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Article spécial n° 3

Hypothesis testing and rigorous statistics
as criteria for marine research proposals*

Timothy R. PARSONS**

Oceanography is a young science, too young
to become bureaucratized in its approach towards
a better understanding of the world’s oceans.
In spite of this, there has recently crept into
the minds of many funding agencies the need
for scientists to define a testable hypothesis and
to accompany applications for money with pro-
posals which will yield statistically valid results.
For the administrator, the submission of both
a testable hypothesis and the proposed use of
rigorous statistics gives the application a ring
of scientific authenticity and veracity which can
be readily defended to those who are concerned
with the taxpayers’ dollars. Unfortunately the
approach may not yield new discoveries about
the oceans.

I do not want to suggest the elimination of
grant proposals which outline scientists’ in-
tentions. Rather my plea is to assure that
researchers may probe the ocean depths without
necessarily having to formulate their plans into
some preconceived idea (the hypothesis) of what
they expect to find. While fisheries data are
collected for many purposes, it has perhaps been
their endless use in order to verify the hypo-
thesis of a ‘“‘maximum sustainable yield’’ that
has been one of the most oversold chronic forms
of hypothesis testing (LARKIN, 1977). It has
resulted in very little being known about long
term changes in fish populations relative to the
large amount of money expended. In contrast,
I believe that the recent flurry of papers (e.g.,
HARBISON ez al., 1978) on the massive occur-
rence of gelatinous zooplankton in the sea has
been largely the result of developing a new way

* Received March 2, 1985

** Department of Oceanography, University of
British Columbia, Vancouver, British Columbia
V6T 1W5.

to lock at the ocean (i.e., open ocean SCUBA
diving). This was not the result of any test-
table hypothesis and it did not reguire rigorous
statistics for verification. The importance of
this discovery may in fact have far reaching
effects on fisheries science since in many cases
the “‘jellies’”” are competing for the same food
resources as commercial fish. The description
of populations of large deep sea fishes and
scavengers (e.g., ISAACS and SCHWARTZLOSE,
1975) and the discovery of the hydrotherma!l
vent communities (e.g., EDMOND, 1982) are
additional recent examples of hitherto unknown
phenomena.

Many theoreticians and administrators in
marine science have long abandoned the es-
sential element of field observations. What we
really need to know about fish populations is
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unlikely to be revealed by more theoretical
models on catch statistics, nor is it likely that
nature can be contained inside a computer. The
aim of all basic research should not be to pro-
duce statistically valid results but to study
what is new and previously undiscovered. One
fallacy in the ‘‘statistically wvalid”’ approach is
that it emphasizes the reliability of a result
which occurs 19 times out of 20, or whatever
other odds you choose. Nature, on the other
hand, seems to succeed, against all odds. The
evolution of new species and life itself are now
being described as improbable events. The
scientist who finds himself looking at a previously
unrecognized phenomenon in the ocean and
describing it for his colleagues is analagous to
the chance occurrence of a new species in evo-
lutionary time. In other words, it is the anomaly
that has been the true driving force for new
science and not hypothesis testing and rigorous
The latter should be thought of more
in the role of technology—an area of science

statistics.

dedicated to improving the agreement between
In this area,
a workable hypothesis and rigorous statistical
validity are necessary for the solution of prac-
tical problems. It is, however, very certain
that this process did not lead us from the age
of Leonardo de Vinci to lasers. Rather, a few
keen observers of nature pointed out unique
phenomena which had hitherto gone unnoticed
by the rest of mankind. The contrast between
preconceived notions about nature and natural
phenomena is succinctly given by KunN (1970)
in the statement

““Unanticipated novelty, the new discovery,

can emerge only to the extent that his (the

facts and currently held dogma.

scientist’s) anticipations about nature and his

instruments prove wrong’’.

It is a common observation that children ask
innocent and revealing questions.
cidence that their eyes, seeing the world for the
first time, see it differently than adults. In
marine science, much encouragement needs to
be given to the new approach, the original idea,
the astute observer, the novel question and
pioneering instrumentation—these are the ‘eyes’
through which science advances. The successful
progress of marine science will be accomplished

It is no coin-

through seeing differently the complex inter-
actions of nature afloat, rather than simply
through the application of statistics to hypothesis
testing. The latter fulfills an important role in
science but it is more akin to the role of an
engineer in our society than to one who dis-
covers (sensu stricto—one who reveals something
not previcusly seen).
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On response of coastal waters to offshore disturbance

Shigehisa NAKAMURA

Abstract:

A study on response of coastal water to offshore disturbance was undertaken using

a numerical model for specific areas, Kii Channel and Osaka Bay. The available mareogram
shows that a specific oscillation of 42 min in period at Shirahama is observed even under

a calm weather.

With a numerical model of finite difference method,

the author computed

water level variations at the corresponding tide stations in the model in order to find what
condition should be set up for meteorlogical disturbance traveling offshore.
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Fig. 1. Mareograms (full line) from 20:00 on

21st to 15:00 on 22nd December 1982 with
atmospheric pressure at Shirahama (dotted
line).
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by dots or circles.
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Fig. 4. Response of the water level at Shirahama
over one hour after a stationary disturbance
is applied to B-B’ (thick line, case Z), C-C’
(thin line, case X) and A-A’ (broken line,
case Y).

BEHOHEREY, Mhe LTELRS LT D8
BT b » TR LA, ZOEEAS QRN 1m/s YT
OHA, & HOKMEFORBIZEEMNC S THRED K
EXICHPIT DT TH D,

WE, B AREY A-AT O b, FRED TER
DA B-B! (14143, 20£J £29) ic&b&, AR
BT AN 1 BROKEST Fig. 4 X% (Z2)
DEAWChB, T, HEIOKEK C-C 1£L14£3, 20
LT L) weBE, THICHIELRE QIEQKUEEI
Fig. 4 0 (X) Ok 35 wcics, Fig. 4 1id, FilK
Wy A-A7 OBEEEEE Ciche (V) k- TRL
foo TNEAHD L, BIEKBSZEFR & s 0B
$5ESIEECKT DAMERININWT E230h
%, BEEAEFYOBHAREZ, BILELHELLBE

o, BALEAERD OR4, EHIPIC X 25D EITR
HEAOFRBEABAZIEDLISMEALLDDEEZD
N3, L2AHT, WAWADMELREILELLTEZT
HELAERICH ESERADKUEETHERALT
KB e, BELES A-A' OBAIEHIET 94000 B
RSP ETH 543, BILENECRE- THHELRE
- T d B TIR#204 O B2 H 3o 23405 O AR
NMRFERZEL LD BN, &K, BXK, BHE, K
W20 T, ThbHDEEERY Fig. 1 OB
e LTARD L, BEER A-AY O MED HER
AR T b, T TRWEREE F VR IER
CELEEDTHDHETHENZTYVCENT, LS
BEHOBERLD, BRASKMAGE L CHEERODK, FTEL

