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Carbon Dioxide and Air-Sea CO, Flux in Coral Reef
Hiroyuki FunMura, Tamotsu OoMORI, Yukio KiTADA, Tsukasa MAEHIRA

Abstract: In order to obtain long termm CO, monitoring data in coral reef, studies on the methods

of pCO, measurement in seawater (pCO...,) and air-sea CO. flux estimate have been carried out;

1) Conventional pCOs... estimation by pH-alkalinity method is well correlated (R* = 0.962) with
the pCO.s.. measurements by NDIR method, and is applicable to the long term monitoring of
pCOss.. in coral reef.

2) Air-sea CO; flux measured by "chamber method” is largely dependent on the difference in
pCO; between air and seawater, and wind velocity. Gas exchange coefficient values obtained
in this study are in good agreement with those of previously reported values.

3) Preliminary long term monitoring of pCOu... and air-sea CO; flux in coral reef has been car-
ried out for 6 months by pH-alkalinity method; daily, monthly and seasonal variations of
pCOsse. in coral reef are clearly seen. Rather low pCO.... values are seen typically in daytime
of low tide hours, and high pCO.... values are seen at nighttime with low tide, respectively
throughout the monitoring period. Air-sea CO, flux is largely dependent on the daily
pCOss.. variation and on the wind velocity.

4) Monthly balance of CO, budget demonstrates that evasion of CO; from sea to air is seen dur-
ing summer season, which is caused by relatively high pCO...., high water temperature and

temporally strong winds, while invasion of CO, from air to sea is seen in spring.

Key words : coral reef, carbon dioxide, CO. flux, monitoring
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Fig. 1. Measurement system for air-sea CO, flux.
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Fig. 2. An example of measurement of CO; flux by
chamber method.
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Fig. 3. pCO:... values measured by pH-alkalinity
method versus NDIR method.
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SHEIC B B REBAEMOCO,7 5 v 7 A ERKRD T
FEALIRBSYE, pH-27 v ) B & 2k " BB{LR
EOTE DR A Table 1ITTRT,

F v VAN—EITE DB SN REEERDCO, 7 5
7 Z{g—2umolm ™ *h b, HKT—1241 ymolm °
h"'E§ TORDETH D, KD 5HARNCOMBBI
NTWBIEERLI, SO EEFRADTBILRES
EH3373.8~384.8ppmTdH 5 DI LT, #B/KD gt
RFBSEIZ119.1~2499ppm E{ENW T & EAB LTV B,

HIE L e RK-HwEERDCO.7 5 v 7 2 &}\‘;(Lt?ﬁﬁk

OBILRFESNEEDP S (O KX v EHEICB G 5
CO.DTMARIIZI AR 72 (Table 1), Z DEMAES
%ﬁé@ﬁtﬁbffﬂvbt,Chif*%ﬁ@bh
TV 5 EEIKEHE O & R U 72 (Fig. 4)o
EEREBRER TOILRCPRB OB X AA, HE
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Table 1 Data for air-sea CO, flux and gas exchange coefficient

-2 FCOuhamver  PCO20a  pCOuair K, Wind  Gas exchange
Date Time speed  coefficient(k,)
($™ (umolm~h™Y) (ppmv) (ppmv) (molkg 'atm™) (ms™") (ms™")

1999.1231 14:05 —513%x107° —413 147.7 375.4 0.02999 6.8 1.68Xx10°°
14:20 —875x107° —693 152.0 376.0 0.02998 6.8 287x107°

14:35 —726X10°° —574 152.2 374.8 0.02997 6.8 2.39x10°°

14:50 —110x10"* —869 152.3 374.6 0.02995 6.8 3.62x10°°

15:05 —1.14x10"* —917 148.1 375.5 0.02991 7.0 3.75%X10°°

15:20 —1.18x10"* —912 156.5 374.1 0.02993 7.0 3.89x107°

15:35 —157x107" —1217 157.1 374.3 0.02994 7.0 520x10°°

15:50 —1.04%x10"* —804 157.2 373.8 0.02994 7.0 344%x10°°

2000.1.4 11:35 —934x107° —740 156.3 3717.3 0.03086 4.3 3.01x10°°
11:50 —7.80x10"° —606 160.3 377.0 0.03075 4.3 252x107°

12:05 —9.74x10°° —752 160.9 376.6 0.03066 45 3.16x10°°

12:20 —9.04%x107° —727 152.2 376.8 0.03059 3.9 2.94x10°°

12:35 —955%x107° — 781 147.7 376.6 0.03054 4.0 3.11x10°°

12:50 —136x10"* —1147 140.2 376.6 0.03048 3.8 44210 °

13:05 —143x107* —1241 132.6 376.5 0.03041 3.5 465X10°°

13:20 —1.10x107* —-994 123.0 376.2 0.03035 3.7 359%107°

13:35 —1.09%x10°* —1001 119.1 376.0 0.03025 4.3 3.58X%x10°°

2000.1.7 7:30 —430x10"° —25 224.7 384.8 0.03099 2.6 1.39x10°°
8:00 —591x107° —30 2441 385.0 0.03102 34 1.92x10°°

8:20 —467x10°° —23 249.9 384.2 0.03110 3.0 1.51x107°

8:36 —255x10° —12 255.3 383.8 0.03118 2.6 8.20%x1077

8:50 —397x10°° —18 254.4 3834 0.03126 3.1 1.27%10°°

9:05 —280x10°° —14 248.0 383.8 0.03121 3.2 9.02x10°7

9:20 —033x10°° -2 2474 383.7 0.03123 3.0 1.07 X107

9:3 —6.39x10°° —32 246.5 383.3 0.03126 3.0 2.05%x107°°

9:52 —629x10°° -31 244.7 382.8 0.03132 3.0 2.02x107°

10:05 —1.11%x107° —b8 238.5 383.0 0.03134 35 356x107°

10:21 —210x10°° —110 236.8 382.0 0.03134 3.8 6.73x10°°

10:35 —355X107° —201 224.9 382.0 0.03131 4.1 1.14%x10 °®

11:00 —4.30x107° —253 218.2 0.03125 4.6 1.38%x10°°

(Stagnant Film) DEAZLE ik 2 KA HURE
~NOFEEE, —HFINEEOBHE LTERO LTV S,
EKER IR L > TRE - TR, #&aRHER
TORRABEICL TIES N7z Liss and MERLIVAT
(1986) DAMEHEICBIF 5C0.7 5 v 7 ZOREY 1T
bolbXHVWSLNTWS, UpSTILL-GODDARD et al.
(1990) DSFZH Wi TORIER RS SIES ok
FEEDOR & ISR I B RV ES R L, KoMmorr and
Sumapa (1995) DELFRIEDEEZ ML L 72 B ER 1<
ot oncRNRERD/NS O E ZITHBRSWVES
ARLTW3B, Fi, RETEWANNINKHOF (1992) O
SFOERERP SBONIEHEKERN LI CHV SN
TW5,

