3.84 —6.92 - 9.99 — 7.69 —33.84 —6.53 —1.54
2560 +7.00 —10.51 —16.64 —4.38 —7.89 —11.39 — 8.76 —38.55 —7.45 —1.75
300 +7.63 —11.44 -18.11 —4.77 —8.58 —12.39 — 9.53 —41.94 —8.10 —1.90
400 +8.21 —12.30 —19.48 —5.13 —9.23 —13.33 —10.26 —45.11 —8.71 —2.05
500 +8.01 —12.02 —19.03 —5.01 —9.02 —13.02 —10.01 —44.06 —8.51 —2.00
600 +7.17 —10.77 —17.04 —4.49 —8.07 —11.66 — 8.97 —39.47 —7.63 —1.80
700  +5.83 - 87 —13.85 -—3.65 —6.56 — 9.48 — 7.29 —32.08 —6.19 —1.46
800  +4.10 - 6.15 — 9.74 —2.56 —4.61 — 6.67 — 5,13 —22.55 —4.36 —1.02

1000 +0 -0 — 0 —0 -0 -0 — 0 -0 —0 -0

Depth 130°W 125°W 120°W 115°W 110°W 105°W 100°W 95°W 90°W 85°W
0 -0 -0 -0 -0 -0 — 0 -0 -0 -0 -0

00 —-320 —265 —300 -—268 —168 —23 —215 — 273 — 253 — 1.55
20 —6.32 —523 —591 —529 —332 — 456 — 425 — 538 — 498 — 3.05
30 —934 -—-773 —872 —78 — 49 -—674 —6.27 — 7.9 — 7.34 — 4.51
50 —15.09 —12.49 -14.10 -—-12.61 — 7.91 —10.88 —10.14 —12.8 —11.87 — 7.30
7% —21.75 —18.00 —20.33 —18.18 —11.41 —15.69 —14.62 —18.54 —17.11 —10.52

100 —27.85 —23.06 —26.02 —23.28 —14.61 —20.09 —18.72 —23.75 —21.91 —13.47

125 —33.40 —27.65 —31.21 —27.93 —17.52 —24.09 ~—22.45 —28.47 —26.28 —16.15

150 —38.41 —31.80 —35.89 —32.12 —20.15 —27.71 —25.82 —32.75 —30.23 —18.57

200 —46.90 —38.83 —43.83 —39.21 —24.61 —33.84 —31.52 —39.99 —36.91 —22.69

250 —53.44 —44.24 —49.94 —44.68 —28.04 —38.55 —35.92 —45.56 —42.05 —25.85

300 —58.14 —48.14 —54.33 —48.61 —30.50 —41.94 —39.08 —49.56 —45.75 —28.12

400 —62.54 —51.78 —58.44 —52.29 —32.81 —45.11  —42.03 —53.31 —49.22 —30.24

500 —61.08 —50.56 —57.08 —51.07 —32.04 —44.06 —41.06 —52.07 —48.06 —29.54

600 —54.73 —45.30 —51.14 —45.75 —28.71 —39.47 —36.78 —46.65 —43.06 —26.47

700 —44.46 —36.81 —41.55 —37.18 —23.33 —32.08 —29.89 —37.91 —34.99 —21.50

800 —31.27 -—25.89 —29.22 —26.15 —16.40 —22.55 —21.02 —26.66 —24.61 —15.12

1000 — 0 — 0 — 0 — 0 — 0 — 0 — 0 — 0 — 0 — 0
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may be able to result in some depth or depths o1 Otz Oty 2h—2)(2h—2)
where there is no vertical motion. w_Z{ —< 0x +—8—y—> ) 6h
i . . "o P 2
6. Application to the equatorial Pacific —gg < Fr +@‘2~>~_S‘ K®(z, 5)615} . 20
It can be proved by inspection that the main 0 o
terms in the left-hand member will be The above equation consists of a wind term
ny g2 52
Table 2. Values of —gso(g—;;—b—%—z‘;L;sK(?’(z, s)ds.
Depth (1) 172°W (2) 172°W (3) 168°W (4) 159°W (5) 158°W (6) 158°W (7) 140°W
1950/2/6 1950/7/10 1951/2/14 1950/2/20 1950/7/30 1951/1/23 1961/9/14
0 -0 -0 +0 -0 -0 +0 +0
10 — 0.46 — 0.36 +0. 05 — 0.68 —0.34 +0.26 +0.24
20 - 0.93 - 0.73 +0.09 - 1.35 —0.67 +0.51 +0.49
30 — 1.39 — 1.09 +0.13 — 2.03 —1.01 +0.77 +0.73
50 - 2.31 — 1.83 +0.21 — 3.37 —1.67 +1.27 +1.21
75 — 3.45 - 2,73 +0.31 — 5.01 —2.49 +1.88 +1.79
100 — 4.56 — 3.64 +0. 40 — 6.59 —3.28 +2.47 +2.33
125 — 5.65 — 4.54 +0. 48 — 8.08 —4,05 +3.03 +2.83
150 - 6.70 — 5.43 +0. 56 — 9.48 —4.78 +3.55 —3.31
200 — 8.62 — 7.15 +0.68 —11.91 —6.08 +4.47 +4.14
250 —10.27 — 8.74 +0. 82 —13.84 —7.16 +5.28 +4.83
300 —11.59 —10.12 +0. 96 —15.28 —7.96 +5.98 +5.38
400 —13.17 —12.12 +1.27 —16.74 —8.85 +7.04 +6.04
500 —13.37 —12.91 +1.54 —16.48 —8.74 +7.50 +6.09
600 —12.41 —12.39 +1.68 —14.78 —7.83 +7.25 +b.56
700 —10.41 —10.60 +1.63 —11.97 —6.34 +6. 24 +4.55
800 — 7.52 — 7.74 +1.30 — 8.38 —4.45 +4.57 +3. 20
1000 -0 -0 +0 -0 -0 +0 +0
Depth (8) 118°W 9) 118°W 10 96°W 1) 96°W 19 94°W 13 87°W
(St. 28-30-33) (St.29-30-32)  (St. 48-50-52) (St. 49-50-51)
1961/10/1 1961/10/1 1961/10/21 1961/10/21 1961/11/20 1961/11/2
0 + 0 + 0 -0 +0 —0 -0
10 + 0.40 + 1.33 —0.23 +0.33 —0.06 +0.12
20 + 0.81 + 2.66 —0.46 +0.65 —0.12 +0.23
30 + 1.19 + 3.99 —0.69 +0.98 —0.18 +0.35
50 + 2.01 + 6.62 —1.24 +1.63 —0.30 +0. 58
75 + 2.97 + 9.83 —1.72 +2.42 —0.46 +0.87
100 + 3.91 +12.95 —2.30 +3.19 —0.61 +1.17
125 + 4.81 +15.93 —2.86 +3.93 —0.78 +1.46
150 + 5.66 +18.77 —3.41 +4.63 —0.94 +1.75
200 + 7.21 +24.00 —4.45 +5.93 —1.26 +2.29
250 + 8.56 +28.53 —5.40 +7.06 —1.54 +2°79
300 + 9.70 +32.33 —6.22 +8.00 —1.79 +3.25
400 +11.25 +37.50 —7.37 +9.19 —2.05 +3.97
500 +11.76 +39.05 —7.78 +9.40 —1.92 +4.24
600 +11.16 +36.89 —7.40 +8.64 —1.45 +4.01
700 + 9.47 +31.22 —6.29 +7.10 —0.87 +3.35
800 + 6.85 +22.57 —4.55 +5.02 —0.39 +2.39
1000 + 0 + -0 +0 —0 +0
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and a steric term both being able to compute
from the data of actual observations.

62
O canbe neglected as small compared

Since 5
020 O0x _
with — 6y2’ (20) can be further reduced into
_1) (O Ony | 2(h—2)Ch—2)
o ﬂ{ < oz oy > 2h
n( 920
—g50<Ty2>z:S- K® (z,5) ds} . @D

871,

The quantity aa

a paper by the author “Computation of the
Wind Stzresseszover the Oceans (HIDAKA, 1958)”’
gx‘OQ +27'Z was computed from the data
obtained by the Hawaiian oceanographers in
the equatorial regions on board RV ““Hugh M.
Smith”’ during the years 1950-52 (Mid-Pacific
Oceanography Part 1. Jan.-Mar. 1950, Sp. Sc.
Report-Fisheries No. 54, 1951; ditto Parts 11
and III, 1950-51, Sp. Sc. Report-Fisheries No.
131, 1954; ditto Part IV, 1952, Sp. Sc. Report-
Fisheries No. 135, 1954.) and by the Scripps
oceanographers on the equator on the Swan
Song Expedition 1961 (Univ. Calif. Scripps Inst.
Oceanography data report Swan Song Expedi-
tion Aug.-Dec., 1961. SIO Reference 66-1
September 1965).

The result of calculation of the expressions

[ Ots | 07y Hh—2)2h—=)
( 0x + oy ) 6h 22

while

and

(P ajo> .
gjo(ﬁxz + 02 ) =s K®(z,5)ds (23)

is compiled in Tables 1 and 2 respectively.
Any one of these quantities divided by the
coefficient of the vertical eddy viscosity x# will
give the magnitude of the vertical velocity of
water produced by wind action and steric distri-
bution respectively.

An inspection of these two tables enables us
to notice that both terms (22) and (23) give
contributions of nearly the same order of
magnitude, with a maximum of from 30 to 60,
although their positions on the equator are not

necessarily the same.

This fact enables us to draw a conclusion
that the wind component of vertical motion is
of the same order of magnitude as the vertical
motion balancing the density distribution.
Plainly speaking, both wind stress and density
distribution give rise to the vertical motion of
the same order of magnitude.