BELE (E) 23 A-A! DBR L - KBATEHE-T,
ZRPSAONECEBEE (M) 28 52X hRRIHE
ZHENDOTRARNEA S, TORWE LT, Eickkd
Lz LDiEN, BAETRI205 OO KEEENL
BEVBHINZNEWIBEEL ST TRILRIZL DR
W, Fig. 1 OBBEOBREEE,DAT, FE K 4250
BODRSNEILECD > TWDHEAH BN, AX7 IV
o SR (ig Gin) Bll7 v—7, 1983) It X »T
& FEHL2SOBRS RS- DNERDH D, FEE204r
DEAYIRIREA X7 b vk UTAT AR5 D
D 1/5UFTULEG (of. f148), Fig. 1 © AED
RMEERMONBCHE L TZORMBEETH D,
Cdnhbbd, TONFHBBT O ORI
< FER (1984) TR - BRI E L E S TWnd, 2D
A EThE, I CRVWEEEET VTR Y 3
2=V s YRTEBRDDOEZMLE I DR THILE
NHEVEDS ThH D,

4. HEFELTEEHMNEET 2R

H 03 THy424 B O KA BB 5 Db DR E
RSt Y, [ETRITOBERIN (L) k-
THERTHD &, BRIDREZRE» D RPEABL T
30°N FRITIA » T HE LBAOFREZ W (o 2
AT S, 1982), 1980-19814FE 0 MR R - T A#ThH
198043 H 3 M, 117 7 H&19814E2 A200 @ 3 fi3 &
QICFHETH - 72, 1982-1983FEDFNTDWT, 19804
1E7THEDO XS 2 — Ol EREXD B Bbnicfl
D 5 H#990% 53 H 15 T 4243 AR O AL By D M B & X
JELTWh, 52T, &L, TOX3hEHEMF LS
BN AOWMBLH L LTH bR e EZLH T &4
TEBTHLI o ZOLD LR T DD
T TR, BIEITEZ LS R ATMEE B EAMERE
OREBRE I EYE THET L BACH T 28E=7
WEEZ T, MRET DR, ThETLAUFig
2 WREND LD FETH %,

HAMLIC 30 5B ESEORELZHETAHL L
(2 & 20%, BB, 1955. p. 44), BEFIETH - THE
T &A%, TRERSAHRNIKCSES S, HEDS]
EBRKELSE L K PEOHEESH L ORICIE > Tna
B EERIND, LcnoT, Flo k5 BEUEOR
B KUEER SEFNEED FRTHL & 20 E
0, ZIICHIETHREACGERA O KEPEDKBEKE
OBENC L DRI KEFENETC L - THEAELS T, £
OBEHNEEICO 50 TIREBRTANEEELTES



HEDBEIICL » THEE IR AMBEKUEEICDONT 115
Table 1. Moving speed of low-pressure center in km/h (after TAKAHASHI, 1955).
zone month 1 2 3 4 5 6 7 8 9 10 11 12
East China Sea 42 36 43 34 31 27 23 21 27 28 35 36
Japan Sea 30 32 33 39 37 30 28 29 29 35 38 35
on Japan Islands 30 39 35 38 25 31 29 31 39 41 61 35
on Pacific SE of Japan Islands 53 61 49 50 43 35 22 25 28 36 42 49
on Pacific S of Japan Islands 47 48 46 39 35 31 21 20 23 27 39 43
ZBRBT L HECRBER L TR ASLITDH 45km O—FEEETBETIHAYE LD, KA =0
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E%E%E’C%O, T+ ZOREIZEDRD
LOLEZBND, Licti- T, BEEE
L COBEGEREN BREABE L, SHICHIEL THEK
@E%ﬂﬁmﬁ%?é%@&##@ FOREREZ
20-50 km @%@@W&%ifé%i% BWThAS, B
B L WA OV T ORUE T F e DWW TR ETE T
L7 %’@ T AHHBAL LT, EBRCR 0—4okm/H D
WANADBEYEEMCEHEL ThREBERT T LI
FeBas, KT, &< 45km/H OFl%duiic LT
@ﬁ?é:&tLt~?tb%,G) SEOREC X
ETHLHLIT, szaw&m“aa
%LE@SK m)ﬁmr@%gmiﬁwaﬁwa
@ﬁ%ﬁucé%bhf,%@%ﬁi&@%ﬁéa%m
HET A, FLT, Gi) MIETERSED
NE LN, FRBAEITFOBRERE CEETILAY
BEEFVCL - TEZBTERES, LD, EBX
FD L5k && R ETEOR R KN EBNC b
> TNEDTHNIE, BELER¥EEHTI OEEZTH
R L THDHIRTTH D,
=T, 22T, HAMAEEES E

b A,

=74
BE

bR & ER

Zn

sec IWHEWCHHALERAR Fig. 2 © B-B' icH b,
Fo% A5km/H TENABEIT 5 & LBEDREK
[UEBO FEEIEERIL Fig. 5 (case Q) O X HIC 7k
%, BEAR Fig. 3 KWELAEARZ DAL, &,
B% t=0 sec WWEE BB C-C" (. I‘xg 2) ©dH
Bk, BEAK Hkm/H TBEILAHEE, B
#mﬁﬁEmFga(m%P)cmT;5m:awt
b, ThkAELE, BER, ARR, ARGIELECE
BENITE W A TR EBHORBESAS W EREETH

CASE 0

WNMM\/‘MWW

171 Aoy wabgyiow

W’Mf\ %4 Wh

Sir
4N\VWUUw F\Amvv"w\

Wak
= ANAVAMMAAN AN

Nus

L AW AN A WA

Kom

L — VAN ANA A

Sum

Kob

6 1 2 3 4 5 6 71 8
t  hour

Fig. 5. Response of the water level to an east-
ward movement of the disturbed area start-
ing from B-B’ with a speed of 45km/H.
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Fig. 7. An example showing the effect of the
extent of the moving disturbed area. Q for
extent and initial location B-B’; R for D-D’.
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Measurement of sedimentation potential of sea water*

Hiromitsu HIRAKAWA** and Taisuke TAKEISHI**

Abstract:

Sea water samples were collected at regions southwest of Kyushu and around
Taiwan for investigating the sedimentation potential.

It was generated by a sedimentation-

potential-generating apparatus and measured by a.c.-potentiometric method in laboratory.

Irrespectively of the sampling depth,

it ranges from —0.19%X107% to —0.21X107%(V),
surface samples which show considerably smaller values.

except
A sedimentation coefficient calcu-

lated from the experimental result is within the range of —1.70X107'2 to —2.10X 1072 [(V/cm)/

(cm/sec?)].
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Table 1.

at stations 1 to 24.
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HEEFLHET 2 HEEEOBRRIIIREN ZENE
FHEAB LR (b 213F)1, 1984),
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1E~FEIRDD b, WAKOLBEILCRE -, TEELHE
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24 A~D TOKE 10m~KE#EI0m DEKD
LRELEE, 85 NREHA E~H ToKE 10 m~K
% 1000m OHKD EEEERE Y FHEI R LT 5,
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Temperature, salinity and sedimentation potential (S.P.) of surface water
July 26-August 26, 1984.