ShOREME I, FTHE QHTH) OXARRERE
13L1ss and MERLIVAT (1986) @ Z & T D JREIKAER]
EHEH I O—EERL (Figd), FTFEEEORKRE
FTEHE2HOEENDIEL, Btk 3EHRIOHEELD S

DRI EL TV B I ENEZI NS,
(12A31H) OKUAIZHIRERIE17~52X10 *ms 'DIg
LWVETH -7z T OHDOMEIE, Liss and MERLIVAT
(1986) @ EEEFICHBIIVEE R L, LR
(1H4B) O T EEA3~5ms ™ & T D &
WERBEETH 3 0ITH L T25~46X107° ms™ 'O &
WK IR E R R Uice BRI OMEIR 3, AR S
H v THICEBITEHE TV A0, RO EL%
1 Tl O RLDRIRE ORISR L D bEWEERL
e #EZ 505, FRANKIGNOULLE ef al. (1996) & 4L
o 7EETDCO,7 5 v 7 ADWET S, EE3ms™!
PIFO & Zic1~7X10 *ms™ ' O 5 W GRS MG IS B
fllanTn3,

L7chs= T, 4 v THEOKAEMREISEANICET
FEEE (LATH) OF -9 WRT I C—RICHV SN
TW3Liss and MERLIVAT (1986) D EUEIKFERICHE -
TV, 127U, HOTHICL ZHETHNITPPR
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Fig. 4. Gas exchange coefficient versus wind speed.
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Fig. 6. Frequency histogram of air-sea CO; flux
values.
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Fig. 7. Monthly budget of air-sea CO, flux.
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Jellyfish Population Explosions :
Revisiting a Hypothesis of Possible Causes

T.R. PARSONS* and C.M. LALLI"

Abstract: A hypothesis is discussed that relates the production of large blooms of
jellyfish(medusae and/or ctenophores)to specific food chains in the sea that are based on the
production of nanophytoplankton. Evidence is given from the fossil record and from the con-
temporary ocean to show how this type of low-energy food chain contrasts with a high-energy
food chain, which is based on diatom ecology and supports the large raptorial feeders, fish and
whales. Recent anthropogenic effects on the ocean, including pollution and overfishing, are
discussed in terms of the proposed hypothesis. Natural events that can lead to an abundance of

jellyfish are also considered.

Key words : jellyfish blooms, food chain energetics, eutrophication, overfishing, pollution, climate

change, evolution of marine ecosystems

1. Introduction

In recent years, there has been a spate of pub-
lications noting unprecedented population ex-
plosions of “jellyfish” (medusae and/or cteno-
phores) which have been increasing in fre-
quency and expanding in geographic coverage
(e.g. PURCELL et al., 2001a). These high densi-
ties result from increases in numbers through
reproduction, and are not aggregations caused
by physical advection or behavioural activities
as described by GRAHAM et al. (2001). Table 1
gives some examples of such blooms, but the
subject has recently been reviewed in more de-
tail by MiLLs (2001). Some of these blooms
have occurred in endemic species, others result
after invasions by species brought into new ar-
eas in ballast water. A number of causes have
been advanced, including eutrophication,
overfishing, pollution, global warming, and in-
creases in artificial substrates which expand
the potential attachment sites for polyp stages
in the life cycles of some species. We believe
that a commonality underlying these enhance-
ments of jellyfish populations may be indica-
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tive of major fundamental changes in marine
ecosystems that are pushing the world’s oceans
into a less desirable state with respect to ma-
rine resources.

We recognize that the many species of jelly-
fish have different diets and feeding methods,
and that populations of those larger species
that feed on large-sized food (macrozoo-
plankton) in the sea can be enhanced simply
by the removal of top- level fish that are direct
competitors for food. However, many cteno-
phores (e.g. GREVE, 1970; HARBISON ef al., 1978)
and medusae including the young of large spe-
cies (e.g. FRASER, 1969; MiLLs, 1995; PURCELL
and ARral, 2001; PURCELL and STURDEVANT,
2001) are known to feed on smaller-sized parti-
cles (mesozooplankton) such as small cope-
pods and other small crustaceans, meroplank-
tonic larvae, fish eggs and fish larvae and even
microzooplankton such as ciliates (STOECKER et
al., 1987), and their numbers are not directly
controlled by fish removal except perhaps by
removal of fish such as anchovies that are also
low in food chains. Although turtles and some
fish may eat jellyfish (e.g. PURCELL and ARAI,
2001), top-down control of population numbers
does not seem to be prevalent for most species
except for those that are eaten by other jellies
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Fig. 1. The evolution of pelagic food chains in the ocean from the Cambrian to the present based on
the fossil record and showing the approximate relationship in time between the evolution of
low energy cnidarians (corals and “jellies”) and higher energy requiring organisms (i.e. fish

X 7, whales X 200) in association with the evolution of

organisms at lower trophic levels

from small to large primary producers. (Reprinted from PARSONS, 1979)

(PURCELL, 1991), as for example control of
Mnemiopsis by Beroe (PURCELL et al., 2001b;
SHIGANOVA et al., 2001; VINOGRADOV ef al., 2001).
In order to find a general principle governing
the outbreaks of jellyfish in different areas and
at different times, we have re-examined the hy-
pothesis put forward in 1977 by GREVE and
PArsoNs. These authors suggested that there
are two basic food chains in the sea depending
on the dominant type of primary producers.
These are :
(1) small flagellates® —small zooplankton —
jellyfish*
(2) large diatoms —large zooplankton—fish

These food chains represent pathways of en-
ergy flow in the pelagic ecosystem in the same
sense as their use by others (e.g. RYTHER, 1969;

*“Flagellates” include autotrophic flagellates as
well as heterotrophic zooflagellates produced in the
microbial loop through the consumption of
picoplankton; all of these are <10 ugm (ie.
nanoplankton). “Jellyfish” or “jellies” are not taxo-
nomic categories, but are defined here and through-
out this paper in an ecological sense to include all pe-
lagic cnidarians and ctenophores.