7. Summary and conclusion

A formula (18) for computing the vertical
component of velocity at the equator was
derived from the hydrodynamical equations,
disregarding the non-linear terms, terms of the
lateral mixing and the thermodynamic effect.
The main part of this formula will be given
by (20) disregarding the higher terms. The
two terms of the bracket were computed sepa-
rately, use being made of the observational
material of the winds and the density of sea
water. The result of computation revealed
that both terms give quantities of the same
order of magnitude. This may suggest that
there may be some kind of balance between
winds and steric distribution in the vertical
motion of sea water. Their maximum values are
just about —62 in _<_§E‘i+ﬁ@>~:___“_(k—z)(2h—z)

Ox 6h

. %0 | 0% .
and +39 in — —a;c——i—— . K® (2,5) ds,

so that the equatorlal velocmes of vertical flows
are —0.62 cm/sec and +0.39 cm/sec for p=100
c.g.s. respectively. Considering the ambiguity
in the numerical calculation of these quantities,
it may be well concluded that both agencies
seems to counteract each other.
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Microbial Respiration in Marine Environments during Summer*

Humitake SEKI**

Abstract: Respiration rates of microorganisms were studied for seawater samples collected
at the pelagic, the coastal and the polluted estuarine regions of the Pacific Ocean during
summer periods. Apparent respiration rates (g Op/bacterial clump per hr) in the differ-
ent eutrophic regions of the Pacific Ocean were observed at summer as follows: (4.7+
2.6) <107 in the pelagic regions (the subarctic Pacific water and the western north Pacific
central water), (1.620.6) X10™'* in Aburatsubo Inlet and (3.3+2.1)X10°% in Tokyo Bay.
On the other hand, the rates (g Os/bacterial cell per hr) for bacteria both free-living and
small clumping were measured as follows: (4.7£2.4)x 107" in the pelagic regions, (1.2+
0.7) %10~ in Aburatsubo Inlet and (4.843.6)X107** in Tokyo Bay. The respiration of
each bacterial cell in aggregates in the natural waters was estimated to reduce exponentially
as the aggregates increased of their size, whereas no serious change of the rate was observed

for non-clumping bacteria.

1. Introduction

Biological consumption of dissolved oxygen
has been considered to be chiefly carried out
by marine microorganisms accompanied by the
decomposition processes of organic matter in
marine environments. Through the processes,
more than 90 per cent of organic materials in
the surface layer of the sea have been estimated
to be decomposed before the organic materials
are transported from the surface watermasses
to the deeper watermasses (e.g., RILEY, 1951).
Activities of bacteria and allied microorganisms
in the surface layer, therefore, contribute
initially to the dynamics of biological elements
in the seas and oceans.

SEKI et al. (1972, 1973) have been investi-
gating on the turnover rate of dissolved organic
materials in the watermasses of the Pacific
Ocean, by which large amounts but very dilute
concentrations of organic materials are shown
to regenerate very slowly with the turnover
time of many months. As have been shown
and discussed by SEKI (1972, 1973), the dynam-
ics of dissolved organic materials in seawater
must be tardy as being draggled by the rapid
cycling of the dynamics inside the semi-inde-

* Received July 6, 1973
** Qcean Research Institute, University of Tokyo,
Minamidai, Nakano-ku, Tokyo, 164 Japan

pendent microenvironment of detritus and aggre-
gate suspending in seawater, and, therefore,
the activities of microorganisms in the sea must
be differentially studied for substrates both
dissolved and particulate.

From these points of view, the respiration
of microorganisms in the surface layer is a good
indicator for the rapid cycling of the dynamics
of biological elements inside detritus and aggre-
gates with lesser influence of the dynamics of
dissolved elements (SEKI et al., 1972). Many
trials have been made to measure respiration
in seas and oceans (POMEROY and JOHANNES,
1966, 1968; SEKI, 1967; SKOPINTSEV, 1966;
ICHIMURA, 1967; PAMATMAT and BANSE, 1969;
PaMAaTMAT, 1971; NISHIZAWA et al., 1971;
SEKI et al., 1573; TSUII et al., 1973), but the
detailed studies have not yet been accomplished.
A study was made on the relationship between
microbial respiration and population density of
bacteria in the surface layers of the pelagic
region (tke subarctic Pacific water and the
western north Pacific central water), the coastal
region (Aburatsubo Inlet) and the polluted
estuarine region (Tokyo Bay) during summers
in 1971 and 1972.

2. Materials and m-ethods
Seawater samples were collected from the

C11)
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surface layers of stations in Tokyo Bay (35°32'N,
139°54’E), Aburatsubo Inlet (35°09.2’N, 139°37’
E) and the subarctic Pacific water (44°00’N,
154°00’E) and the western north Pacific central
water (28°25’N, 145°00’E).  Van Dorn samplers
had been carefully washed with alcohol or
hydrochloric acid, and the vapor was kept in-
side the samplers until the sampling.

Duplicates of 100 or 250 m! aliquots of each
sample were placed in the sterilized DO bottles
immediately after sampling and incubated at
in situ temperature in the dark for about 6 hr
when the samplings were done at Tokyo Bay
or Aburatsubo Inlet. When the collections
were done at the pelagic region of the Pacific
‘Ocean, each sterilized HA Millipore filter (dia-
meter, 47 mm; pore size, 0.45), on which
microorganisms were collected by filtration of
5 to 10 liter of seawater sample, was placed
into a 100m/ sterilized DO bottle where the
same seawater sample had been added, and
incubated at in situ temperature in the dark
for about 6hr. The microbial respiration in
seawater was calculated from difference between
the oxygen concentrations before and after
the incubation. The determination of oxygen
concentrations was made by Winkler method
(STRICKLAND and PARSONS, 1968).

The same measurement of microbial respi-
ration was made for the seawater samples
which had been pre-filtered with sterilized
Whatman glass fiber filters GF/C (diameter,
45 mm; pore size, 1) to eliminate zooplankton,
phytoplankton and microbial aggregates. Usual-
ly, one filter was used for the filtration of each
seawater sample 10m/ from Tokyo Bay or
100 m/ from other regions, in order not to
retain bacteria free-living and small clumping
onto the filter. In this series of experiments,
free-living bacteria and a few bacteria attached
on small detritus in seawater could be exactly
counted. Thus, the respiration of bacteria,
except that in aggregates, could be exactly
calculated per bacterial cell, even if the results
obtained were somewhat artificial as bacterial
respiration in aggregates or on plankton could
not be included.

Appropriate amounts of each sample were
passed through sterilized HA Millipore filters.

The filters (diameter: 25 mm) were stained
with Kinyoun’s carbol fuchsin (The Society of
American Bacteriologists, 1957). The counts
obtained for natural seawater were for living
and dead bacteria and for bacterial clumps.
Measurement of the total number of individual
cells was impossible because many bacteria
existed three-dimensionally in aggregates. On
the other hand, bacterial cells in the seawater
samples pre-filtered with the glass
counted exactly.

lter were

Serratia marinorubra was incubated in 0.1
per cent peptone seawater in 3 liter flasks under
shaking at 20°C. Changes in the respiration,
total and viable cells of the bacterium and DNA
content of the bacterium were followed by
periodic measurements, in order to study
fluctuation of the respiration at different growth
phases. The same observations were done for
a seawater sample collected at Aburatsubo Inlet
in summer period of 1971.

3. Results

Microbial respiration of natural flora

The relationship between the population den-
sity of total bacterial clumps and the microbial
respiration per bacterial clump per hr in different
watermasses is shown in Fig. 1. The micro-
bial respiration in this experiment is the oxygen
uptake not only by bacteria but also by fungi,
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Fig. 1. Relationship between population density
of total bacterial clumps and microbial respi-
ration per bacterial clump per hr in seawater
of Tokyo Bay, Aburatsubo Inlet, the subarctic
Pacific water and the western north Pacific
central water.
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phytoplankton and small zooplankton. There-
fore, the rate is calculated to be obviously
greater than that by bacteria. Each symbol
with vertical bar indicates the average value
with the standard deviation of values obtained
in each watermass, having (4.7+2.6)x 1078 g Oz
/bacterial clump/hr in the pelagic regions of
the Pacific ocean, 7.e., the subarctic Pacific
water and the western north Pacific central
water, (1.6+0.6)x 1071* g Oz/bacterial clump/hr
in Aburatsubo Inlet and (3.3+2.1)x 107 gOy/
bacterial clump/hr in Tokyo Bay: i.e., expressed
on a relative scale based on 100 for the respi-
ration rate in the pelagic region, the rate
approximates to the following distribution: in
the pelagic 100; in the coastal 10; in the pol-
luted estuarine 1, whereas the relative concen-
tration of particulate organic carbon in the
pelagic region, in the coastal region and in the
estuarine region are 1, 10 and 100 respectively
(HATTORI (ed.), 1972, 1973; SEKI et al., 1973;
Tsujl et al., 1973). This result shows that
the respiration rate per bacterial clump in more
eutrophed region is apparently lower than that
in more oligotrophic region in the ocean.

On the other hand, the respiration only by
the bacteria both free-living and on small
particles in raw seawater in the same regions
at the same observation period is shown in

Fig. 2. In this case, the oxygen consumption
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Fig. 2. Relationship between population density
of bacteria free-living and small clumping and
bacterial respiration per bacterial cell per hr
in seawater collected at the same regions in
Fig. 1. Symbols are as in Fig. 1.

was carried out only by bacteria, because other
microorganisms were completely removed by
the filtration with the glass filter. The respi-
rations per bacterial cell per hr were (4.742.4)
X107 g Oy in the pelagic regions, (1.2+0.7)
X107 g Oy in the coastal region and (4.8+3.6)
X107 g O; in the estuarine region respectively.
This result shows that the rate per bacterial
cell per hr is much the same in any region of
the sea, when the rate was measured for the
bacteria both free-living and in small clumps.
The great difference was observed between
the respiration rate per bacterial clump of total
bacteria and the respiration rate per bacterial
cell of free-living and small clumping bacteria
in the pelagic regions. This is probably attrib-
uted to the increasing of the respiration by
phytoplankton fraction, because phytoplankton
hold larger fraction in the microbial biomasses
in the pelagic region (HATTORI (ed.), 1972,
1973; SEKI et al., 1973; TSUJI et al., 1973), even
if the phytoplankton biomass does not neces-
sary reflect its activity exactly. Thus the respi-
ration of total microorganisms per bacterial
clump must deviate greatly from thke bacterial
respiration per bacterial clump in the pelagic
regions. From this point of view, provided
that the respiration only by bacterial clumps
could be measured for the sample in the pelagic
region, their rates might exist between 1071%
and 107" g Oz per bacterial clump per hr,
judging from the ratio of their daily production
per their biomass being around 1 (KRiss, 1963).
Only little difference was observed between the
microbial respiration per bacterial clump and
the bacterial respiration per bacterial cell in
Tokyo Bay, although many of the bacterial
clumps were large aggregates. If the total
bacterial cells in such aggregates could be
counted, the calculated respiration rate per
bacterial cell for all bacterial biomasses should
be less than 107 g Oy per hr in Tokyo Bay,
because more than 10 bacterial cells should
compose of the bacterial clump in average size
according to the microscopic examination.
Bacterial density in Tokyo Bay attained to the
maximum from the biological space point of
view (Fig. 1), and the respiration was very
low in such heavy suspensions of bacterial cells.