Station Latitude Longitude Temp. (°C) Salinity (%o) S.P. (V)
1 30°46/32"'N 130°29’62"' E 26.8 34.25 —0.10
2 29°37/25""N 129°55'82"' E 30.0 34.23 —0.09
3 38°3915"'N 129°00°28''E 30.4 34. 30 —0.15
4 27°55'64"'N 128°03'72" E 30.0 34.30 —0.20
) 27°02700"'N 127°10°00"" E 30.6 34. 37 —0.21
6 26°12’83"'N 126°06748"'E 30.2 34.35 —-0.19
7 25°33704"'N 124°55’11""E 30.0 34. 47 —(.20
3 25°13’61""N 124°02'53"'E 29.0 34.39 —0.21
9 22°36’54""N 122°09706" £ 29.2 34. 47 —0.18

10 21°58'17""N 121°11714""E 29.8 34.37 —0.21
11 22°08’87"'N 120°22718"'E 28.4 34. 45 —0.21
12 23°01721""N 119°56"30"' E 30.0 34. 40 —0.19
13 22021’05”)] 120°17'66"' E 31.0 34. 48 —0.16
14 22°06780'N 121°11799"'E 29.6 34.53 —0.21
15 23°07/31"'N 122°21'78" E 29.0 34.49 -0.20
16 24°09727""N 123°14/78""E 28.2 34. 50 —0.19
17 24°59705"'N 124°50704"' E 29.0 34.61 —0.20
18 24°28756"' N 123°43'08""E 30.0 34. 45 —0.20
19 25°38740"'N 124°14/46"' E 29.8 34. 39 —0.19
20 26°37/51"'N 125°15"11""E 27.4 34. 40 —0.19
21 27°34’84"'N 126°17'17""E 29.0 34.35 —0.09
22 28°3403"' N 127°25756''E 29.4 34.50 —0. 20
23 29°26’17""N 128°32720"' E 28.0 34.39 —0.20
24 30°17/83""N 129°35'75"'E 28.4 34. 45 —0.19
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1: Iron angle, 2: sheet copper, 3: vibrator,

4: ebonite insulator, 5: fixed shield, 6: mea-
surement cell, 7: moving shield, 8: platinum
electrode, 9: coaxial connector.

Fig. 2. Apparatus for generating sedimentation
potential.
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Table 2. Temperature, salinity and sedimentation
potential (S.P.) of sea water collected at depths
of 0-90m at stations A to D.

Station Depth  Temp. Salinity S.P.

(m) (°C) {Ze0) (V)
A 0 29.8 34,18 —0.20
26°31/00"'N 10 28.6 34.10 —0.21
122°30'00""E 30 26.4 34.25 —0.19
Date 50 23.4 34.41 —0.19
8.04, 1984 75 19.4 34.67 —0.20
90 19.4 34.68 —-0.19
B 0 28.2 34.28 -0.21
26°13742''N 10 27.7 4.30 —0.22
122°45'42"" E 30 24.9 34. 36 —0.20
Date 50 22.9 34.51 —0.20
8.04, 1984 75 20.2 34.73 —0.20
85 19.5 34.70 —0.22
C 0 28.9 34.25 —0.22
26°00700"' N 10 28.8 34.26 —0.20
123°00700""E 30 27.1 34.53 —0.20
Date 50 24.6 34.67 —0.19
8.04, 1984 75 20.7 34.71 —0.19
85 19.6 34.70 —-0.19
D 0 29.1 34.12 —0.20
25°46'18"'N 10 28.9 34.18 —0.18
123°15'18"'E 30 28.2 34.51 —-0.19
Date 50 27.2 34.71 —0.20
8.04, 1984 7 25.1 34.70 —-0.19
85 23.9 34.76 —0.18
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Table 3. Temperature, salinity and sedimentation potential (S.P.) of
sea water collected at depths of 0-1000 m at stations E to H.
Station Depth  Temp. Salinity S.P. Station Depth  Temp. Salinity S.P.
(m) (°C) (%c) (eV) (m) (°C) (%o) (V)
E 0 30.0 34.24 —0.20 G 0 30.1 34.21 —0.21
25°24’00"'N 10 29.8 34.28 —0.19 24°54'30""N 10 30.1 34.21 —-0.21
123°36’00"'E 30 28.9 34.26 —0.19 | 123°47'30"'E 30 29.5 34.35 —0.22
Date 50 26.6 34.66 —-0.21 Date 50 27.4 34.65 —0.19
8.03, 1984 75 24.6 34.70 —0.19 7.28, 1984 75 25.0 34.70 —0.20:
100 22.5 34.86 —0.22 100 22.7 34. 77 —0.19
150 20.1 34.87 —0.21 150 20.1 34.83 —0.19
200 18.2 34.79 —0.21 200 18.6 34.79 —0.21
300 15.0 34.62 —0.20 300 15.4 34.65 —0.19
400 11.2 34.36 —0.21 400 12.0 34.42 —0.21
500 2 a3 —0.19 | 500 104 3432  —0.21
700 6.2 34.39 -0.20 700 6.3 34.37 —0.20
1000 4.6 34.43 —0.21 1000 4.6 34.43 —0.20
, F 0 29.9 34.36 —0.21 H 0 30.5 34.32 —0.19
25°08'18""N 10 29.4 34. 38 —0.21 i 24°40'00"’ N 10 29.7 34.32 —0.19
123°51'18"'E 30 26.7 34.65 —0.22 | 123°30'00"'E 30 27.7 34.53 —0.21
Date 50 25.9 34.74 —0.19 i Date 50 25.9 34.74 -0.19
8.03, 1984 75 24.0 34.72 —0.19 ‘ 7.28, 1984 75 24.3 34.85 —0.21
100 22.6 34.82 -0.19 ! 100 22.4 34.91 —0.19
150 19.9 34.88 —0.19 150 20.5 34.90 —0.19
200 18.6 34.84 —0.19 \ 200 19.2 34.84 —0.22
300 15.2 34.64 -0.19 i 300 15.4 34.65 -0.21
400 13.0 34.49 —0.19 400 13.0 34.94 —0.22
500 10.8 34. 36 —0.20 | 500 10.7 34.35 —0.20
700 6.2 3438  —0.19 700 6.0  34.39 -0.21
1000 4.6 34.43 —0.20 } 1000 4.7 34.43 —0.20
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Fig. 3. Sedimentation potential of surface water E o ]
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Fig. 5. Sedimentation potential of sea water
collected at stations E to H., @: E, O:
F, x: G, A: H.
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Relationship between turbidity of water and visual acuity of fish (2)

Turbidity level, target size and distance at visual limits in case of

small target*

Yoshihiko NAKAMURA** and Kanau MATSUIKE**

Abstract: In water with a large quantity of minute suspended particles, the distance at
which carp, Cyprinus carpio could discriminate a small target was analyzed by conditioned

reflex method and optico-physical measurment.

In different levels of water turbidity, the relationship of target size and distance (expressed
as visual angle, min. of arc) to the apparent contrast at the visual limit was divided into three
ranges: In the range 1 restricted by visual angle only, the angle and apparent contrast were
limited to 10 min. and 0.8, respectively. At an angle less than 10 min., though the apparent
contrast was high, the fish cannot discriminate the target. In the range 2 restricted by both
the apparent contrast and the visual angle, the relationship of both factors to the visual limit
was expressed by: Y=09.05X%%% where Y is the visual angle and X is apparent contrast.
In the range 3 restricted by apparent contrast only, this apparent contrast limit is called
as contrast threshold. At the contrast less than this, the fish cannot discriminate the target,
even though the visual angle was large. In the case of small target, it is necessary to use

the second relationship.

From the relationship between turbidity level, distance and apparent contrast with the
above formula, target size and distance at the limit of discrimination in different water tur-
bidity are calculated. For example, the limit distances for a target size of 5mm with an
inherent contrast of 70 are 1.6, 1.4, 1.0 and 0.7 m for the turbidity levels (beam attenuation
coefficient, 486 nm) of 0.1, 0.4, 1.6 and 3.2m™*, respectively.
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Fig. 1. Experimental tank (mm).
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Fig. 2. Particle size distribution of Chlorella
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Fig. 3. Relationship between Chloyella concen-
tration (ppm) and beam attenuation coefficient
(m™"; wavelength of gravity center: 486 nm).
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Fig. 4. The rate of

correct behaviours” for different target visual angles after changing
turbidity level at distances (partition length) of 20, 40(1), and 60 cm(2).