SHELDON et al., 1977) ; they are not a representa-
tion of a food web. One type of food chain in
which flagellates are the dominant primary
producers leads to production of jellies; we re-
fer to this as a “low-energy” system. The other
food chain, in which large phytoplankton pre-
vail, leads to fish production and is a “high-
energy” food chain. The concept of low- and
high-energy food chains as described here (e.g.
Fig. 1) does not depend on food chain length,
but on the conditions for primary production
and on the energy requirements of the terminal
producer (s). RYTHER (1969) initially proposed
that longer food chains (or increased number
of trophic levels) were an impediment to the
transfer of organic matter and resulted in
lower terminal production. This is still a valid
concept for very long food chains which in-
volve active hunting and capture of prey at
higher trophic levels. However, at the lowest
trophic levels, as we have discussed in an ear-
lier paper (PARSONS and LaLLI, 1988), much
higher ecological efficiencies between small-
sized particles can result in almost equal en-
ergy flows in short and long food chains. As
HrINBOKEL and BEERs (1979) have said, “rela-
tively little of the energy and material fixed by
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the nanoplankton may be lost to the larger con-
sumers by the insertion of a ciliate extra link
into the food chain”. In our terminology, “high-
energy” food chain refers to the terminal pro-
ducers (ie. fish or whales) as being high en-
ergy consuming organisms that must be sup-
plied with an abundance of relatively large par-
ticles in order to meet their energy needs. Con-
versely, a “low-energy” food chain refers to ter-
minal producers (e.g. jellies) that can feed effi-
ciently off small particles in order to meet their
lower metabolic demands. Hence the presence
or absence of an additional link (eg.
picoplankton, including bacteria, being fed
upon by zooflagellates) in the latter type of
food chain is not nearly as important as the
ecological conditions which favour the kind of
primary producer. Thus the food chains de-
picted in Fig. 1 can be of equal length.

GREVE & PARSONs (1977) did not claim that
these two different food chains were mutually
exclusive, but suggested that one or the other
could dominate at different times and/or in dif-
ferent ocean areas depending on environ-
mental conditions. Environmental change
causing shifts in dominance could either be in-
duced by climate or pollution. Climate was
cited in three references as causing at least two
different conditions favoring flagellate produc-
tion. The establishment of very stable,
nutrient-poor water masses favors flagellate
dominance, as these phytoplankton grow well
under conditions of nutrient limitation. Flagel-
lates also dominate in situations of light limita-
tion, such as result from deep mixing of the wa-
ter column. Diatom growth is at a disadvantage
under both of these conditions, as physiologi-
cal data have shown that high light intensity
and abundant nutrients are necessary for dia-
toms to grow f_aster than flagellates. GREVE and
PARSONS (1977) also cited literature references
on grazing to further support their hypothesis
that a flagellate-based, energy-poor food chain
favors populations of jellyfish, and that an
energy-rich food chain dominated by diatoms
leads to fish production.

At the time of proposing this hypothesis,
there was little evidence that large jellyfish
population explosions were occurring in the
sea, or that there were linkages with flagellate-

based food chains. However, GREVE and
PARSONS gave some evidence concerning the
preferential feeding of ctenophores on small
prey items in the North Sea. They also pointed
out that, on a seasonal scale in temperate wa-
ters, fish feeding and production maximize in
early spring in association with diatom blooms,
whereas jellyfish generally occur in large num-
bers later in the summer, when flagellates
dominate in the nutrient-impoverished water
column. This seasonal shift in the two different
types of food chains has been noted in numer-
ous publications (e.g., PARSONS et al., 1970).

PARrsONs later (1979, 1996) presented further
evidence for the possible importance of these
two food chains in pelagic marine ecology.
These references drew attention to the size dif-
ferential between small flagellates and large
diatoms, which spans over six orders of magni-
tude in volumetric size. The first of these pa-
pers pointed out, that in evolutionary terms,
the ancient ocean (500 X 10° ybp) was domi-
nated by small phytoplankton (cyanobacteria,
flagellates), small zooplankton and cnidarian
ecology, including both coral reefs and pelagic
jellyfish. It was argued that the later evolution
of teleost fish (which appeared ca. 300 X 10°
ybp) and whales (ca. 100 X 10° ybp) would have
required a richer food chain in order to support
the energy requirements of these animals (fish
requiring approximately seven times and
whales 200 times more energy than jellyfish on
a weight specific basis according to FENCHEL,
1974). PArRSoONs (1979) suggested that this en-
richment of the food chain of the pelagic envi-
ronment came about from the evolution of
larger phytoplanktonic forms, with diatoms ap-
pearing about 190 mya and becoming abun-
dant by the time of the appearance of marine
mammals (Fig. 1).

In contemporary terms, high and low energy
food chains can be found in the present oceans.
The greatest production of fish and whales in
the world occurs in upwelling areas (e.g., the
Peru Current or Benguela Current) on the
western seaboards of continents, whereas
cnidarian ecology in terms of coral production
is characteristic of convergent water masses on
eastern seaboards (e.g.. the Caribbean and the
Great Barrier Reef). These two different types
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of ecologies are dominated by diatom and flag-
ellate production, respectively. PArsons (1996)
further suggested that the fish/diatom food
chain could be destabilized by overfishing.
Two examples were given (AvIAN and SANDRIN,
1988; ZAITZEV, 1992) where jellyfish explosions
had occurred in the ocean, although in neither
case was it clear whether these may have been
caused by overfishing, or by pollution to which
diatoms are generally more susceptible than
flagellates (e.g. THOMAS and SEIBERT, 1977).