(13)
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Thus, every bacterial respiration per bacterial
clump in natural marine environments is shown
to be regulated to relatively constant as affected
little by the degrees of eutrophication, which
is contrast to the great varieties of respiration
obtained artificially in the laboratories. This
regulation in the natural environments is prob-
ably carried out by cybernetic systems composed
of many ecological factors.

Microbial respiration in stored seawater

Fluctuations of bacterial biomasses, DNA
content of particulate matter and microbial
respiration were observed for a stored seawater
sample collected at Aburatsubo Inlet (Fig. 3).
At a few days after the incubation, the bacterial
multiplication attained to the stationary phase
followed by the death phase. At around 10th
day, bacteria multiplied again logarithmically.
Because DNA content of particles fluctuated
with much the same pattern as the fluctuation
of bacteria, dead bacterial materials produced
at the first bacterial thick growth must have
been utilized again by the bacteria at the next
thick growth.

Respiration of microorganisms was high at
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Fig. 3. Fluctuation of total bacteria, hetero-
trophic bacteria, DNA content of particulate
matter and microbial respiration in a stored
seawater collected at Aburatsubo Inlet during
summer.

the logarithmic phase and low at the death
phase, but the rate at any growth phase
fluctuated in the same order. The respiration
rate per bacterial clump per hr in this artificial
condition was much the same as that for the
natural condition of Aburatsubo Inlet.

Respiration of Serratia marinorubra

As Serratia marinorubra (ZOBELL and
UprHAM, 1944) can be enumerated by the plate
method with Medium 2216 (ZOBELL, 1941),
viable cells can be differentiated from dead
cells. Fig. 4 shows respiration or DNA content
per bacterial cell for viable bacteria (plate
count) or viable and dead bacteria (total count).

As the results of the bacterial incubation
over one month, it was shown that dead bac-
terial cells were one order magnitude more
than the viable cells. DNA content was the
same both for viable and dead cells, as well as
for cells in any bacterial growth phase. On
the other hand, respiration rate was dependent
on the growth phases, i.e., the rate was the
maximum at the logarithmic phase and decreased
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Fig. 4. Fluctuation of respiration rate and DNA
content per bacterial cell for viable or dead
Serratia marinorubra.

v: for viable and dead cells
s:  for viable cells
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according to the prolonged incubation in the
death phase, although decrease in the activity
was within less than half of the maximum
activity. Microscopic examination showed that
Serratia marinorubra did not form aggregates
throughout the experiments.

4. Discussion

The microbial activities during summer period
at each region are considered to be the optimum
of four seasons. This, in turn, may be favour-
able for simple analysis of the rates at regions
of different eutrophic levels, because many
factors, such as change of thermal kinetics in
biological reactions and interchange of microbial
groups having different biological processes,
must be additionally referred when the investi-
gation was made at other seasons.

The relative rate of microbial respiration and
the concentration of particulate organic matter
per unit volume of seawater in Tokyo Bay,
Aburatsubo Inlet and the pelagic regions of the
Pacific Ocean (HATTORI (ed.), 1972, 1973;
SEKI et al., 1973; Tsujl et al., 1973) were
approximately 100, 10 and 1 respectively. Both
of them can, therefore, be used as good indi-
cators of the degree of eutrophication in marine
environments.

In the natural and artificial conditions, respi-
rations per bacterial cell per hr at the optimum
temperature were nearly the same for bacteria
both free-living and small clumping in water-
mass of any eutrophic level. However, microbial
respiration per bacterial clump composed of
bacteria free-living and clumping of various sizes
was by no means higher for larger bacterial
clump. This means that respiration of each
bacterial cell in aggregates reduced exponentially
as size of the aggregates increased, whereas
no serious change of the rate was observed
experimentally for non-clumping bacteria in
natural waters and for Serratia marinorubra
at any growth phase.
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Red Tide of Oikopleura in Saanich Inlet*

Humitake SEKI**

Abstract: A red tide of Oikopleura dioica Fol occyrred in the sea of Saanich Inlet in July,
1968. The main part of the red tide spreaded ovet a few kilometer length with several
meter width, as a film of cherry-pink neuston on the surface of the sea. The red tide seems
to have been formed by the rapid multiplication of the Qikopleura dioica Fol with active grazing
on the heavy bloom of phytoplankton in the surface layer (0 to 15m depth) of the inlet,
and by the formation of its aggregates floating up to the surface when its population density
attained to the densities higher than 10! number per cubic meter. The red tide cannot be
expected to produce mass mortalities of marine organisms by consuming dissolved oxygen
to very low oxygen concentration in situ, because the rate of oxygen uptake by organisms
of the red tide was measured to be lower than the rate of oxygen supply from the atmos-

phere to the watermass of the red tide.

1. Introduction

Recently, multiplication of the plankton is so
active as to lead the frequent formations of
“red tide”” in the eutrophed regions of the sea
where municipal and industrial wastes are
introduced. Extreme cases of this category can
be observed usually during summer in such
semi-enclosed bays and inland seas as Tokyo
Bay (e.g., TSUI et al., 1973), Ago Bay (e.g.,
UYENO, 1969) and the Seto inland sea (e.g.,
NISHIMURA, 1973).

The ‘“‘red tide’’, on the other hand, has been
observed to occur even in the natural marine
environments of various parts of the world.
In this case, the organisms associated with red
tides have been reported to belong to three
main groups, diatoms, dinoflagellates and blue-
green algae, whereas smaller flagellates also
form this phenomenon very often in polluted
estuarine region (WooD, 1965). The occur-
rence of red tide has been also recognized in
natural marine environments caused by other
groups of organisms (e.g., KOKUBO, 1959).
Oikopleura is known to be one of these
minor groups of organisms that can form red
tide with extremely rare occasions, but no
report of detailed observation nor investigation

* Received July 9, 1973
** Ocean Research Institute, University of Tokyo,
Minamidai, Nakano-ku, Tokyo, 164 Japan

has been available.

A red tide of Oikopleura dioica Fol was ob-
served from July 4 to July 8 in 1968 at Saanich
Inlet, which is located towards the south-east
corner Vancouver Island, B.C., Canada (details
on Sannich Inlet, see HERLINVEAUX, 1961; PAR-
SONS, 1969; FULTON et al., 1969; SEKI, 1969
and 1970), whereof a brief observations were
made.

2. Materials and methods

Seawater samples for microbiological investi-
gations were collected aseptically by use of
Cobet sterile samplers from depths of 0, 5, 10,
15, 20, 30 and 40m. Samples taken in 5.46
liter Van Dorn samplers were concentrated by
straining through a 35 mesh net, for total
counts of Oikopleura dioica Fol. When DO or
BOD samples were taken directly from the red
tide samples in the sea surface on July 7, sea-
water was allowed to flow in by submerging
sterilized BOD bottles to the mouth and gently
tipping them so that the sample entered with
no bubbling and a minimum turbulence. The
BOD samples were incubated in the dark at
in situ temperature for about 6 hr immediately
after sampling. The determination of oxygen
concentrations was made by Winkler method
(STRICKLAND and PARSONS, 1968). Direct
counts were made of total bacteria, and hetero-
trophic bacteria were counted by the plate
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Fig. 1. A patch of the red tide composed of
Oikopleura dioica Fol at a central location of
Saanich-Inlet on July 8, 1968.

Fig. 2.
accumulated along the current rip at Patricia
Bay in Sannich Inlet on July 7, 1968.

P e R "
Fig. 3. Main patch of the re

dioica Fol and spots of the aggregated Oiko-
pleura at Patricia Bay in Saanich Inlet on

July 7, 1968.

The red tide of Oikopleura dioica Fol as

d tide of Oikopleura

La mer, Tome 11, N° 3 (1973)

count with Medium 2216 (SEKI, 1969). Glucose
uptake by microorganisms in seawater was
measured by the method of PARSONS and
STRICKLAND (1962). Productivity, chlorophyll
a, chlorophyll 5, chlorophyll ¢, carotenoid,
particulate nitrogen, particulate carbon, nitrate,
silicate, phosphate, soluble carbon, dissolved
oxygen, salinity and temperature were all
measured (FULTON et al., 1969) by the methods
in STRICKLAND and PARSONS (1968).

3. Results

A patch of the red tide composed of aggregated
Oikopleura dioica Fol was floating as a film
of cherry-pink neuston in the surface of Saanich
Inlet, driven by the wind, the current and the
tide (Fig. 1). Main part of the patch spreaded
over a few kilometer length with several
meter width (Figs. 1 and 2). The diameter of
these spots was from a few centimeter to
Although the Oikopleura was
accumulated heavily as neuston, high concen-
tration of its aggregates was also observed
under the sea surface of the inlet. While the

several meter.

"Er ™
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OOOi y 1 | | | ]
0O 20 40 &0
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Fig. 4. Gradients of the dissolved oxygen and
the oxygen consumption in relation to the
distance from the edge of the red tide occurred
at Patricia Bay in Saanich Inlet on July 7, 1968.
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Table 1. The population density of Oikopleura dioica Fol at a station (48°38'N, 123°30'W)
in Saanich Inlet. (after FULTON et al., 1969)

Population density of Oikopleura dioica Fol (number/m?)