Symbols O, A,

©® and M stand for the mean values in pure water (I), and turbid water of 1(II), 2(1II),

and 3ppm (IV), respectively.
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Fig. 5. (1)
coefficient, m™) after changing distance.

A\

DISTANCE (m)

Apparent contrast of large target for different turbidity levels (beam attenuation
Symbols ®, A and Il stand for the experimental

value at distances of 20, 40, and 60 cm, respectively.

(2) Apparent contrast of different distances after changing turbidity level.

3 0 1 2 3 4
TURBIDITY (m™")

Symbols O, A, l

and @ stand for the experimental values in I, II, IIT and IV, respectively.
(3) Apparent contrast of small target (the side of the square, 3mm) for different turbidity

levels (m™) after changing distance.
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Fig. 7." Relationship between target visual angle
(min. of arc) at the limit of discrimination and
apparent contrast. Symbols O, &, Il and @
stand for the experimental values for black
painted targets in pure water ([), and turbid
water of 1(II), 2(III) and 3ppm (IV), respective
ly. Symbols A and [] stand for gray painted
targets in pure water and the results of HESTER
(1968), respectively.
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Fig. 8. Relationship between target size (mm)
and distance (m) at the limit of discrimination
after changing turbidity level (beam attenuation
coefficient, m™). Symbols O V, [ ], A, land
® stand for the values calculated from the
experimental results in pure water (0.1m™),
and turbid water of 0.1, 0.2, 0.4, 0.8, 1.6 and
3.2m™, respectively.
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A topographic Rossby wave off Ashizuri Point*

Tetsuo YANAGI**

Abstract: A current measurement was carried out at a station on the continental shelf off
Ashizuri Point in Shikoku, Japan from September to December, 1981. The current velocity
fluctuation with a period of 10.6 days was prominent in the upper and lower layers. This

fluctuation, more remarkable in the lower layer than in the upper layer, is considered to be
due to a bottom trapped topographic Rossby wave whose wave length is 66.8 km and whose

phase speed is 7.3cms™!,

1. Introduction

It has been widely known that the persistent
low frequency variabilities in sea level and hori-
zontal velocities with periods of several days
exist along the Japanese coast. SHOJI (1961)
and ISOZAKI (1969) pointed out that a sea level
variation propagates from north to south along
the Pacific coast of Japan Island looking the
coast to the right hand. ENDO (1968) found
that sea level variabilities have periods of 15
days along the Pacific coast and of 7.5 days
along the Japan Sea coast. KUBOTA et al. (1981)
analyzed current velocity data along the Fuku-
shima coast and confirmed the existence of peri-
odical fluctuation whose period was about four
days and whose amplitude was about 20 cms™!.
That current fluctuation propagated southward
with a phase speed of about 1 ms™'. KUBOTA
(1982) showed that such fluctuations were due
to the second or third mode shelf waves and
discussed a generation mechanism of shelf waves
by the wind. So far the low frequency vari-
abilities along the Japanese coast have been
attributed to the topographic long Rossby wave
with wave length of several hundreds or thou-
sands kilometers.
discussed the existence of topographic Rossby
wave with short wave length of several tens of
kilometers along the Japanese coast yet.

In the present study I shall analyze the cur-
rent velocity data obtained on the continental
shelf off Ashizuri Point in Shikoku, Japan from

However, it has been never

* Received May 24, 1985
** Department of Ocean Engineering, Ehime Univer-
sity, Matsuyama 790, Japan

September to December, 1981, and discuss the
characteristics of low frequency current fluctu-
ation with periods of about 10 days.

2. Observation and data processing

The current measurement was carried out
at Stn. T-1 (32°39’06”N, 132°51’27”E, 135m
deep) on the continental shelf off Ashizuri Point
in Shikoku, Japan as shown in Fig. 1. Twe
Aanderaa RCM 4 current meters were moored
30 m below the sea surface (hereafter referred

SETO INLAND SEA

SHIKOKU

. BUNGO ch
UWAJIMA

N KYUSYU g -
33° SAEKI SUKUMO

TOSA
SHIMIZU

= e .'\. "';
§ 7-1. ASHIZURT Pe

HOSOSHIMA

32°)
MIYAZAKI
, { THE PACIFIC OCEAN
ABURATSU 7 2000
o 3
“ e
\' Tox"n. :-‘ / Lo [
| i ; A 50 km
e H e LI
131° 132° 133°E

Fig. 1. Current measurement station. Numbers
show depths (m).
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to as upper layer) and 35m above the bottom
(hereafter referred to as lower layer). Water
temperature, salinity, current direction and speed
were recorded every 15 minutes from September
16 to December 23, 1981.

The vertical profiles of water temperature,
salinity and density at Stn. T-1 on September
17, 1981 are shown in Fig. 2. The prominent
density stratification existed 50-70 m below the
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Fig. 2. Vertical profile of water temperature
(open circle and solid line), salinity (open circle
and broken line) and density (solid circle and
solid line) at Stn. T-1 on September 17, 1981.

sea surface, so that the current meters were set
above and below pycnocline. At first, one-hour
average data were obtained and all data were
processed by a Cosine-Lanczos filter (»=0.6 and
a half power point is 2.2 days) in order to cut
off short period fluctuations mainly due to semi-
diurnal and diurnal tidal currents and internal
oscillations. The low-passed data prepared in
this way will be discussed as basic data set.
The eastward and northward components of the
low-passed velocity data and water temperature
data are shown in Fig. 3. Salinities in both
layers are nearly constants throughout the obser-

vation period and are not shown here. The raw
STH, T-1
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100 I
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N

Fig. 3. Low-passed eastward (VE), northward
(VN) velocity components and water tempera-
ture (T) in the upper (U) and lower (L) layers.
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Fig. 4. Power spectra for the eastward velocity (left), northward velocxty (center)
and water temperature (right) in the upper and lower layers.
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Fig. 5. Ratio of energy of current velocities at
30m and 100 m depths from Stn. T-1.

data are shown in a previous paper (YANAGI,
1984). The low-passed eastward component is
stronger in the upper layer than in the lower
layer. On the other hand, the northward com-
ponents in both layers have almost the same
magnitude. We can easily identify in Fig. 3
the dominant variations with periods of several
to several tens of days. The spectra for the
eastward and northward velocity components
and water temperature in both layers are pre-
sented in Fig. 4. The fluctuations with periods
of around 10 days are dominant in all data.
The energies of velocity fluctuations are larger
in the upper layer than in the lower layer except
for a period of 10.6 days in the northward vel-
ocity component. In Fig. 5 are plotted the ratios
of the energy in the upper layer to.that in the
lower layer for the eastward and northward
components. While low and high frequency
fluctuations are more. energetic in the upper
layer, intermediate frequency fluctuations of
periods around 10 days are more energetic in
the lower layer. Water temperature fluctuations
are stronger in the lower layer than in the upper
layer. The fluctuation with a period of 10.6
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Fig. 6. Phase difference (upper) and coherence
square (lower) between the fluctuations of the
northward velocity and water temperature in
the lower layer at Stn. T-1. Open circle de-
notes the fluctuation of period of 10.6 days and
broken line a confidence limit of 90 %.

days is dominant in both layers. The coherence
and phase difference between the fluctuations of
the northward velocity and water temperature
in the lower layer are shown in Fig. 6. A high
coherence square of 8.2 is observed for the
fluctuation of a period of 10.6 days with phase
difference of around 180°. This fact shows that
the water temperature decreases when the north-
ward current is strong in the lower layer.