Criticisms of GREVE and PARSONS” hypothesis
on different ocean ecologies based on
phytoplankton type have come mainly from
two sources (LONGHURST, 1985; MILLs, 1995). Al-
though LONGHURST (1985) agreed that different
food chains developed seasonally in temperate
waters, he did not believe there was definitive
support for the existence of “two specific and
separable pelagic food chains” elsewhere in the
oceans. This may be partly a misinterpretation
as GREVE and PARsoNs did not claim that these
food chains existed independently of each
other, only that one or the other could domi-
nate under different environmental conditions.
LONGHURST also argued that he did not find a
relationship between jellyfish and small
zooplankton, and suggested that, on the con-
trary, jellies tend to eat larger organisms. More
recent work has shown that there is consider-
able diversity in the diets of carnivorous
cnidaria and ctenophores, and that many do in-
deed take small forms of zooplankton, predomi-
nantly small-sized copepods (e.g. GREVE, 1970;
STOECKER et al., 1987, MILLS, 1995; PURCELL and
ARAIL 2001; PURCELL and STURDEVANT, 2001).
The hypothesis being considered here was not
intended to be mutually exclusive of jellyfish
predation on larger zooplankton. It was in-
tended to show that, in general, cnidarian ecol-
ogy consumes small prey items compared with
raptorial feeders, but there are certainly some
biological exceptions.

In the second criticism, MiLLs (1995) claimed
that jellyfish are often abundant in upwelling
(high-energy) environments. However, PAGES
and GiL1 (1991) observed that the concentra-
tion of jellyfish in upwelled waters is the result
of advection, not of increased reproduction. To
quote these authors, “.a strong intrusion of

Angolan waters into the northern part of the
Benguela system coincided with the abatement
in the upwelling activity that characterizes the
region. This important advective process facili-
tated penetration by large number of species
and individuals of the gelatinous
zooplankton...”. MiLLs (1995) also presented
data indicating that the number of species of
“jellies” found in high and low productive wa-
ters is about the same as observed from a sub-
mersible. However, the studies of the “high”
productivity environment were in the NW. At-
lantic in July and August, when seasonal nutri-
ent limitation would cause low productivity. In
any event, the hypothesis being advanced here
does not depend on the number of species but
on the biomass of “jellies”, which the author
does not record. A further objection by this
author is that “jellies” (quote) “... form a major
part of the macroplankton of temperate fjords,
which are generally considered to be high pro-
ductivity systems.” We agree that large con-
centrations of jellyfish are found at the head
of many fjords but, as has been observed by a
number of authors (e.g. PARSONS et al., 1983;
Hobson and McQuoip, 2001), these areas gener-
ally have a low productivity, dominated by
flagellate ecology. Where the impression of
“high” productivity is gained, is from the fron-
tal zone that sometimes occurs at the mouth of
fjords. These areas are dominated by diatom
ecology and by schools of fish, such as herring.
Further, GRAHAM ef al. (2001) have noted that
aggregations of large medusae at fronts or
other physical discontinuities must result from
physical accumulation, because population in-
creases of these animals is almost always
decoupled from water column processes. MILLS
(1995) also concluded that “jellies” are so ubig-
uitous that they are opportunistically posi-
tioned to utilize secondary production in the
absence of fish. This may be correct, certainly
in respect to their high reproductive rate. How-
ever, in coastal areas, changes caused by
eutrophication, as discussed below, appear to
enhance jellyfish production and not fish pro-
duction. This indicates that a food chain
favouring “jellies” occurs in these areas, rather
than there simply being a vacancy for an op-
portunistic feeder at a higher trophic level.
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Table 1. Some examples of jellyfish population explosions

Location Date Species Suggested Causes Reference
Bering Sea 1989 Combined species, Climate change; BRODEUR et al., 1999
(eastern shelf) onward Chrysaora melanaster — overfishing
dominant
Black Sea 1970s- Rhizostoma pulmo Overfishing; KovaLEV & PioNTKOVSKI, 1998;
1980s Aurelia aurita eutrophication SHIGANOVA, 1998;
DaskaLov, 2002
1982- Mnemiopsis leidyi Invasion & proliferation; ZAITzev, 1992;
overfishing SHIGANOVA, 1998;
DaskaLov, 2002
1997- Beroe ovata Invasion & proliferation  SHIGaNoVA et al., 2001;
due to superabundant VINOGRADOV et al., 2001
Mnemiopsis prey
Gulf of Mexico 1980s- Chrysaora Eutrophication; GRraHAM, 2001 and
2000 quinquecirrha overfishing pers. commun.

Aurelia aurita

Mediterranean Periodic Pelagia noctiluca
(western)
Tokyo Bay 1960s Aurelia aurita

Onward

Climate change

Eutrophication

Goy et al., 1989

Isun and TANAKA, 2001

2. Several Explanations for Population Explo-
sions of Jellyfish based on the Energy Flow
Hypothesis
Various causes of jellyfish population ex-

plosions have been advanced (see Table 1), but
it is our contention that there is a general
framework on which all of these events can be
brought together, as outlined in the following
sections.

Pollution and Eutrophication Effects

There are two aspects to consider in respect
to increases in jellyfish populations in coastal
areas. Firstly, heavy metals and petroleum hy-
drocarbons are highest in coastal areas associ-
ated with urban runoff; secondly, agricultural
and sewage eutrophication are also highest in
coastal zones.

GREVE and ParsoNs (1977) drew attention to
Controlled Ecosystem Pollution Experiments
(CEPEX) which showed that hydrocarbons
tended to enhance flagellate production, and
pointed out that this effect was also observed
after some oil spills. However, concentrations
of jellyfish in oil-polluted waters have not been
recorded following these events. CEPEX ex-
periments with heavy metal additions also de-
creased diatom populations, while flagellates

survived and accounted for most of the pri-
mary production. In addition, heterotrophic
zooflagellates may also be produced under con-
ditions of high organic pollution and a large
bacterial biomass (FENCHEL, 1982). This micro-
bial loop (Azam et al., 1983) may become
expecially dominant in some forms of coastal
eutrophication. Organic enrichment leading to
enhanced bacterial production was studied
during the CEPEX experiments (PARSONS et al.,
1981). The addition of small amounts (1 to 5
ppm) of glucose caused a depression in photo-
synthesis, increased bacterial production, and a
bloom of larvaceans, copepods and
meroplanktonic larvae, followed by a large
bloom of jellies (mostly Pleurobrachia and
Aequorea aequorea). Thus, under experimental
conditions, it may be concluded that the
heterotrophic cycle is another possible contri-
bution to jelly production.