Depth (m) —oo = —_— — — — —
June 22 June 26 June 28 June 30 July 4 July 6 July 8 July 10
0 0 — — 183 8784 3294 2379 183
1 0 183 — 1098 25620 2928 3843 —
3 — 0 0 732 10980 1830 1648 —
5 366 732 0 1098 2379 183 1648 —
10 2928 732 — — 1464 732 549 183
15 — — — 366 366 732 0 —
50 - - — - 0 — - —
128 — 0 0 0 0 — 0 —

—: not examined

Table 2. Environmental factors at a station (48°38'N, 123°30’W) in Saanich Inlet before
and after Oikopleura red tide occurred in the area. (after FULTON et al., 1969)

Prod. Pigments Part Part NOs; SiO; POs Sol. D.O. Sal. Temp
Depth mgC/m? Carot N C Hg  pg o Hg C mg o °CL '
/hr Ca Ch Ce ug/l  png/l  at/l  at/l  at/l mg/l at/l oo

Date: June 22, 1968

0 32.37 19.73 0.91 15.68 23.50 128 996 0.7 27.6 0.23 0.50 0.703 25.68 11.32

5 3.56 15,62 0.00 9.82 14.63 78 722 0.4 20.7 0.42 1.48 0.679 28.40 13.40
10 0.24 15.24 0.00 9.43 14.27 88 769 0.9 24.8 0.40 1.36 0.709 28.42 11.70
15 0.03 17.17 0.00 11.69 15.03 50 8 5.7 25.2 0.63 1.61 0.606 28.55 10.40
20 9.49 0.00 5.94 8.92 42 497 13,9 34.3 1.40 1.28 0.522 28.93 9.87
30 1.93 0.10 1.41 1.62 22 300 18.6 41.3 1.94 1.61 0.447 29.17 8.85
40 0.70 0.18 0.58 0.27 36 18 25,7 53.4 2.46 1.82 0.381 29.16 7.67
50 29.60 7.67

Date: June 30, 1968

0 0.58 1.36 0.18 0.93 1.70 31 272 0.8 0 0.05 1.49 0.693 27.66 14.64

5 3.30 6.18 0.00 3.84 5.00 67 572 0.8 6.5 0.09 2.80 0.697 27.86 13.04
10 0.42 11.95 0.00 7.81 8.87 102 1009 1.0 6.4 0.11 2.43 0.658 28.21 10.74
15 0.15 8.33 0.00 4.04 6.48 51 498 9.3 251 0.98 2.81 0.558 28.28 10.74
20 3.37 0.07 2.15 2.58 41 429 14.3 37.9 1.51 2.76 0.380 28.61 10.74
30 3.46 0.11 2.15 3.65 63 463 13.3 38.0 1.75 2.06 0.439 29.10 9.65
40 3.61 0.16 1.98 2,74 49 348 19.6 41.8 1.82 2.02 0.530 29.59 8.07

Date: July 4, 1968

0 8.69 4.85 0.00 3.31 5.64 91 1405 0.4 1.0 0.13 2.31 0.924 26.76 16.73

5 0.38 2.60 0.13 1.42 2.63 62 586 0.3 1.5 0.13 3.22 0.840 27.63 15.20
10 0.10 5.78 0.00 3.24 4.66 71 627 0.6 1.1 0.10 1.32 0.804 27.53 12.57
15 0.07 11.87 0.00 6.01 10.48 99 859 3.1 7.2 0.32 1.56 0.644 27.95 11.55
20 4.03 0.00 1.76 2.83 50 463 9.7 225 0.81 1.49 0.523 28.36 11.01
30 1.99 0.06 1.09 1.33 36 382 15,2 354 1.18 1.94 0.438 28.90 10.04
40 1.76 0.10 1.07 1.07 25 313 25.4 47.4 1.70 1.90 0.356 29.18 8.66

Date: July 8, 1968

0 2.87 0.34 0.01 0.46 0.86 20 191 1.0 2.7 0.39 1,20 0.702 27.13 20.60

5 0.47 0.30 0.00 0.46 0.72 43 300 0.9 2.1 0.18 1.78 0.980 25.95 15.11
10 0.05 0.48 0.14 0.92 1.11 45 368 0.8 2.2 0.14 1.36 0.501 26.16 14.20
15 0.05 0.85 0.17 1.30 0.92 45 1671 2.8 8.5 0.62 1.45 0.421 27.46 13.56
20 0.95 0.19 0.95 1.07 39 694 4.5 17.3 0.9 1.07 0.387 28.11 12.70
30 1.22  0.06 1.03 0.97 40 335 23.7 35.6 1.84 1.57 0.323 28.62 10.98
40 1.22 0.00 0.87 0.75 30 223 21.8 45.0 2.42 1.82 0.261
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Table 3. Microbial biomass and its activity at a station (48°38'N, 123°30'W)
in Saanich Inlet. (after FULTON et al., 1969)

Depth Total bacteria Heterotrophic bacteria Yeasts Glucose uptake
(m) (clumps/ml) (clumps/mi) (clumps/100 m2) (mgC/m?/day)
Date: June 26, 1968
0 1.2x10° 1200 6 2.062
5 8.8x10° 640 2 1.177
10 2.2X10° 720 1 1.041
15 1.3%x10° 770 4 0.785
20 6.2x10* 350 1 0. 696
30 1.9x10° 380 0 0.365
40 3.8x10° 320 2 0.312
Date: June 28, 1968
0 1.9x10° 1200 7 0.961
5 2.5x%10° 740 0 0.832
10 2.5x10° 400 2 0.339
15 9.5x10° 1500 4 0.711
20 1.3x10° 540 1 ©0.477
30 2.5%10% 370 0 0.374
40 2.8%10° 270 1 0. 483
Date: June 30, 1968
0 6.3x10% 420 0 1.624
5 2.2%10° 450 3 1.416
10 1.3x10° 480 6 0.876
15 1.3%x10° 320 1 0.479
20 9.4x10* 170 2 0.373
30 6.2x10* 240 3 0.393
40 6.2x10% 120 0 0.232
Date: July 6, 1968
0 6.2x 10 350 4 0.518
5 1.3x10° 260 2 0.692
10 3.1x10° 220 0 1.192
15 8.3x10% 140 0 0.510
20 1.3x10° 130 0 0.245
30 2.8%10° 60 0 0.281
40 2.5x10° 50 0 0.222
Date: July 10, 1968
0 3.1x10* 530 5 0.369
5 9.4x10* 180 0 0.705
10 3.1x10* 160 1 0.327
15 1.3x10° 300 1 0. 645
20 3.1x10% 330 2 0.514
30 2.8%X10° 210 0 0. 247
40 2.2%X10° 120 2 0.264
Date: July 12, 1968
0 9.4x10* 480 22 0.542
5 3.8x10° 130 0 0.234
10 1.6x710° 40 2 0.192
15 9.4x10* 170 2 0.289
20 3.1x10* 80 1 0.238
30 1.6x10° 140 4 0.222
40 1.9%10° 140 1 0.233
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occurrence of the red tide, the population den-
sity of Oikopleura dioica Fol was the highest
at the surface of the water column of a station
(48°38’N, 123°30'W) at a central location of
Saanich Inlet where direct influence of the red
tide was not given to the collected samples,
whereas Qikopleura dioica Fol usually distribut-
ed heterogeneously in water layer chiefly between
0 and 15m depth when the red tide was not
observed in the inlet (Table 1).

The dissolved oxygen and the oxygen con-
sumption by organisms in seawater of the
surface layer are shown in Fig. 4, with special
reference to the distance from the edge of the
red tide. The respiration of organisms in the
red tide per unit volume of seawater per hr
was more than one order magnitude higher
than that in the other places where were
directly free from the influence of the red tide.
A sharp gradient of the respiration rate was
observed in seawater within 30 cm from the
edge of the red tide, whereas detectable gradient
of the dissolved oxygen in seawater was only
observed horizontally within 10cm from the
edge of the red tide.

The rapid decrease of chlorophyll and silicate
were observed just before and while the red
tide occurred in the investigated area (Table 2),
which might be explained chiefly by the exten-
sive grazing of Oikopleura dioica Fol on phyto-
plankton including diatoms and by the active
silicate utilization of diatoms for rapid multipli-
cation to recover their high densities, as have
been shown by many investigators (e.g., Ko-
KUBO, 1959). The grazing did not give any
serious influence on other environmental factors
(Tables 2 and 3).

4. Discussion

The red tide of Otkopleura dioicaFol in Saanich
Inlet on July 1963 was observed as cherry-pink
neuston, surrounded by high population density
of the Oikopleura dioica Fol both free-living and
in aggregates. Although oxygen consumption
by the red tide organisms was very high, the
activity had no serious influence to reduce the
concentration of dissolved oxygen because of
the abundant oxygen supply through air-sea
interface to the surface watermass where major

fractions of the red tide organisms, the neuston,
accumulated. Therefore, the red tide of Oiko-
pleura dioica Fol cannot be expected to pro-
duce mass mortalities of fish and other organ-
isms in the sea.

The red tide seems to have occurred after the
rapid multiplication of Oikopleura dioica Fol
with active grazing on heavy bloom of phyto-
plankton in the surface layer of the inlet.
When the biomass attained to the population
density of 10* number per cubic meter, indi-
viduals started to aggregate and to float up to
the surface of the sea. Thus, the aggregates
accumulated as the neuston on the sea surface
at the current rips and formed the red tide.
The red tide was then driven in the inlet by
the current and the tide as well as by the wind.
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HEZDE LRGN E VWL D,

FLETCHER I ¥ K #—FHIcED £, DL D
RZILBHEOBRASOFNE LTHU A, Bl
REEHEFABC LD, K& - ¥k - MEROMEEA

A Ell% F3F (1973);

Heat flux between surfacs

and deeper levels, F,
(0.5 keal/em2 yr;
+40-39.5:0.5)

Radiation balance, F
(20.7)

Sensible-heot flux, F,
=7) ]

Latent -heat flux,Fy
-15)

Heat flux ( keal /em?)