Then I shall investigate the characteristics of
10.6-day fluctuation for the water temperature
and for the northward component velocity in
both layers.

3. Discussions

The current velocities averaged over the obser-
vation period and the current ellipses with a
period of 10.6 days in both layers are shown in

"Fig. 7. The average speed in the upper layer

is about 1.5 times as large as that in the lower
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Fig. 7. Upper panel: Mean velocity vector in
the upper layer (broken arrow) and that in the
lower layer (solid arrow). Middle panel:
Current ellipse with a period of 10.6 days in
the upper layer (broken line) and that in the
lower layer (solid line). Open circle on the
ellipse denotes the phase at the beginning of
current observation and arrow the direction of
rotation. Lower panel: Wave number vector
for bottom trapped topographic Rossby wave
of period of 10.6 days.

layer. On the other hand, the amplitude of
current ellipse with a period of 10.6 days in the
lower layer is larger than that in the upper
layer. More energetic velocity fluctuation in
the lower layer suggests the existence of bottom
trapped topographic Rossby wave (TOMPSON
and LUYTEN, 1976).

Internal divergence parameter ¢; is defined as

ez:(]—{[ - Di)z. (1)

Here f denotes Coriolis parameter (7.8 X 104!
at 32.6°N), N the Brunt-Viisild frequency, L
the horizontal scale and D the depth. Average
Brunt-Véisild frequency at Stn. T-1 estimated
from Fig. 2is 1.3x 107257, which gives ¢;=0.03
for L=100km and D=2,000m. RHINES (1970,
1977) showed that the topographic Rossby wave
tends to be bottom trapped mode in the case
of &;€1. He gives the horizontal velocity com-
ponent of bottom trapped topographic Rossby
wave V by

V=", cosh<’ffl)z. (2)

Here £ is the horizontal wave number, = the
vertical coordinate increasing upward from the
bottom and V, velocity at the bottom. From
Eq. (2) the ratio of kinetic energies at depth 24
and 2, is

kN s
R COSh<KJ;\]z?> ) (3
cosh (—7-21 ) J

If the physics of topographic Rossby wave holds
good and zp is larger than z;, R is smaller than
1.0. For evaluating R by the observation, the
northward component is used because it should
be less contaminated by nonlinear effect and the
average flow. The ratio of kinetic energies of
the northward velocity fluctuation of period of
10.6 days estimated from Fig. 5 is 0.19 at depths
of 30m and 100 m. The wave number £ and
wave length obtained from Eq. (3) are 0.094 km~!
and 66.8 km, respectively. The phase velocity
C=w/k of this topographic Rossby wave is 7.3
cm s™!. The direction of the wave number vector
f counted anticlockwise from the east is deriv-
ed from FOFONOFF’s (1969) formula.

2Su» ‘

o= . 4

Here Su» the cospectrum between the eastward
and northward components, Su, and Sy are
autospectra of the eastward and northward
components, respectively. The wave number
vector for the bottom trapped topographic Rossby
wave with a period of 10.6 days can be estimat-
ed from Eqgs. (3) and (4) and is plotted in Fig. 7.
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The wave number vector is nearly along the
isobathes and its phase propagates looking the
coast to the right hand. The principal axis of
current ellipse is nearly perpendicular to isobathes
in the lower layer.
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In situ observations on the surface swarm of Euphausia
pacifica in Sendai Bay in early spring with special
reference to their biological characteristics*

Yoshinari ENDO**, Yukio HANAMURA*** and Akira TANIGUCHI****

Abstract: During early stage of the surface swarming of a euphausiid, Euphausia pacifica,
swarming individuals were studied on their biological characteristics. The euphausiids do not

seem to come to the surface to feed, because the stomach fullness is low and their probable

food is not plentiful at the surface layer. Forty-six percent of the stomachs contained crystal-
line cones of euphausiid eye and 90 % contained crustacean spines, perhaps of thoracic legs
of euphausiids. Cannibalism may take place during swarming. While all the males were in
breeding condition, no females attached spermatophore. Although swarming of E. pacifica
seems to be related to breeding behavior, mating would occur in the later period of the

swarming season.

1. Introduction

Underwater observations on the behavior of
euphausiid swarming at the sea surface are very
important for understanding their swarming
mechanism (HAMNER et al., 1983). We made
observations on a swarm of Euphausia pacifica
HANSEN by SCUBA diving on March 27, 1983
and reported the results (HANAMURA et al.,
1984).
orientation of individuals within the swarm, as
well as their swimming speed were described.
We could not observe feeding, defecation,
mating or molting behavior in situ, contrary to
the observation of HAMNER et al. (1983). The
last authors observed mass molting in E. superba,
which may act as decoys.

In this paper, we report the biological charac-
teristics which were examined later on the
euphausiid specimens collected from the same
swarm to supplement in situ observations. This
may provide detailed information to discuss the
characteristic swarming behavior of dense aggre-

Dimension and density of the swarm and
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gation of E. pacifica at the sea surface during
daylight.

2. Materials and methods

The swarm we observed was nearly circular
in shape and about 20 m in diameter. The main
body of the swarm lay below about 50 cm depth
when diving operation started at 0900 hrs. Some
small upward protrusions from the main body
of the swarm, however, reached the surface,
where euphausiids were jumping up into the air.
Underwater observations of one particular swarm
lasted about one hour at the location about 42.6
km SSW of Kinkazan Island. Water tempera-
ture was 6.7°C from the surface down to 23 m
depth (HANAMURA et al., 1984).

A hand net, 23cm in mouth diameter and
2.5%3.0 mm mesh aperture was used to collect
E. pacifica from the upper surface of the swarm.
Specimens were preserved in ca. 5% formalin.

Measurements of body size were made using a
Kogakusha® micrometer (precision: 4-0.01 mm).
The length of the sixth abdominal segment
along the dorsal margin of each individual was
measured, and converted to body length for each.
sex using equations derived by ENDO (1984).
Body length denotes the length between the
anterior tip of the rostrum and the posterior
limit of the telson.

In E. pacifica, mating is performed by trans-
fer of spermatophore from male to female.
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‘Spermatophore transfer is inferred by examining
«either male ejaculatory ducts or female thelycum.
Stomach fullness and gut fullness were ex-
amined to assess the feeding activity of swarm-
ing individuals. Stomachs from 100 specimens
randomly selected were removed and examined
under a dissecting microscope to estimate full-
mness. Stomach fullness was scored into four
classes (PONOMAREVA, 1971). Those 0-25%
full were placed in class I, those 25-50 % full in
class II, 50-75 9 full in class III and 75-100 %
full in class IV. The stomach was then placed
on a glass slide and dissected and its contents
.examined under a microscope. Gut fullness was
also examined under a dissecting microscope by
a little modified method of PAVLOV (1969). The
gut was divided into seven sections correspond-
ing to the six segments of the abdomen and
that part of the body below the carapace. In
.each specimen the number of segments was
counted which contained faecal matter.