Eutrophication of coastal waters now ap-
pears to be the most severe form of coastal pol-
lution and could be a cause of enhanced jelly-
fish production. The subject was reviewed by P
URCELL et al. (1999), and later by Arat (2001)
who concluded that cnidarian populations ap-
pear to increase in eutrophied areas, but such
increases can not be unequivocally attributed
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Fig. 2. The effect of overfishing on the high and low energy food chains of the sea. The elimination
of large quantities of fish would initially cause an increase in the macroplankton and later a
decrease in the diatom population through grazing. More nutrients then flow into the flagel-
late food chain resulting in an increased jellyfish population.

to nutrient enrichment since there are usually
other coastal influences such as higher levels
of heavy metals and hydrocarbons. In coastal
eutrophication, the author correctly identifies
the lack of silicate as the cause of flagellate
blooms as diatoms require this nutrient for
growth. Over the past four decades in
eutrophied Tokyo Bay, a food chain based on
microflagellates has developed which supports
mainly small-sized copepods and jellyfish
(Aurelia aurita), with very little fish produc-
tion (NoMURA and MURANO, 1992; UYE, 1994;
Isun and TANAKA, 2001). This long-term change
is what one would predict when eutrophication
or pollution favors flagellate ecology and a
low-energy food chain.

There are now a number of reports on the
massive increases in jellyfish populations in
the Black Sea (e.g. ZAITZEV, 1992; KOVALEV and
PIONTKOVSKI, 1998; SHIGANOV A, 1998; SHIGANOVA
et al., 2001; VINOGRADOV et al., 2001). In a model-
ing analysis of various causes for this effect,
DaskaLOV (2002) concluded that the two most
probable causes were eutrophication and
overfishing, with the latter being the stronger
causative agent.

Effects of Overfishing

The effects of overfishing on the high-energy
food chain are shown in Fig. 2. The initial effect
of overfishing in reducing fish size, either

within the fished population or by supplanting
it with another smaller species in the fish
catch, has been known for some time (e.g.
HEMPEL, 1978; SHERMAN ef al., 1981). It is also
common knowledge that the effects of
overfishing may result in a variety of ecologi-
cal changes, such as increased penguin popula-
tions in the Antarctic or decreased bird popula-
tions off Peru (for summary, see PARSONS,
1992). In Fig. 2, however, the specific case of
what could happen to the diatom/fish food
chain is illustrated. In the absence of fish to
graze the large-sized zooplankters, the numbers
of these animals would increase and exert pres-
sure on the diatom population. Diatoms in turn
would diminish, leaving more of the available
nutrients to flow into the flagellate/ jellyfish
part of the food chain - a result that would in-
crease the jellyfish population. This kind of
oscillation between phytoplankton and
zooplankton has been observed experimentally
on lakes (e.g. MCQUEEN et al., 1989) and has
been the subject of computer simulations (e.g.
HaSTINGS and POWELL, 1991). Is there any evi-
dence that this has happened in the natural
marine environment?

BRODEUR et al. (1999) described a large in-
crease in the population of jellyfish in the Ber-
ing Sea where there has been a substantial
pollock fishery in recent years (SPRINGER,
1992). To account for this increase in jellyfish
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numbers, BRODEUR et al. favor an explanation
based on climate change. Certainly this is pos-
sible and is allowed for in Fig.2, if the physical
/chemical environment changes in such a way
as to preferentially favor one or the other of
the food chains. However, the alternative ex-
planation that the increase in jellyfish has been
the result of overfishing can not be dismissed.
There are several pieces of circumstantial evi-
dence which favor the latter explanation.

Firstly, SPRINGER (1992) noted that whereas
fishing may have reduced the numbers of fish-
eating birds and mammals in the area due to a
lack of prey, plankton-eating auklets actually
increased in abundance, which might indicate
that the macroplankton community had in-
creased as a result of the decreased predation
by fish. Another unusual occurrence in the Ber-
ing Sea was the development of a massive
bloom of coccolithophorid flagellates that was
accompanied by a large increase in small crus-
taceans (e.g. STOCKWELL et al., 2001). An expla-
nation for this phenomenon does not necessar-
ily require changes in the growth conditions
for phytoplankton; it could also be generated
by a lack of predator (i.e. fish) control of the
food chain, which would force more nutrients
into flagellate production if large crustaceans
were to control diatom production (Fig. 2 and
HASTINGS and POWELL, 1991). Once a food chain
has been destabilized in such a manner, the role
of climate as an additional influence in these ef-
fects can not be ruled out. However, the role of
pollutants or eutrophication, such as may have
caused changes in the Black Sea and in coastal
waters, is probably not significant in the Ber-
ing Sea.

DaskaLov's (2002) conclusion that over-
fishing was the primary cause of the increase
in “jellies” in the Black Sea is important to the
concept of food chains as originally suggested
by GREVE and PARSONs (1977). DASKALOV con-
cluded that size-selective effects were crucial to
biomass dynamics. Large zooplankton con-
sumed by fish had a pronounced effect on size
structure of the food chain. He found that total
zooplankton and phytoplankton biomass were
determined mainly by the dynamics of the
large size fractions at each trophic level, and
that it was these that were most sensitive to

top-down control by fish. However, these con-
clusions were based on a mathematical model
and one result of this model, the dominance of
large phytoplankton cells in the presence of jel-
lyfish, is not consistent with direct observa-
tions of others (e.g. Isuim and TANAKA, 2001).
Other possible effects of overfishing are dis-
cussed by PURCELL and ARAI (2001) ; they re-
viewed the disappearance of mackerel in the
Black Sea due to overfishing and the subse-
quent abundance of “jellies” on which the
mackerel preyed. This type of direct predator
/prey interaction with jellyfish does not ap-
pear to be common in the sea, but where it oc-
curs, it must be included as a possible cause of
jellyfish population explosions.