F,+F[+F‘V-FS'0

B2 KOLWitkEoOEmCHT %
BN DEEFOK E X OHEEN,
(J.O. FLETCHER, 1965)

%EZ'C]\-’) T < % ,’*%(Jirfié e 5T 0"5 Do

PHMETHIE N REIC /o5 T & 72 (MANABE and
BRYAN, 1969; WETHERALD and MANABE, 1972),
Linl, EBMUTERELIOIPCHE-REIATH
0, FLETCHER DLEDODOMIKEZ D HIiIcidinks<
@:a%%B&Uhithh }h6®¢f,t@&
DWEIKDEE DEAL, KBEDHESBE O\ TR
LW ENTKD, & uﬁ>oﬁ§(7‘®7ﬁ ORRHEINS
Lok lbinsg,

2. JkEEBEOHEKE MAYKUT, UNTERSTEINER OF

Fb

Jb#sdE DIKDREDE(IL, WED LB DFRABRIT
T HR[OBNFHNRPESRLSBDR 12§ TH
bo BNDLERMLT TR, BRI ALVF—-ERKKEOHR
FTHITOKDEE R R REL, BOIERTKDAGHERE
b, B BREHT T, KE»BDT 3 F—FA
BLDBHRHBOANKES, LD THRAPIN
b, VEKDRENEIKEREICE TETN T2 LilKAES
b

HEKOBWME & ZDEIZ, EEREEDBORK
I EBY 52, FORDICKED, LDHITEOR
BRAET 25, KOBFEOWERZERLELL DRAD T 07
FANEEZ, KERKEDHOE &Ky DITHICHE

24)
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w11

Balance of fluxes

SO ,T <273 %k
o

(I=a)F -1 +F -ech4+F +F +k(§z>
5T r o L L "o K A o\%z/ t a o
e = - — + y3 ke = ” '
ko(éz)g” Fc . 52 [th(h n;,\o,ro 273 "R
T T
N (Pe)g 57 =k, —5 e .
h SNOW s ot s >z Heat required for ablation
lk ST Heat conduction
s\dz h
3 )
k (‘T) = k,(-—T-) Balance of fluxes
59z i'dz
X 3T h h
i\dz h
(o), 4 8@ N sse) o, . )
LE T a2 B i,6 2y 7 T, xRl )
H ICE
Heat conduction with internal heat source
3T
Nki(az)hm 3T d
lri ($> - Fw = [qgg(hﬂ-l):l Balance of fluxes
h+i h+
WATER
T B3 HwKEFVORR L BREH,

(MAYKUT and UNTERSTEINER, 1959)

525, KOEKLBBEOBRS L COKOBENL, K
KREWHEDEN « HRMIRE L HECET >N TWE D
T, DT VA LIKDEFRIZIEIE DKO AR L R

THERI R TH D,

TDEAIT, KRR - WK -BERL—D—D% TD B
LTEZBZERTERVA, WKOMELXFEL,
b2 OR-FOREZHERE LT, BT
EADO—tZREESTENTESL LSS,

MAYKUT & UNTERSTEINER (1969) &, Jb#aifschde
HDIFHHI I KISt 35 — R TTOHE = F V2 ED,
HOKD R, ARCBIRT 5% ORFOBE L e
L, £ COBNPEAFTEL L, & D= 7113, UNTER-
STEINER 43/R U7k M i thi 88 € 0 ¥k O H 7 B
I LAMKERMBR, KhOBESHOERNESE X4
5. ¥lo, TNENOREYTOBRE R RS obic, 4R
TFOEEEZ T, TDRDICE T BHKDEX, ERIE
BE, MED N —vi2F~Nk, FLT, BAEOFEEN
RN D DY &, HLWANSR Akt 35 Jsa El
Flic, CORKIIHXATLE LT, EEiECOW
TOMEDRMBER, SHANDFEZC DN TEZ TN
Z &L,

1. MAYKUT & UNTERSTEINER DHEKE 7L

HIMICRT X 51, KD RE, BEOHETHW S

Nk E Fuid, KEHFACHBEROLESD 2 f-> T
VECIESIE S —RRAOKDIRT, L TFTETE A DT 7L+
—DWA, DB 5. EEL KK L OB ORITHIL, K
YBLTOREEIC L 5, KROMEEZ, KbEDT 74
VICX o TEHEIN, TREFIZKORED > D/
ERSORANDD, KOBESMEEZLD, Kb
FEDEDHBTED FTRAROLCRBEODENHY, Z0F
D N—F S & IR S E R G2 5, BEK
DOERE T, ThEhDOhTos
BAMBER 2T bhvd, KPHD L T HiEKERET
FRTLEEEER YR E, T avF-RIEZ ORD

LIATHE-TVHDETH CEBRIEH2E8RBOF

HEHOBATEIS), Moo, LEHTOHZ
DENRFEIC L AnE, & EFKORRIC X %R

BIEG ET B, Tibhh, BKETIREAETHEEDS
7, RETOKOBMZLNSD LT 5, KOBR T
RERIZ, FETOERTOL 2 vE =35 v ATHED D
N5, Flzid, BRIz xvF—pnilbhfcs 21
F—LhEREVEERZ, KPBEINSS, BLLRE
KNED BB, SnbDT xLvE—FER, BU/ %
—VTHEFYH TG 2 N5, £L T, KOETO 14EH
DIFHRRERETORED H DI, RETD1EHD
BEEICE L Ve SEEERE LTS, T, FKRO

(25)
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5% H11% 3T (1973); HILEEFLHE

WIR LVOWOHLESRE, BE, FECHT KDL C, REER b, RHEYR K,
P. SCHWERDTFEGER (1963)

Bog BE H# Cs B ks BB R K BE
%, C° cal-g~t°C-! caleem~1°C-t sec? cm?esec! g+cm™®
0.850 0.875 0.900 0.925
ksX10*  KsX10®  ksX10°  Kex10°  ksX10% Ksx10®  ksx10°  Ksx10°

-1 0.48 4.48 11.2 4.66 11.1 4.86 11.25 -_— _—
—2 0. 48 4.48 11.2 4. 66 11.1 4. 86 11.25 e -—

1 —4 0.48 4.48 11.2 4.66 11.1 4.86 11.25 —_ e
—8 0.48 4.48 11.2 4. 66 11.2 4.86 11.25 — —
—1 10. 00 4.11 0.48 4.27 0.49 4.42 0.49 4.59 0.50
-2 2.32 4.29 1.85 4.46 1.87 4.63 1.89 —_— _—

2 —4 0.89 4.37 4.91 4.55 4.96 4.74 5.02 —_— -_—
—8 0.53 4.41 8.36 4.60 8.47 4.79 8.59 — —
-1 22.5 3.75 0.196 3.89 9.197 4.01 0.198 4.15 0.199
-2 4.98 4,10 0.97 4.26 0.98 4.42 0.99 4.58 1.00

4 —4 1.62 4.27 3.09 4.44 3.13 4.62 3.17 4.81 3.21
—8 0.77 4.36 6.65 4.54 6.74 4.72 6.81 —_— _—
-1 42.00 3.05 0.085 3.17 0.084 3.24 0.084 3.31 0.083
—2 9.46 3.74 0. 466 3.86 0. 467 399 0. 469 4.12 0.472

8 —4 2.75 4.07 1.74 4.23 1.76 4.39 1.78 4.55 1.79
—8 1.05 4.24 4.75 4.41 4. 80 4.59 4. 86 4.77 4.91

HENT VAR LIERBU CRET, KOEE & — v
BIFRHTRIEZIND CEEEHRL T3,
Dko#hzia]

HEKDEEZEIL T 2 W T, UNTERSTEINER (1964)
BREEERIC LIS 300NN, REYBBRBL CELEN
RfEa L 5 L OCWIKOBEINE - L X, BAHK L -
TKBEF~EET D & SIS BBIRDOEEY 4D T,
HEKPDEFTEZRD 5 BB HERXX RO L L,

T 0 oT
(AOC)E" = ﬁ(’ﬁ 52) + X1 exp (—%iZ)
—(pc)fwaa% 1

ZTT, (00), ki, Lo 1ZKDEE & LB DRE, BLER,
MEEESOEBBRETH D, BT KB 524k
BERLTWS, T RiHRE, 1280, Z30EH
A& BRAEEETHS, wlidKD FHE~OBE DR
Th5b,

HWKOHIC, BKOERKICED ZEheT 54 v
RS BESKBEENRTNT, WO Ebhh DK
LEZBDNIZEETOFRHEEHE > TWD EEZ bLS,
FDD, KD (po)i, ki RIEEDOLBF, Kb
EAEDOBHE T H B, (00 & ki OEITDONWTDRF
484X, MALMGREN (1927) € #h ¥ - T SCHWERD-
TFEGER (1963), UNTERSTEINER (1961), ONO (1967)

bDWHB, MAYKUT & UNTERSTEINER &, SCH-
WERDTFEGER D H1C #-3 T UNTERSTEINER 23E
WeREHAWTWwD (FB1F#),

rS(Z)

(p)i=(oc)i, 1+ =0 oy 2>
o BS(2)
ke=k, oo (3>

CCT, SZ) REX ZeksaKb0ESE (%) T,
7=4100 cal-°K/g, £=0.28cal-cm?/g+sec I3EXKTH
b BWEFRMUKERL TW5S, (001, r=0.45cal/cm?-
°K, Ki, r=0.00486 cal/cm-sec:°K &35, 14EHO
KOEFFES 0cm BADT w RERTE, MEER
POKDHEDO/NEIRBER 4ZRTR—ELrTHIE, (DI
(@), 3 #RALT

oT
0t
T
VA

rS(Z) 1

[*p‘”’f*‘(7t—27sﬁ

f+—éggll Lyl expl—27) (4)

:[5’ T—273
/5, TOXBKPOMKELXRDLTREL TRAT
%,

[ZTodosfmu]
ABROR, KFEFHC—#HT, BEERR—EDT
FIREL TER NS,

(26)
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oT _ @T
(PC)S at —‘ksazz (5)