After underwater observation, in order to
compare the species composition of stomach
contents of E. pacifica in the swarm with that
outside the swarm, 1-/ water samples were
collected with Van Dorn water bottles at 0, 10
and 20 m depths, 24km NNE of the location
where the swarm was observed by SCUBA
diving. When water sampling was tried at the
same location where the swarm was found, the
swarm had disappeared. At least in water
temperature, no change was detected between
these two locations.
by adding ca. 10 m/ of borax neutralized forma-
lin just after sampling. The fixed samples were
concentrated by a settling method to about 10
m/ in the laboratory on land. Phytoplankton,
microzooplankton and faecal pellets, etc. were
counted under a Nikon MSDR inverted micro-
scope.

The water was preserved

In order to collect the eggs and larvae of
euphausiids which might occur in the plankton,
a Norpac net, 45 cm in diameter, 180 cm long
and 0.35 mm mesh aperture, was hauled verti-
cally from 20 m depth to the surface at the same
location where the water samples were collected.

3. Results

Two hand net samples taken from different
parts of the swarm revealed that the percent-
ages of male were 61.9 and 63.4 9, which were
significantly greater than 50 9% (p<<0.01).

Frequency of length of the sixth abdominal
segment of each sex is shown in Fig. 1. The
histograms somewhat skewed to right indicating
that smaller individuals were undersampled.

Body length of males calculated ranged from
12.8 to 18.7 mm with a mean of 16.0 mm and
that of females from 13.6 to 20.6 mm with a
mean of 17.0 mm. As male E. pacifica carry
spermatophores when they reach 8.5 mm and
females larger than 9.5 mm have spermatophores
attached in the Sanriku waters (ENDO, 1981),
Neither eggs nor
larvae of euphausiids were collected by the
Norpac net.

All the males had developed spermatophores
except those which had extruded both spermat-
ophores recently. Seventeen percent of males
were extruding or had extruded one or two
spermatophores. No females, however, attached
spermatophore.

Stomach fullness of swarming euphausiids
was low. Seventy percent of them were in
classes I and II. Gut fullness showed a parallel
pattern with stomach fullness (Table 1).
Weighted average of the number of gut seg-
ments which contain faecal matter increased with
increasing stomach fullness. The same result
was shown by PAvLov (1969) in E. superba.

these individuals are mature.

Table 1. Stomach fullness in 100 euphausiid specimens in the surface swarm. Number of
intestinal segments which contain faecal matter was also tabulated with the weighted

average for each stomach fullness.

Stomach No. intestinal segments which contain faecal matter Weighted
fullness n 1 2 3 4 5 6 7 average
1 50 6 11 11 14 5 3 0 3.2
I 20 1 2 6 5 5 1 0 3.7
I 7 1 0 2 2 1 0 1 3.9
v 23 3 3 2 3 6 3 3 4.2
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Table 2.

surface

Frequency of occurrence of food items

in stomachs of 100 euphausiids in the surface

swarm.

Food item Frequency
Detritus 95
Diatoms 2
Dinoflagellates 1
Foraminifera 12
Tintinnids 5

Acanthostomella norvegica 1
Parafavella sp. 2
Ptychocylis obtusa 1
Prychocylis sp. 1
Crustaceans 90
Copepod abdomen 1
Copepod mandible 1
Crustacean spines 90
Crystalline cones of euphausiid eye 46
Crustacean fragment 5

Table 3.

137

Plankton and other constituents identi-

fied in 1-/ water samples collected at 0, 10 and
20m depths by Van Dorn water bottles in

Sendai Bay.

Numbers of each category in 1-/
water samples were shown.

Om 10m 20m
Diatoms 2,000 2,496 1,444.
Asterionella glacialis 18 20 28
Bacteriastrum spp. 4 -
Chaetoceros spp. 10 66 8.
Corethron criophilum 14 74 200
Cylindrotheca closterium 60
Denticulopsis seminae 4 4 6
Licmophora sp. 6 10 20
Melosira spp. 110 236 44
Nitzschia longissima 84 512 336
Nitzschia spp. 1,220 1,012 578
Paralia sulcata 4 180
Rhizosolenia sp. 6
Thalassionema nitzschioides 20
Thalassiosira spp. 124 68 14
Other centric diatoms 46 90 58
Other pennate diatoms 284 390 148
Dinoflagellates 56 60 110
Ceratium spp. 4 4
Peridinium sp. 2
Podolampas sp. 2
Prorocentrum sp. 2
Pyrocystis lunula 2
Naked dinoflagellates 44 50 92
Others 10 2 12
Silicoflagellates 8 6 2
Coccolithophorids 52
Radiolarians 2
Tintinnids 8 4 6
Acanthostomella norvegica 2
Helicostomella subulata 2
Ptychocylis obtusa 2
Stenosemella pacifica 2
Tintinnopsis beroidea 6
Tintinnopsis sp. 2 2
Naked ciliates 1,164 1,154 386
Crustaceans 10 46 22
Copepod nauplii 2 14 14
Copepodites 2
Copepods 6 4
Crustacean spines 6 6
“Crustacean fragments 2 20
Crystalline cones of euphausiid eye 2
Faecal pellets 46 268 154
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Unidentified detrital material with or without
crustacean spines, perhaps from euphausiid, were
the main constituent of the contents in volume
in all but one case. In the latter case, only
crystalline cones of euphausiid eyes were found.
Among other components, foraminifera were
rather frequently found, although only one or
two individuals were found
(Table 2).

It is noticeable that 90 and 46 out of 100
specimens respectively fed on the crustacean
spines and crystalline cones. Noticeable is also
that a number of euphausiids (15.6 %) had
broken eye.

in a stomach

Plankton in the water samples are listed in
Table 3. Diatoms were most dominant in number
in samples from all depths in spite of the fact
that only 2 9% of E. pacifica fed diatoms. Naked
ciliates were also numerous. Foraminifera which
were found in 129 of stomachs could not be
found in the water samples.

Two kinds of parasites were found: the ello-
biopsid, Thalassomyces sp. (possibly 7T. fagei)
and the suctorian, Ephelota sp. Infection rates
of E. pacifica by Thalassomyces sp. and Ephe-
lota sp. were 2.0 and 67.0 9, respectively.

4. Discussion

There have been several hypotheses concerning
the causes of the daytime surface swarming of
euphausiids as reviewed by KOMAKI (1967) and
BROWN et al. (1979), i.e., (1) predators may
drive euphausiids to the surface, (2) euphausiids
may come to the surface to feed, (3) conditions
of current and tide may accumulate euphausiids,
or stimulate them to swarm at the surface, and
(4) some internal demands related to maturation
may drive euphausiids to the bright sea surface.
Only first two hypotheses could be tested in
the present study, because no observations on
tide or current were made. The last hypothesis
can not be proved without extensive laboratory
experiments.

Although many sea gulls afloat above the
swarm were feeding on euphausiids, no predators
such as fishes were observed below the swarm.
This was confirmed not only by direct observa-
tion of divers but also by the echogram (HANA-
MURA et al., 1984). The first hypothesis that
the predators which hunt and pursue euphausiids

from depths (cf. KOMAKI, 1967) was not appli-
cable to this case.

Stomach fullness of swarming E. pacifica was
apparently - low compared with that in non-
swarming ones. For example, more than 70 %
of the population showed class IV stomach full-
ness at night in summer in the same area
(ENDO, 1981). Although low stomach fullness
does not necessarily mean non-feeding, E. paci-
fica in the present swarm might not come to
the surface for feeding. Chlorophyll a crops
and cell number of diatoms and ciliates were
not largest at the surface layer where E. paci-
fica swarmed, but most abundant below the
swarm (10m). Only 2 diatom cells were found
in 100 stomachs of euphausiids, although diatoms
were the most plentiful organisms in the water.