Effects of Climate Change

Climate changes, whether induced by global
warming or not, can have profound effects on
marine ecosystems. BRODEUR ef al. (1999) con-
sider that the production of jellyfish in the Ber-
ing Sea, which started in about 1990 and has
continued strongly ever since, was due to a re-
gime shift brought about by a change in cli-
mate. They pointed out that the extent of ice
cover in the Bering Sea is highly variable but,
if the survival of early life stages of jellyfish
depended on ice-associated phytoplankton
blooms and attendant secondary production,
then in terms of both its persistence and spatial
extent, more favorable conditions existed after
1990, which was when the jellyfish population
started to increase. If these events were associ-
ated with the physical/chemical regime in Fig.
2, then ensuing flagellate production could
come about through quite different mecha-
nisms, either by development of a very stable,
nutrient-poor water column, or by formation of
an unstable deeply-mixed water column (see
PARSONS and TAKAHASHI, 1973 for discussion).
Either condition favors flagellate growth over
diatom production.

Jellyfish abundance in the Mediterranean
Sea has been directly linked to climate by
Govy et al. (1989), although an earlier report
(AviaN and SANDRIN, 1988) attributed an in-
crease in jellyfish in the Adriatic Sea to
overfishing. GOy et al. analysed long-term data
sets and concluded that warmer waters gave
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rise to more jellyfish, and suggested that this
may have been due to increased production of
microzooplankton.

3. Conclusions

It has not been our purpose to give specific
reasons for any particular jellyfish population
explosion listed in Table 1, but rather to estab-
lish a framework that could be used to explain
any one of the observations. This framework is
based on two very different pelagic food
chains, which we believe evolved over time
and which coexist in the contemporary ocean.
These food chains are based on the amount of
energy supplied by the different types of pri-
mary producers. The low-energy food chain is
based on very small phytoplankton, generally
referred to as flagellates (also as nanoplank-
ton). These cells are at least six orders of mag-
nitude smaller than the large phytoplankton,
which are most often represented by the dia-
toms (or microplankton). Food chains based
on very small phytoplankton support micro-
and mesozooplankton that are mostly too little
for large raptorial fish, because it is energeti-
cally too costly to feed on such small prey. In-
stead, these small zooplankton are easily fed on
by the “jellies” of the sea. The conditions under
which one or the other of these two food chains
can dominate are determined by at least three
events, including natural changes in the
physical-chemical environment, various forms
of pollution including eutrophication, and
overfishing. Increased populations of medusae
and/or ctenophores may develop wherever, or
whenever, a flagellate-based food chain is fa-
vored. The effects of climate, pollution, and
overfishing may, at times, act synergistically.

It is clear that several anthropogenic influ-
ences are having profound effects on our ma-
rine ecosystems. Industrial fisheries have re-
moved, and continue to remove, vast numbers
of the top-level predators of the sea; for the
most part, these (teleost fish and whales) are
the most recently evolved marine animals.
These animals are also the most susceptible to
pollution effects through bioaccumulation. By
removal or debilitation of these top trophic lev-
els, we not only provide more food to lower
trophic levels, but we may also be changing the

species compositions of ecosystems. In the ex-
amples given here, medusae and/or cteno-
phores are becoming predominant in ecosys-
tems formerly dominated by fish. It is well to
remember, as PURCELL ef al. (1999) have
pointed out, that jellyfish may be superior com-
petitors to fish in many respects as they feed
continuously, do not satiate at natural food
concentrations, usually have broad diets, often
eat fish eggs and larvae, and shrink rather than
die when food is limiting. Most are passive
feeders that do not expend large amounts of
energy in hunting and capturing food. Further,
many medusae have both asexual and sexual
reproduction, and all jellies have short genera-
tion times compared with fish. It is beginning
to look as though the balance is being shifted
from a highly evolved ecosystem in which fish
or marine mammals occupy top trophic levels
to an ecosystem in which environmental condi-
tions and lessened competition favor the more
ancient species like cnidarians and cteno-
phores.

One consequence of the establishment of the
flagellate-jellyfish food chain is that the much
lower energy demands of jellies compared with
raptorial feeders (fish and whales), and their
more rapid life cycles, can result in a rapid pro-
duction of gelatinous biomass, much exceeding
the total biomass of fish and whales. This is be-
cause jellies have a much lower metabolism,
and consequently their total biomass can
greatly exceed that of more metabolically ex-
pensive animals. It is important to remember
that jellies have relatively few natural preda-
tors, and only a few species are commercially
fished for human consumption. Control of jelly-
fish (or ctenophore) population size is primar-
ily bottom-up control via the physical-chemical
nature of the environment (temperature, salin-
ity etc.), food availability and, for those species
with a benthic stage in their life cycle, avail-
ability of suitable hard substrates. The devel-
opment of huge jellyfish populations on a
global scale is not a desirable result in a world
where an expanding human population is de-
manding more and more protein from marine
resources.

The hypothesis of GREVE and PARSONs that
links jellyfish production to flagellate-based
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food chains remains speculative, although we
believe that additional evidence given in the
present paper strengthens its validity. At pre-
sent our knowledge of both natural and per-
turbed marine ecosystems remains underdevel-
oped to prove or disprove this hypothesis.
However, certain observations and/or experi-
ments could be undertaken to examine more
closely the types of food chains discussed here.
For example, it is essential that phytoplankton
species composition be determined in areas un-
dergoing anthropogenic change, as total pri-
mary productivity may not reveal differences
leading to low- or high-energy food chains. Fur-
ther, it is unlikely that the hypothesis holds for
all species of jellies, especially not for those
that are large-particle feeders and direct com-
petitors with large raptorial fish. In this regard,
it would be extremely useful to have more de-
tailed information on diets of specific medusae
and ctenophores in different types of ecosys-
tems; such studies are presently being under-
taken by Graham and Costello (in prep.). Until
these types of information are available, the
Greve and Parsons hypothesis remains unre-
solved.
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Seasonal variations of sea level along the Japanese coast