BE s RBCOWTDERRT, BREHRTZOF TR
K&XL, Bom DEHOEECRFIZIZLAETRRI L
TLEADT, TOEFINTR, RETTNTEBRIN
TLEDEEZD, Thi, 6) RIREERORAD
FEREETN TV,
ZOFRERRALEL L5, BOFRKTFIVNS
<, MWD KREREELE-TWS DT, 0.33g/cm®
(UNTERSTEINER, 1961) &35, BER, B3 L bHT
—ETHD, BOEEIMEALLD HEVEI 0.33g/
cmd, BEIEE - THBIE 0.45g/ecm® L5,
EQMGERE, FOEEN—HETH-> THRTFOR
X, WaEk, BEAEKCE > TRELELTS, TO
EFLCR, EWEECHEOIES kb OREERIIENR
#4% ABELS (1892) OREH S,

ks=0.0068 ps*> (cal/cm+sec*°K) (6)

Dk sr]
HkomicEENG 751 Vi3, KOKE, BVRERE,
BRCEEE 525 WS ATEETHD, KFDT I
A VEBREICY - TRELD, KOEREL TIRIKDORK
B, WAKOESEEICX > TRIESEXSD, K
Hic 4 ¥ WM e £ b (BUERS), Ko L
W IR EKRBEFEVDT, EABMEL o TDB, TO
BIEERIZ, KOREOEI L, ERZOMBRECTE -
TEKEDHOT, KEDEANHEIIKE LIC#E - TOB A

0 i T |

50 — ]

100 p— -

150 — -

Depth (cm)

200 — —

250 1

300 }— —

| | ]
0 1 2 3
Salinity (%)
WA ¥OKFOHES DM,
(MAYKUT and UNTERSTEINER, 1969)

350

SCHWARZACHER (1959) 12 SEHg /i e LCE
AR TIREND BOEERL T, THIZ,

&3:A+Bgnp>(%>mw””m+p}<7>
THEb®S, 22T, A, B, C, D, m, n 2HHEKT,
HRXDFEETH%, MAYKUT & UNTERSTEINER O
EFMCEZORBAV SN TRD, HABED ¢4 —
VIREREIC L - TRELLAEVWEIRT W 3, T b
B, KERET RN - T, ESOSHEHEDORIZET
FHACB SHIZEIND D MED DD NE DL LN TH D,
[ L]

MEOHL Xid, KOBFRICRTA2EEDOEEED
KA HELL RTINS T ETHb,
(EFHoEN
FHOBERCRT AL AVF-REOTR DO, K
SRENDA S TL 2REREES Fr, BEREH F,
FECORBERYN aF, SHASORBEREN eoTo*
Bbb, TTT, a BEAOT L~ F (KHEE), e i3
EREOESRME, ol Evy < E, TodEEORE
EEEDLLTWS, TRBICHNRD LN /NI VI,
EEABELUTCHA F LB R, KELRZEOMIE
Fe=ko(0T/02)0, $LUKEmMEBBLEHE L 2%
»5 (H3IED,
FHEBERTOENT v AFBERERD S DI, =
DDBBEYELLLENRDD, L, REBE To i
KE LD SIENE ZIIE, TXRTOBTEN/NT VAT
BEBIC Ty HRODRITL BTV, BBV, dL T
BHEKETHNT, ROBBTHL BADKBBT %,
COTOOBRIIKORTEDIND,
(l—a)'Fr—Io-‘rFL—ELUTU4+F5-+FZ“r’%(%jZ—;)O
0 To<273°K
_{~q|:jt(h+H)l), To=273°K  (8§)

T, hREBOESR, ¢ BEMEOERTHS, &K
BOMOREIR, RHEIKA-TLBbDXEICLD,

(8) X THFbLINBINEML, REMCENLT S
W85 A —%— a, Fr, Fr, Fs, Fi, I, THEHbR5,
EDBDOEI BN T -2 L L THEZDOND,
(FHDEFD

KOTETIER, ZODRRENEZ DNDL, T7bb,
WD DEKRARE L ERE ORMRETH D, WAL
iz,

C27)
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5 & HlEK H3F

(1973); H{LEHEZESE

# 2% FLETCHER I X% FHERiIcks % BYEHA N7~ 4, (J. O. FLETCHER, 1965)
FoR % &5 Jan. Feb Mar Apr. May Jun. ]ul Aug. Sep. Oct. Nov. Dec. Year
Fr ?k/&%adif%?m 0 0 1.9 99 177 192 136 9.0 37 04 0 0 5.4
& (keal/cm?)
N FEAREREERE 1004 103 10,3 11.6 15.1 18.0 19.1 18.7 16.5 13.9 11.2 10.9 166.0
B+ (kcal/cm?)
Fs  TRERE 1.18 0.76 0.72 0.29 —0.45 —0.39 —0.30 —0.40 —0.17 0.10 0.56 0.79 2.71
(kcal/cm?)
i BEREAE, 0 —0.02—-0.03 —0.09 —0.46 —0.70 —0.64 —0.66 —0.39 —0.19 —0.01 —0.01 —3.20
(kcal/cm?) *
a EET AR 0.83 0.81 0.82 0.78 0.64 0.69 0.84 0.8
kc(ﬂz) (0K, (9T > TEMPERATURE, °C HEAT REQUIRED, cal/iocm’
0Z /n+m YR 9z ht+ B o = -2 -3 20 40 [ 0
1
_[d S E an
1 RS \N| N
B

i, TITT, KwlZKOWIBHRET, HF widiE
KILDOWTDEEIRT, WENDOBREXFET LD
CHBELBILFIC OV TORWEER T T AR NOT,
9 KoFTRIIE NS A—2 - LTHZRE b
W, b,

(g 0Tw
Fu= (P(')w Kw YA )IH'H 10
KOS
HDHDLRM TR, FEOKOHEMCHEE & S8 E#
¥THDENIEMREIT S
gt oo 1 0L g 0T
Z=h; Ti=Ts, ki o7 ks 07 an

B, KOBRE, RUERY KD 2 MERR, 52 bhiii
& T, KW, 6), (8), (9, w#EE, U2
Kz, FE, KR, KETHETOEI DL (&
i) RDDHZ LI D,

o5 4 —5—]
(z anvF -

FHBERTE, WO Z xvE RS, F, Fi, Fs,
Fi %5 27t s Hisyy, FLETCHER (1965) 1%,
Fr & Fo O3 LTl MARSHUNOVA (1961) O,
Fs, Fi &2\ Tid DORONIN (1963) Ol #Efis & 5%
ORBHICHELTHD, FhboBrgs o0
ERAD L EFLVWEITOBRICORL oo TOWEIKET
WTR, TOEYEEZHERDLLDDOTAPELTINRD
DEMRFEHLRTVD (32 F),

INBDEICDOWT, VOWINCKEL & ORVIG (1966,
1967) 1%, MARSHUNOVA & DORONIN DEL D %
PREDEEEHBTN S,

=]
RN

>
C
Z
<
0,
R

/\\ .

o
1 20

i50

200

DEPTH, cm

1

1

]

!
\o.!l__—-

[]

]

3
250 SALINITY 250
o 1 2 3 %o

EHR S KkfoishE T: RE
E: 4HREDEE F RSB L = 200 F — D417,
(UNTERSTEINER, 1961)

EHERTO T 2 F—FEIC T HPTFRITLAN

KO TETOHEN D DRRE Fult W TIZA L LA
BTV, CRARY (1960) 1%, TiMoOreEEv (1958)
DF — 2 F B CIEEDEAABREHI Wz, TDF

y— M X B e, JbfEDRETIZ, 1EBIK 3keal/
cm? DEADETEDN D Kb TW5D, PMW\(NM)®
BULOFE TR, #URBRFI L DEEHRHD, Flz

F o 7 F ¥t 1. Lkeal/em? 225 2.0kcal/cm?, ‘]Zi‘j
L LT 1.65kecal/ecm? &75 5 TWW%, BADGLEY (1961)
W, Fo EEEL, 1.5kecal/cm?® & 1 £HOfHE L
7o UNTERSTEINER O 1964 FEDiXKE 7 ThEEk

DIEZRLTHED, MAYKUT & UNTERSTEINER D%
FTlE 1.5 keal/cm?eyear &75 5 T35,
(RO BHE)

B VERIE, Kb OB EL» DAY,
THAVKDO RN B O E i & 7e b, UNTERSTEINER
1961 12, EZokHmoEE FRAEAIL (355D,
COEE R p B B BMRE TR EALNENLD
DT, BWEBEBHLZBERL CRBLATHH5 B2, &

BEEBEOEE COM (L) M 1. 2keal/cm?, K

28)
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hOEEE O EEEM (X 2% 0.015ecm™ TH-
T, BEL2DWTHEDE LD E X RIBL 2,

TOHEKE T T, EEEIEORNEES, &f
OEHKFEN ELOBETH 2 LHET S, 3k, LIKD

WTIR, FHROBEEEHO 17 % 2 F507RWRHIIK
HICBALTWSBEEZD,

EDH =)
BERDLLIERAT— Vs v TOBRMC LS &, F
WEIRFREED ¥4 — VIZIRD L S5 b, 8 ARICHEE
BEE DL, BERPDO1I~2 5 HRERCEI 2T,
%@%,g@@wmmm@o<@aﬁ@,gafsm
o ToREL, 6 AOBREELZAZ, RWTE DR
EHE LD,

EFNLDOETOBEED F — L RBIRODE ICFEDLIN
bo 8 H20H2H10A30H ¥ TlE—EDHINE T 30 cm

OHELLD, LIAND 4 BRETR—BRICIEML TS
cem L, /5 A% 5em OFEENRH D,
(FEOT LAY

FHOT VA Fald, EBOREEEDIIITI T
BLEELZRTFTHH5, TN FONILF(LTT S
LHROMBELZRESEZTLES,

EDKEEDOT V- FICoWTIREL OB Al A & %
B, REOREE, Flz3BKOMRH -0, B -
TWhkD T LI - THHUZBZ LI -Tnb,
UNTERSTEINER R EHDEE LT 0.66 ZoRLi, F
fo, V EOEFIER B L /2 MARSHUNOVA (1962) 12,
ZDFHE LT 0.64 %1/, VOWINCKEL & ORVIG
(1966, 1967) kB & 0.45 THB, ZDEFTNTIE
MARSHUNOVA OfEXERAT S (B2 EORTBE),