Spines and crystalline cones of euphausiid
In a different
swarm 42 % of stomachs also contained euphau-
siid spines, although no crystalline cone was
found (ENDO, 1984). These results suggest that
the cannibalism took place during swarming be-
havior of E. pacifica. FISHER and GOLDIE
(1959) suggested that Meganyctiphanes norvegica
eat the eye of its neighbor when the proportion
of euphausiids to other organisms in the plank-
ton is high. It is well known that euphausiid
eyes are rich in vitamin A and astaxanthin
(MAUCHLINE and FISHER, 1969).

Males slightly outnumbered {emales. Sex

were found in most stomachs.

ratio of E. pacifica in swarms does not differ
so greatly from unity (TERAZAKI, 1981; ENDO,
1984), as in E. superba (e.g. MARR, 1962) and
M. norvegica (CASANOVA-SOULIER, 1970,
BROWN et al., 1979; NIcOL, 1984a), which ex-
hibit highly variable sex ratios. BYRON et al.
(1983) showed that the swarms of a copepod,
Diaptomus tyrreli, were predominately composed
of adult males. They suggested that these
swarms have mating purpose and that males
were predominate because mated females had
dropped out as in the insect swarms.
also be the case with E. pacifica swarms, be-
cause males outnumbered females and the per-
centage of males tended to increase at the end
of the swarming season (ENDO, 1984).

Males were fully mature.

Such may

The percentages
of males which were extruding or had extruded
one or two spermatophores is 17.4 %, being
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less than 47.8 9, the average value obtained in
the 1978 swarming (ENDO, 1984). The differ-
ence may come from the methods by which
euphausiids were collected. Specimens were
scooped by a small hand net in 1983, while they
were commercially caught by a bow mounted
trawl in 1978. In the latter case much larger
amount of euphausiids were caught at a time,
many of which were exposed to damage and
might be forced mechanically to extrude their
spermatophores.

Fifteen out of 271 males (5.5 %), not females,
attached spermatophores mainly to their gill.
More than half of these males possibly attached
their own spermatophores, considering the fact
that 53 9 of males with attached spermatophores
had one or two empty ejaculatory ducts.

Sixty-seven percent of E. pacifica examined
were infected by Ephelota sp. This suctorian
was found also abundantly on M. norvegica
from surface swarms in the Bay of Fundy
(N1cor, 1984b). As suggested by NiIcoL,
however, it is unlikely that the suctorian is the
cause of surface swarming. We examined
swarming E. pacifica collected in 1978-1983 for
the presence of parasites. Percentage of E.
pacifica infected by Thalassomyces sp. is rather
constant, ranging from 0.6 % in 1978 to 5.5%
in 1982. More variable is that by Ephelota sp.,
ranging from (% in 1978 up to 67.0 % in 1983.

ENDO (1984) suggested that surface swarming
of E. pacifica in the Sanriku coastal waters is
related to breeding behavior, because the matu-
ration of ovarian eggs and fertilization occur
during the swarming season and eggs and early
larvae of the species occurred most frequently
about one month after the swarming season
ended. In the present study, no females with
attached spermatophore occurred. This is not
incompatible with ENDO’s hypothesis, because
the present sampling was made in the middle
of the swarming season. NICOL (1984a) sug-
gested that M. norvegica swarming in the Bay
of Fundy is related to reproductive activity by
examining biological characteristics of swarming
individuals.
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A note on change of a front in an oceanic shear flow*

Takashi ICHIYE** and Fagao ZHANG***

Abstract: Fickian diffusion equations for concentration gradients are derived to study effects
of vertical shear of the mean current and eddy diffusion processes on front-like distributions
of conservative properties. The initial front is vertically uniform and is simulated with a
delta function of the coordinate of mean flow which is assumed variable only in the vertical
direction. In the initial stage the vertical diffusion is not important. Because of the vertical
shear, the vertical gradient of the concentration is developed and increases with time. The
front is advected by the mean flow but the gradient of the concentration near the front
decreases with time because of diffusion processes. Horizontal gradients of salinity in the
upper 50 m on the slope of the East China Sea show the Gaussian-like distribution similar

to the solution of the present model. Horizontal eddy diffusivity is determined from the
difference of second moments of two successive salinity gradient profiles 5 days apart, leading
to 3.9x10’m%™. A solution of the equation with both horizontal and vertical diffusivities is

also determined.

1. Introduction

There are many cases in the ocean where
water characteristics like temperature, salinity
and nutrients change abruptly in horizontal
directions. These are called fronts (BOWMAN
and ESAIAS, 1978). In the upper layer the
fronts are moved by the current which has
usually strong vertical shear. In the bottom
boundary layer the brine discharged from a
diffuser at the bottom is advected by a current
with a strong vertical shear and forms a front
near the bottom (ICHIYE and NAKAMOTO, 1985).
In both cases the concentration of the property
near the front is affected both by a shearing
current and diffusion processes.

This note is to show how wvertical structure
of a shear flow influences the vertical distribution
of the concentration. The feature of the front
is represented with simplest mathematical ex-
pression, a delta function. The diffusion pro-
cesses are expressed by eddy diffusivities of
constant values and the mean current has verti-
cal shear only.

* Received May 24, 1985.
** Dept. of Oceanography, Texas A&M University,
College Station, TX 77843, USA.
*#% Institute of Oceanology, Academia Sinica, 7 Nan-
Hai Road, Qingdao, PRC

2. Basic equations

The transport equation for concentration S is
given by

oS - %S 2SS TN

5 TuTS=Kgm T Mt N5

(1

where Z is a velocity vector with components,
u, v, and w; x, and 7 are horizontal coordinates,
7 is the gradient operator and K, M and N are
eddy diffusivities in the x, 7, and = directions.

Imposing a gradient operation on (1), we have
oS oS orsS

d
L rs= ] 7
= Fs=K e +M o + N Fo

S Tu—FSxFxu), (2)

where X denotes the vectorial product and
d/dt:@/b‘t—I—ZV. Equation (2) represents the
vectorial equation and its component can be
expressed in matrix form as

F+0u/ox  ov/ox ow/ox X
ou/oy  F+ov/dy Ow/dy Y
0u/0z 0v/0z F+ow/ozl . Z

=0, (3)
where

F=d/dt— (Ko?/0z?+ Mo? /612 + No*/0z?), (4)
X=0S/0x, Y=0S/0y, Z=0S/0z. (5a,b,c)
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3. Solutions for a front of a delta function

At the initial moment =0, the front is simply
represented by a delta function perpendicular to
the mean current u equaling U(z) which is
dependent on the vertical coordinate only. Then,
it is assumed that S is vertically uniform at

t=0. Thus the initial conditions are expressed
by

Xi=0=Cd(x), Z|1=0= 6, (M

If there is no source or sink for S, then the
front is uniform in the y-direction. In the initial
stage the vertical gradient is small and the verti-
cal eddy diffusion is not effective. Then only
the diffusion in the z-direction is an important
dissipative process and Eq. (3) is simplified as

0X/0t+ U(2)0 X /0x=K*X/dz>, (8)
0Z/0t+U(x)0Z/0x=K*Z/022—U'X, (9 )
where the prime denotes derivative about z.