Nyoman M.N. NATIH,” Masaji MATSUYAMA," Yujiro KITADE" and Jiro YOSHIDA *

Abstract : Seasonal variation of sca level was investigated at 68 tidal stations along the Japa-
nese coast by using monthly mean data from 1981 to 1990. The main results mostly agree with
TsumuraA’s results (1963) by the data from 1951 to 1960, but the details are partly different from
his results. The high sea level in winter is found along the Hokkaido coast in the Okhotsk Sea,
and even along the southeastern coast of Hokkaido. This high sea level is considered to be
closely related to the strength of East Sakhalin Current in this season. The gentle sea level rise
occurs from Mera to Uragami along the southeastern coast of Honshu from June to July, i.e, in
warming season. The sea level change along Suruga Bay coast mostly agrees with the vertical
mean temperature from the sea surface to 200m depth in the center of bay. The vertical mean
temperature is not so increased by the surface-temperature rise because of seasonal
thermocline ascent in warming season. The seasonal thermocline ascent has been frequently
found off the southeast of Honshu from Boso to Kii Peninsulas, and is explained as coastal
upwelling induced by the prevailing northward wind in summer. The coastal upwelling is sug-
gested to induce such a unique variation as the gentle sea level rise and secondary minimum of
the water temperature. The gentle sea level rise in the Seto Inland Sea and the southwestern
coast of Japan also appears from April to May, but the sea level change slightly disagrees with
the temperature change in the surface layer.

Key words : coastal current, coastal upwelling, Japanese coast, sea level, seasonal thermocline,
seasonal variations, secondary minimum of temperature

1. Introduction

Sea level in subtropical region is well known
to show a seasonal variation, i.e, a maximum
during summer to early fall and a minimum
during winter to early spring (e.g., PICKARD
and EMERY, 1990). The sea level variations are
closely connected to water temperature varia-
tions in surface and subsurface layers. But,
some observations indicated the unique sea-
sonal variations of sea level. The sea level at
the Oregon coast and dynamic height off Ore-
gon are minimum in summer in relation to the
coastal upwelling induced by the southward
wind (e.g., GILL, 1982). This result is in direct
opposition to the usual seasonal variation seen
in the subtropical region. Along the Japanese
coast, the extraordinary seasonal variations are
found in sea level records. The sea level along
the Hokkaido coast in the Okhotsk Sea show
*Department of Ocean Sciences, Tokyo University of
Fisheries
Minato-ku, Konan 4-5-7, Tokyo, 108-8477, Japan

the peculiar seasonal variations which have
two peaks in summer and early winter
(TsumURA, 1963, KonisHl et al, 1987,
MATSUYAMA et al., 1999). Such variant phenom-
ena are possible to be found in the seasonal
variation of sea level along the Japanese coast.

Tsumura (1963) analyzed the sea level data
at about 58 tidal stations along the Japanese
coast during 10 years and investigated the
characteristics of annual and interannual
variations of the sea level. He showed the sea-
sonal variation of sea level along the Japanese
coast and derived the interesting features, but
he didn’t explain the relations between the sea
level variation and oceanographic phenomena.
We are very interested in a relation between
the seasonal variation and the oceanographic
phenomena. Then we grasp the seasonal varia-
tions of sea level along the Japanese coast us-
ing the monthly mean data during the period
from 1981 to 1990. The aim of this paper is to in-
vestigate the characteristics of seasonal
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variations of sea level in more detail, and to
clarify the relation between the sea level varia-
tion and oceanic phenomena, ie., current and
temperature variations, and coastal upwelling.

2. Data and analysis

The monthly mean sea level data registered
by the Coastal Movement Data Center
(CMDC), Geographical Survey Institute, were
used at 68 tidal stations in this study (Table 1).
The same data set was already applied to inves-
tigate the inter-annual and decadal variations
along the Japanese coast (SENJYU et al., 1999).
The tidal stations are selected around all over
the Japanese coast as shown in Fig.1. Under the
inverse barometric assumption with a factor of
—1.0 crn/hPa, the original sea level data were
corrected by using the atmospheric pressure
obtained at a meteorological station near each
tidal station. Monthly mean atmospheric pres-
sure was also registered at CMDC.

3. Seasonal variations of sea level along the

Japanese coast

Fig. 2 shows typical sea level variations at 9
stations along the Japanese coast for 10 years.
These stations are selected as a typical station
in each area. The seasonal variations are re-
markable at all stations, but the amplitudes are
different from each other. The amplitudes are
large in the southern region (Kochi (Stn.37
shown in Fig.1), Matsuyama (Stn.48) and
Kagoshima (Stn.51)) of Japan and the Japan
Sea (Maizuru (Stn.62)), and small along the
Hokkaido coast (Abashiri (Stn. 3) and Kushiro
(Stn.4)). The maximum and minimum of these
variations appear mostly in early autumn and
late winter, respectively. But the maximum is
found at December at Abashiri (Stn.3) and
Kushiro (Stn. 4), as described by the previous
papers (TSUMURA, 1963, KoNisHI et al., 1987,
MATSUYAMA et al., 1999, ItoH, 2000). The sea
level variations are not so decent sinusoidal
curve except at Kamaishi (Stn.13) and
Maizuru (Stn. 62), but are frequently disturbed
by a few month period fluctuations. These
short period fluctuations are especially remark-
able between Mera (Stn.19) to Kagoshima
(Stn.51), ie. in the coast of facing to the
Kuroshio. Nowmitsu and Oxamoto (1927)

Table 1. Location of the sea level stations

No. Location No. Location
1 Wakkanai 36 Muroto

2 Mombetsu 37 Kochi

3 Abashiri 38  Tosashimizu
4  Kushiro i 39 Hosojima

5  Tokachi | 40 Oita

6  Urakawa 41  Shirahama
7  Muroran 42  Wakayama
8  Hakodate 43  Kobe

9 Matsumae 44  Uno

10 Oshoro 45 Hiroshima
11  Hachinohe 46  Tokuyama
12 Miyako 47 Uwajima

13  Kamaishi 48 Matsuyama
14  Ofunato 49  Takamatsu
15 Ayukawa 50 Komatsujima
16  Soma 51 Kagoshima
17  Onahama 52  Makurazaki
18  Katsuura 53 Kune

19 Mera 54  Misumi

20 Chiba 55  Nagasaki

21 Tokyo 56  Sasebo

22  Yokotsuka 57 Izuhara

23 Aburatsubo 58 Shimon oseki
24 Ito 59  Hagi

25 Minami Izu | 60 Hamada

26  Uchiura ' 61 Sakai

27  Shimizu 62  Maizuru

28  Yaizu 63  Mikuni

29  Omaezaki 64 Wajima

30 Maisaka 65 Toyama

31 Nagoya 66 Kashiwazaki
32 Toba 67 Oga

33 Owase 68 Fukaura

34  Uragami

35  Kushimoto

described the variations of monthly sea level
along the Japanese coast to be due to both the
variations of density distribution from the sea
surface to 200 m depth and of atmospheric
pressure. Fig. 2 supports mainly their descrip-
tion, but we are interested in more detailed
characteristics and distortion from the sinusoi-
dal curve of seasonal variation.