# 6 X FLETCHER DIIC & % Parikigic &
Uizl 2 OWEKDBE, KEDEH <4 — >,
(MAYKUT and UNTERSTEINER, 1969)

EOH—RHDHE &R, BEOEICL - TT N
FREMNT D, Lal, BFLWEEA WD T, 71
BEI BT, TR F2EBEORES & icBds %
D ELIE L, T75bb,

az

a:a'er(aofa'i)g)
ZIZT, a RBKOTANE(0.64), as, ho 2 EDOEE
PIBREDLELEEZDTANNEEDEIT, ay £ LT 0.84
REAIATHS
2. HERERL=FLOE4H
INETRLDLTEERKETVE, FLETCHER 7%
U752 =2 —(F2FH), TOMD T A —5—D
1f‘a“75:7\;}’bf FIEKER 340cm D& & BRIET
@ﬁw_gs@ifc%ﬁ%gbk3%6gmi
m&% BT DEE, KEOQ 1 FBRICRT 2E(LOKT
BTN D, HEIRE, HHIEITHD, X
TRERAOHT, wdlE, kbbb, KEDOE/ LS K
DEFNDBEZERL TNWDHDT, KDL, TI@”(E
CHEBARIC BN T\ B, E L KO DB E 2 35
KREFOETH D, 93 FKR, ?@ﬁ%ﬁib#&%
OFEMORERE, K&, EROESHE, MKk

DICEBRENR, T lEMOKOMBE, REENE
e EbIELINTVWE, TNHOHEERLFEAE L
XIS

BIEND, KEOREKMIZ 3l4cm, HAHEIZ 271
em, 4EMFHIZ 288 em THH2S, TR OO, HE
BITEWRE 3 EBNB T &1, ZOEFVOELM
WU S NETHL, EfAT—Y 3 v TOHH
T, PETROV (1954) #3E#59fH 3m #75L, UNTER-
STEINER (1961) 2 1 EEDOEFEXOEHFHHN 315cm b
ZWmniTT%élt%%MLTméﬂC@ﬁ*%?
NTRHWOLNRIEF—2DELR, ERAT—Y = v TH
bRIZdDTHLHI L hEZ5 L, FREMBREAEE
IZIE ST ﬁétﬂméh*%

BEDIE/LIcoWTiE, YANES (1966) OV &L + @
F—aT k., FHBMEEIZTem THD, T AU A
DERAT — > 5  TOFANBHIZ, HANsoN (1965)
A 1957 4E4 5 1963 4E X TOFH L LT 42cm 24
LTWwW3, FIXRZERMBMENK 40cm T, BHES
MBI,

KDETOKDOREE, MBELCOWTREETES
BIEERNDT, ZOENDIRIDEFVAFHETE 7
W,

{A-TNWT, =Fn
W

(29)



BEOCTo7 » 4 VHEHERERLIMST S £l & &
%, UNTERSTEINER (1961) 23R L B E SR E 7
HieRid, F6NEETHERNTADL L, KckT 5
KhDEEZBRWTIZLLA->TWE ISR L L, X
FBARTR, W OLDERAT — v 5 TO6EH
OFHEEEE (HANSON, 1965) HMEEME &SR
TWb, FEERBRE LD dRICPRES, FoeP
L s TN D, FEHMEIRMED TEWN,

EFNC L DIEROEHEORAMRBNEL XA
5, MARsHUNOVA (1961) & FLETCHER (1965) i
ki, G ERESNZ 75°N Tk 18.6, 90°N Ti 16.9
kcal/cm?®syear THY, EHRORERERIIZ TN £ h
—21, —19.4kcal/cm? year &75- T3,

SEHFIREE T, KICA-TL BTRTDOZ FVF—
EOTNZ, K bH TN EOR LELWRTTHDHA,

166 S5H HB1l% 35 (1973); H{ILEHEFLHE
# 3% FLETCHER QORI X 2 FHHRRETOREME, (EEIRE)
FIR = b & Jan. Feb. Mar. Apr. May Jun. Jul.
Ts, o EXEOFHEE  —30.98 —33.12 —31.85 —22.46 —9.44  —0.33 —0.10
cC)
T%, 0 2K§§ﬁﬁggé§j@&%§% —17.95 —19.04 —19.18 —15.84 —9.71  —2.31 —0.10
H SEHKJE (em) 281.7 289.0 296.6 304.1 310.3 314.0 296. 1
Fe, o RKEEBHBRE 0.781 0.823 0.716 0.355 —0.022 —0.119 —0.042
(keal/cm?)
Fe, pen KEHZEHEWE —0.580 —0.605 —0.623 —0.574 —0.448 —0.290 —0.135
(kcal/cm?)
(A—a)F, FHROEHERHNE 0 0 0. 406 1.893 3.129 4.395 4.959
(kcal/cm?)
Fri—oTe FHROEFREEHNE —1.967 —1.562 —1.814 —2.451 —2.200 —1.935 —0.903
(keal/cm?)
E = k & Aug. Sep. (; 7 Nov. Dec. S?é;r
Ts, o %ﬁﬁg%ﬁﬁﬁ —1.12 —10.04 —20.37 —28.74 —30.28 —18.24
Ti, o 2ki§ﬁﬁg%§§§@&%8§ —0.85 —6.24 —10.70 —14.84 —17.16 —11.16
H SEHKE (em) 278.1 272.8 270.8 270.7 275.0 288.3
Fe, o FHZE 5 EHIRE 0.247 0.663 0.781 0.884 0.807 5.874
(kecal/cm?)
Fe, neH KER %18 % 2Rk E —0.036 —0.004 -0.015 —0.257 —0.510 —4.065
(kcal/cm?)
(1—a)Fr ER B R = 2.710 0.605 0.085 0 0 18. 181
(kcal/cm?)
Fr—oT* EFEROERREHNE —0.984 —0.712 —0.781 —1.438 —1.592 —18.339
(kcal/cm?)
g A M4 ®’T
6 A 8H EORE ERTOXKOFME  40.1cm
6 B29H KD EETOXKDORMBEE 5.1cm
7RH17H ETOXDOERE ER TOXOBREKERE  45.2cm
8 A19H R TOKDEE Z0VRIC ST 5EEE
115 4H ETDXRKDERE EHOEEBRE 1.291 kecal/cm?

1957

#/7K IGY A7 —3 =~ Alpha T 1956~ 19584F
TG BRI K DR E5 o
(UNTERSTEINER, 1961)

WIFICE DL, KO DX 1TERIC 0.5keal/cm?
FIHTWBOFRELhoTWnb, ELL 0T D
IMWHHIRD X S BIh S, ST TR, FEIR
TWEWEDD L A NVFE—ERD - T, THERD DI
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FAR VPEREOHWKORERE (—°C) kKX 5 BAME & EME DK,
1B 2R 3HA 4R 5A 6RH 7H 8H 95 10 113 128 2
B fE 32.6 33.9 3.9 25.4 11.8 2.1 0.1 1.6 88 18.0 26.3 30.8 18.6
i HE E 31.0 33.1 319 225 9.4 0.3 0.1 1.1 10.0 20.4 287 30.2 18.2
20 0 T i 1 T
: I
g 400 |- I _
240 ;
‘—é 300 (— —
:Ej f; 200 p— —
= 200 2
2 g
H :
3 3
c E 100 — —
5 :
E 160 0 T | I
3 0 5 10 15 20 25
- Time to reach equilibrium (years)
HFIX Fp=45kcal/cm?syear & L& &0,
KR & SEHPKIED DR & L C DMk
120 O BGER M,
(MAYKUT and UNTERSTEINER, 1969)
LTW5,)
T~k s, AAIF—2 R THETHD DI
8% ” . " ” " CDEFNMC L BEKGRAERE L <—HL T3,
Time (yr) %:,C’ :@(‘ﬁ}k{—i‘ﬂ/a%?/V%iiéﬁﬁ;{@ﬁ:fwi

%8 Fu % 1.5 235 4.5kcal/cm? year ITHE Z

e &0, KEOELEEF 1A 1HOKELE
LTRbLIZBD,
(MAYKUT and UNTERSTEINER, 1969)

HzxrF—,20 4 -Tnb, TOZD LI,

i)

if)

cen
iii)

KAEAAD CHERRESHO S b, KB
NIKEE - THEANA-TWL DD,

K THHEINSBHRICL DD KOETHZ
BT 54 UH, BEOLDENEFCEEHL
TV EET T4 v TR EIL, 754
COBRERDT I EITX B,
ERBKTEMLUTWIEETHS & X1, Ke
FOBRTIREKAC TR TWE DT, FET
X o OKDPAKEDBEN TN 28, (HE6KD
—1.0, —0.5, —0.25 QEHEHROAT » 7TWHIG

FEXETHELIEEZZONDDT, TOEF NI Tl
DIRID N TOHKBEEHN D,

3. HKORE, BREICHnbDRT OFR

ZITHR, ARBIEEZL OEFOI B, RCHRED
REW Fu, L, a TOWTEGHEDOHEREREERT,
(kD)

AEBIEOT T ES T, KOEX, HENEDLS
CEIEL TE DD RIS DI, HKBIKICA - T
BEGRE Fu B2 THD, WHMEE L CEERET
DEZ LY, Fo Oz 1.5 55 4.5kcal/cm®-year I
L, NETHRkOEIOEEZEFLA 1 HOXKEK
REZETE-T B8N, i, WHOKERER
BT & 10~400 cm DBEWRH B & i, FHHR
Bl s CoRMEHTXICRLTWa,

FETOHEEEEDEIZ, KLSBROEE AR
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CHEDREREEINAEVS, ETCORREE/IZT
NEOHENDEHEDOEERR T D, Fhik, EEME
BIRAMBREOZE R LTS —EDER L B, K
TORDRERIZP - D L LDTT B,
GHEBED B DB ED

£ DKMR T, BELDOEABRAKTEOKRET IR
RED SN T0BE2, WIFhbEBROREY KA, Fh
B, MK Fy OEOE(LCH L TERIZE OELE TR
THEWS L EDBHRMEBAT AL TES, Z2T
B, Fu OF{LICHT 2RO IEH TR, F, OEKE
B LERPNDOBFET B DD Fy ORFE YD 5,