X=C(2zKr)~1?
Xexp [~ {z—U(z)t}?4K)="], (10)

Z=—U"tX=~CU"t"* 2zK)~V?
xexp [— {z— U@ (AKe-1] . (11)

Expression (11) is a particular solution of (9).
Solution (10) shows that the front is advected
with the velocity U(z) and that its width in-
creases but its intensity decreases with time be-
cause of the horizontal diffusion. Solution (11)
indicates that the vertical gradient is developed
because of the vertical shear and its magnitude
at the advected front site x=U(2)¢ increases
with time, whereas the intensity of the hori-
zontal frontal structure there diminishes with
time as shown by (10).

Since X is dependent on z through U(z), an
effect of wvertical eddy diffusivity N should
be taken into account in the later stage even if
the initial condition (6) indicates uniformity about
z. The time when the vertical diffusivity be-
comes important can be estimated by comparing
terms 0X/0¢t and N02X/32z? which is neglected
in Eq. (8). Both terms become maximum at
z=Ul(z)t. Therefore, the ratio of magnitudes
of the two terms can be determined from their
values at this point denoted with a suffix .

The ratio is given by

|NX"" |/ |02/0¢|m
=NK'U2+UU" 2. (12)

For the values of N/K=10-* and U’ =10"2"1
with a condition [U’/U|»|U""/U’|, the ratio
(12) becomes unity for t=10%s. In case of the
uniform shear U’=a=const., an analytical solu-
tion of X can be obtained for Eq. (8) with the
vertical eddy diffusion term as an integral form
instead of (10) (Appendix). A particular solution
of (9) with the same vertical eddy diffusion term
is given by the second term of (10) with the
constant shear «.

4. Application

An actual front cannot be represented by a
delta function even in its generating period. Its
movement can not be expressed by a simple
advection as modeled here either. However,
some features of front-like distributions of pro-
perties can be explained by the present model.
For instance, MOOERS et al. (1978) classified
topology of prograde and retrograde fronts. This
may be explained as effects of the shear in the
mean flow. When the concentration gradients
are expressed by (10) and (11), the slope of the
concentration isolines dx/dz can be given by

da/dz=—Z/X=U'¢. 13)

This relation is valid even when the vertical
diffusion is considered as in Appendix. Relation
(13) simply indicates that the isolines are advected
with the mean current U(z) even with the dis-
sipative processes, though the gradient of the
concentration normal to the isolines decreases
with time according to (10) and (11). There-
fore, the six basic patterns of the retrograde and
prograde fronts classified by MOOERS et al.
(1978) can be attributed to different vertical
distributions of shear in the mean flow normal
to the fronts.

In order to apply the solution given by Eq.
(10), vertical distributions of salinity on a conti-
nental slope will be used, because temperature
and nutrients are influenced by other factors
like heating, cooling, consumption, etc. than
advection and diffusion. These distributions
must be determined within a relatively short
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Fig. 1. (A) Salinity sections of C Line in October 1973 measurements (modified from originals).
Left: October 24-26, (SI) right: October 29-31 (SII). F indicates front. (B) Location of C Line.

period of time in order to eliminate other factors
like the lateral advection. Figure 1 indicates
two succesive vertical salinity sections on October
24 to 26 and 29 to 31 in 1973 along a line over
the continental slope in the East China Sea and
their location (Japan Meteorological Agency,
1976). The two sections are denoted as SI and
SII and the isohalines are modified from the
original ones in order to clarify the frontal
structures.

The gradient X=0S5/0x is almost uniform
vertically in the upper 50 m. Its values for SI
and SII are plotted in Fig. 2 with the origin
for SII being offset by 52km northwestward.
The two profiles of the gradient show Gaussian-
like distributions about x. The profile for SI has
higher peak and narrower width, whereas the
one for SII is flattened, suggesting the diffusion
process as indicated by Eq. (10).

First, the advective velocity can be determined

30

Fig. 2. Salinity gradient X=0S/0x against the
distance z along C Line (km). Full line for
Oct. 24-26 (SI), dashed line for Oct. 29-31
(SII). F indicates front.
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from the northwestward displacement of the peak
gradient, which is 51.9km in about 5 days.
This yields the mean velocity in the upper 50 m
as 12.0cms™! which is comparable with the
mean velocity of 0.23 kts in the direction of the
line determined from the average of GEK data
of SI and SII (Japan Meteorological Agency,
1976).

When X is expressed as an arbitrary function
of a distance s(=x) as shown in Fig. 2, the
second moment can be obtained as

m2=<7<>‘1SX(s~m1)2ds, (14)
with

X:L-lSde, mlz()_()_ngsds. (15), (16)

In these integrals the limits of integration are
truncated at 59 of the peak value of X and L
denotes the integration interval thus defined.

The following table lists X, m: s2 and ms for
ST and SII (?z(}?)‘lsXﬁ ds).

Table 1.
X (%om™ mi(m SR ma(m?
X107%) X 10%) x10%) X 10%)
SI 10.5 5.0 287 262
SII 5.6 1.3 432 431

If X is given by (10) and integration limits of
(14) are taken to infinity, then

me=Kt . an

Actual integration of (14) to (16) has to be
truncated for profiles as shown in Fig. 2 and a
correction for the truncation is needed to (17)
as discussed by ICHIYE and NAKAMOTO (1985).
Since observed values of X as a function of s are
only approximate, such a correction may be
superfluous and ambiguous.

The horizontal eddy diffusivity K can be
determined from

mo(Il)—my(l)=K(trz—tr),  (18)

where I and II represent SI and SII, respectively.
The values of M from Table 1 yield K=3.9X
102 m?s~! which is reasonable.

Salinity section of SII of Fig. 2 indicates much
sharpened halocline at about 60 m on the shelf.
This seems to prove the increase of Z with time

as expressed by (11) or change of isohaline slope
as shown by (13). However, there are no suf-
ficient data about the current near the bottom,
thus further discussion is refrained. We hope
more satisfactory data will be obtained in the
future.

If the mean velocity is assumed to decrease
to zero linearly with depth from 60m to the
bottom, Eq. (13) yields dx/dz~1.3%x10% or the
isohalines will be almost horizontal as the data
show.

5. Conclusion -

More applications of the present model will
become possible when more data becomes avai-
lable about vertical structures of the mean cur-
rent and details of vertical profiles of salinity
and other conservative properties together with
their changes with time. The present model
does not explain the distributions near the bottom
which have different characteristics both in the
mean current and diffusion processes. We will
treat the latter problem in the future.

This work is supported by a grant from
National Science Foundation US-China Coope-
rative Program.

Appendix
A solution of (8) with the vertical diffusion
term N62X/02% and for the initial condition (6)
and with the uniform vertical shear U'=a is
given by
Xz, 2, t)
:CSOh(KN)‘”g(Zlﬂl)‘l(l+J\7K"a2t2/12)""2

[_ {2?'— Uot"'l/Z(Xt(Z—Zo)}2
°£p AK(1 L NK a2?/12)

(Z NZO ]dw,

where U=U,+az and subscripts 0 and —# in-
dicate the surface and the bottom, respectively.
The integrand of (A+1) is a solution for the
initial condition

X t=0=Cd(x)0(z— z0).

A-D

(A2)

The integral of (A.1) can be expressed with
error functions erf and erfc (ABRAMOWITZ and
STEGUN, 1964) but further discussion will be
given elsewhere.
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