Fu OfE% 0 & 4.5kcal/cm?eyear & Lid EDE
MERZHE 10, KRS, ¥, F 12K Fy offf
43 5 KB OEE; FMOBRE, S/ME, ELfE
: oo, BAEOEET T, BHZNKEZLORE

R I ‘ 5% 560 ecm THY, Fh Fp 28 6kecal/cm-year %
FION Fu=0 Ot &DFHIREEIC 31T 5 4ER A L KRR TLE 5,
B ‘ ‘ FEORIERE D DI L - TRESEDS T L2
(MAYKUT and UNTERSTEINER, 1969)
oWy KREFORERKE Oem & 560cm T 12°C
RS TWAEN, RAMBEECIZ DT cm ©EL
WEV, BORWEERTR, FHYEI RGBT
DHAWC LT, ERCHT B EEATIKFECL B
T, FEBTIREREMNCL S TEE S,

ZL OB, KDOEXIE 250cm 25 350 ecm O
MThsZ&nmbh Ty, Thid Fp 28 1.0 25
2.0kcal/cm®-year YT 5, MDAHF— 2 OREE
FEIVWKOBIICEZ 5 EEE LB L, F, OEEL

% 11 [ZI Fu*‘4 5kca1/cm year DL %@5{?4@ Tﬁgﬁ‘fi'f@%%?: &l iﬁﬁfixﬂﬁﬁf&jéo
REEIC I B 4ERT v & (BEREHOEAD
(MAYKUT and UI\TERSTEINER, 1969) HEEREECIR L * FREREES O 17% (1 1.2

keal/em®-year) L{ET %, Iy DELEEZ L ED
1 KEDEEFBBHICRT, FRCRL, EHOESIZ
KEABAT2EHREESOBSRHETICON T L T
| Do TORFPIRRD L SCHIHINT WS, EROER
- EIRFOER—EICE SR TWEDT, KFCBALT
W] BRI, RRECTRRINIBRET S, FHET
. OB ERR T, REMEEDBRLE (L 250 25
- 34 % BT LREENL 52.3 25 24.7 cm/year 1T
35), KECBALKIERIZ, KEEBED DR, F0O
J KERET 54 OREAYHEDLOCEIN, KOBEE
" FRERDT G, ERTKERETC it b,

thickness {cm )

Equitibrium ice

Fyy (keal / cm? year)

BI2E L ORKEOEH Y LToRMKE,  CRoRD
Fy(kcal/cm?+year) B EORVHR TEHSSEDR T 5 & & IT
(MAYKUT and UNTERSTEINER, 1969) i, EETAVSXFRIETT%, E208KREESEL,
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200 1 | I | | |
0

H 10 15 20 25 30 35

Net short=wave radiction penetrating the ice
during the snow - free period
(percent)

BB BORWRET, KPIBAL ZEREE
REEHREO/ S — w7 — Y OB LTOF
RERIC 81 2 SEHIKE,

(MAYKUT and UNTERSTEINER, 1969)

BN RETNVNRFEZTANBL8HETON
10 % o
(MAYKUT and UNTERSTEINER, 1969)

TS FOETICLYIKOERER, ABNRATLZ LI
Lo TRITENEZ %5, 6 HODRUDHDREDIEE S
FTOM, TAX xR 10 % KT X82d & DFHRE
PBUKIORINTWDS, EROEHEEFRSA 4keal/
em®oyear M LALOT, REAMFRIZ 2 FCkD,
JEE CORMMEIZ3E /b, Iy 12 1kcal/cm®+year
Lk, SEEORERA 100ecm ThHhb, I b7
SEE 20% BB &, KISEEREBCET DI e L,
SHEROHEICIIMEATLE S,

3. MAYKUT & UNTERSTEINER DK E T JLOFEH
&, FRICEa2NI-ME

BEY I 2v—v s VICk - THKOB M E &5k
5, MEcBGRT 22 0RFOHEE, W OhDHE
EDOFTTATEDL5ThHsd, Az av¥F—25 2
T OKDEX, BENT, KE» DO = 2 F
—DEDRABA - IZBFREHIC L - TRLT I LR TE
oo TOXBRULT, BT A= 4 —NERAT — ¥

z VUSNDBHTED L SRR LD, KWIKWDR
HBROT OB LI 5T, DR, SHROBHI
Hle->T, HohLD, EFOBLXZEOREOREE TR
X, HEMUHRBLENTHILNTES,
LB TOEAT — 212, W OhDERAT~V 5
YRR, BUER, BETRATLEZ, FTHEKE
ETELN TSR, WEEREH T CIRRENC M
FEBRONTWE, Ok, BB OWTDHR
KD E < BEMAIEHT, HROBER L
5726 MAYKUT & UNTERSTEINER DHEIKEF LT X
LEHEICHWENRLET—4 3, RN 22 DRIE
B, FEEOHN SR OHEMD D 5 FHEIET
NTVB2, HEBPHECHWARBET —20E 2
EREAT—> s v TCOETHH DT, FEERAEHER A
F—va VOEABCGEWORYRTHZE b BN
%o F1z1E, VOWINCKEL & ORVIG D5 27 — & %
HWCEHETD &, 5EHOEIIIKASTXTEMTTL
EFORBENBTT WA, & 0K, VOWINCKEL &
ORVIG DAEMEAFE Y ThH-72Dh, HBWIRID
#EKETF VRO HIRTCOEKOBIN L 2R HT Z &8
HRZ DO OHBHIREE LV, £L T, TOMER, &£
HAREE, T bbERAT— Y s v TELRL S
EMBANE L CIBEOKERETEL2HD0ED 0
LS B AL TR T S, LyoN (1961) 13, #EKHT
L BKEBERET 4~5m 2 ZDFEHLELTWD, £,
JU BB X 2HET, WITTMANN & SCHULE
(1966) 1ZKE 2m ARk bHECHR I RE LT
W5, WEOREICEOKERPEH LVWKDOESSEER
TWBTHH5, FUL, WHITTMANN & SCHULE [T
Az, JefEEohRTIRAEMAE L THEPKER 10 %
BicZLTRY, BFEAKEOMORAZTRTI LAY
FTRTIRBOEBILT TN TN B, 10% &0
IBTHRETELLLTD, KLk TH 1~2% D
BIOKERFEAET S WS & & 1%, CoACHMAN (1966)
B RTHY, wKPELEL TOEKERR L DEOH
ZEHIIKD 15— D B B R TO BRI T 2H7 D
KEWEHHMINTWE a2 EZADEDL L, TOE
FNDEE R HT B IR IbEEAND KT DWW T
OBEIBMETED, THIL, W OhDURTREH
NEFLEABRCEH D, 7 — 20D ICHAT, XK
O B H O YFHRIRIC DWW T OB FERRLE 43 EA T
WaWdIt, EFABREDLE ZCNL DO IEERTE
RExXERIE bRl WHENDDORATE Fo D
B, R LOEH, BROTHRE F, Fs 1357 £
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170 5 A H1l%Zk W35 (1973): BIABEZSE

—2 =L LTHEZLRTWAEE, TNHRKOFTTOX
W, WKOWNIC L BBOBME, FABEEDDVIKE
HEMEOSE, BE, BATOWHFRICKROERT
FbT I EBRBETHD, CNEOHARLEMNIELLL
BIND T ERIEBIED 78 BT, MBI AT~
TOY L 2 b—v 3 &7V, BRUDKE L& FLET-
CHER D& Z D DI BETH D,

BISIC L 2 THZOMKES, WHAWAHLEHTTO
KEDEL DD E N, Rl & 5BOEERL &I
DONWC bR EERNLETHD, MEHICK T, Bl
EQORET NN IFEFEOREI LLFIT S L3 fES
N, BX3I em ZBZ 5 ET AR FRRESBE
b9, EHREINALBDIDNELEDLD TR LN
MEEDLNER, bLESTHNE, FEOMTIZIEE
0, UBOKOBRFNRKIECE T BTHA 5, 7TH
RV, BABIZEREO 20~40 % % 505 L Eb
N5, COBKBTRTASFRES (0.2), 7 Anbd
8 HlIton I THEDIKER & D 10kecal/ecm? £ 17 keal/
cm® OB %185, ¥/, 40 cm OEI OREIKMA LT
BAST 5 % TR, 3keal/cm?® OEAKH S, K
IEDECOMBELES D,

COHEKETFTLDKELTBEDO—DIE, UEKB—EN
ZTLEAL, FOBICDONWTIRAI SR T E AW EIC
bb, £, FECHE WK, FEHL 50cm LTFOXK
CHRHLTIE, ELSHERAIRRWTHL D, fic b
R, BEOESBRE S — 2y MEET S E WS HE
i3, WEHESSEKBRET 5 RINT S WHLHR VTR
E<, 3m HUEDOKIE TRET D % TR D OF
BEETHIEEEZL L, KTEbRIZESDHET
b, TOEFLLDECEKD D HEY BRL T
R7IENWZ EREZ bRD, ZLT, TALDEWKIL,
HEHERCHLTES, EMPEED/ %~ bk
T, KERFRO—REIZAbIE, TOEFNVIZ, K
FOHEARA P L AEZEZ TWRNWD T, KOKEE,
mR, BKES, F/ 20~30m I bET BKEMRE A,
EDEICHD oo blndy, EWIHIECIZA L il
ATV,

ZDX5I, SHICEEL DEMERLLADD, K
K[EWHFELEOMICHELEL, XBENEZT, IFRORR
DEALICBURIC M ST B ALikiE D HoK O BIPL 18- &1
CwU Ik ZOMER, ThE TCOMfLDIEDHEED S
5T, SHOBEANORHY L L TRIDZILETHS
o

EROFHIC H7c-» ¢, BHFREZBLCHRELEE,
RV R & AR RN O EE IO B 2 A
TR e EEREHEEL T

=z E X M
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THE TSURUMI SEIKI CO., LTD.

1506 Tsurumi-cho Tsurumi-ku, Yokohama, 230 Japan

TSK. USA.
CABLE ADDRESS TELEPHONE 3446 Kurtz St.,

TSURUMISEIKI Yokohama Yokohama 521-5252~5 San Diego, Calif. 92110, U.S.A

IWAMIYA INSTRUMENTATION LABORATORY
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