TsuMURA (1963) analyzed the sea level data
at 58 stations along the Japanese coast during
the period from 1951 to 1960 and summarized
the mean seasonal variations of sea level with-
out correction of atmospheric pressure as
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Fig. 1. Location of tide stations used in this study.

follows. (1) The maximum and minimum ap-
pear on September to October and March to
May, respectively, in most stations. (2) The
amplitude is the largest in the western part of
the Japanese coast and the smallest in the
northern part. (3) The two maximum appear
along the eastern coast of Hokkaido. (4) The
sea level gently rises along the southern coast
of Japan from Mera (Stn. 19) to Megami (near
Stn. 55) during the period from July to August.
(5) In the northern part of the Japan Sea coast,
north of Wajima (Stn. 64), the steep and gentle
descents are seen from October to November,
and from November to December, respectively.

These results are interesting features in rela-
tion to the coastal phenomena, that is, heating
and cooling, wind effect and ocean currents.
Fig. 3 shows the seasonal variations at all sta-
tions using the sea level data at 68 tidal sta-
tions from 1981 to 1990. These showed the
similar characteristics of the seasonal varia-
tions indicated by TsuMURA (1963). Then we
will try to verify the above five points by the
recent tidal records, and we investigate the fea-
tures of the seasonal variations in more detail.

The maximum is seen on September and Oc-
tober except the east coast of Hokkaido and
Hamada (Stn. 60) and Sakai (Stn. 61) along the
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Fig. 2. Sea level variations corrected for the atmospheric pressure at nine tidal stations.

western coast in the Japan Sea. In the Japan
Sea coast from Izuhara (Stn.57) to Wakkanai
(Stn.1), the high sea level continues from
August to October. The variations from Akune
(Stn. 53) to Sasebo (Stn.56) of the East China
Sea coast resemble to these of the Japan Sea

coast region. Along the Pacific coast, the maxi-
mum is seen on September from Hachinohe
(Stn.11) to Onahama (Stn.17), i.e., northern
part of Honshu, while it is on October from
Katsuura (Stn. 18) to Makurazaki (Stn. 52), i.e.,
southern part of Japan. The maximum in the
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Fig. 3. Annual sea level variations at 68 tidal stations averaged from 1981 to 1990.

region from Katsuura (Stn. 18) to Makurazaki
(Stn.52) has a sharp peak, while it is a flat
shape from Shirahama (Stn.41) to Oita (Stn.
40) along the coast of the Seto Inland Sea. The
minimum of the seasonal variation mostly ap-
pears between February and April, and the
southern part leads the northern and eastern
part by one or two month. The time difference
between maximum and minimum of the sea-
sonal variations displays the gentle ascent and
steep descent along the Pacific coast.

The seasonal variations along the eastern

and southern coast of Hokkaido, i.e., Mombetsu
(Stn. 2) to Muroran (Stn.7), as shown in Fig.1,
are significantly different from the other sta-
tions in the Japanese coast, as indicated by
TsuMuraA (1963). Fig. 3 shows the variations of
the Hokkaido coast and interesting feature
with two maximum along the eastern coast
from Mombetsu (Stn.2) to Muroran (Stn.7).
The two peaks appear on September and De-
cember or January at Abashiri (Stn.3) and
Mombetsu (Stn. 2), and the peak in winter is
higher than in early autumn at Abashiri (Stn.



128 La mer 40, 2002

//
Vi AN .
| / /V N Shirahama
N A= N\
N Wakayama
P \\\ Kobe
WL A L
== Uno
,r/ > Hiroshima
el / L\ P
Uwajima
) VT T
1/’ e ] \
4 N Matsuyama
N ] N Tokuyama
r -\K - /'/—\\\‘ Takamatsu
20cm4 A1 \ Komatsujima
L
L -
| N
1234667 89101112
month
AT
-
74 \ Sakai
\\ /(/ /V Maizuru
X\\/ /“—-—’_'\\ Mikuni
P 74 /“/\'\ Wajima
- — Toyama
\// V
~ j/ Kashiwazaki
-
/|
BOEE N %
20cm N o Fukaura
L NTLA

123456678 89101112
month

N
N
v L
/ \\ Kagoshima
N
"‘/V/ = N Makurazaki
1 A TN
/ 7 N Akune
L] AT\ \ : :
g \ Misumi
/////,//-h\\\ Nagasaki
1 / TN
Sasebo
N 44 N\
S - ,/';_'\‘ Izuhara
\‘___z//,/‘\\‘\ Shimonoseki
[_ 1 /./ /—\\\ Hagi
|
20cm N / Hamada
N
l. A A
L L1

1234567 89101112
month

Fig. 3. (Continued)

3).

TsUMURA (1963) indicated that the sea level
gently rises along the coast from Mera (Stn.
19) to Megami (Stn.55) during June to July.
We can clearly find this phenomenon along the
coast from Mera (Stn. 19) to Uragami (Stn. 34)
during this period. In the southwestern coast
from Kushimoto (Stn.35) to Hosojima (Stn.
39), including the Seto Inland Sea coast, the
gentle rise of sea level appears during April to
May instead of June-July. The significant dif-
ference of two-month lag is found between

Uragami (Stn.34) and Kushimoto (Stn.35),
which is a distance of 16km only. The sea level
difference between both stations is very impor-
tant to detect whether Kuroshio path is mean-
dering or not along the southern coast of Japan
as well (e.g., KAWABE, 1985). The westward
propagation of several-day period fluctuations
of sea level is also interrupted and is discontin-
ued between both stations (Narumi, 2002).

The other phenomenon indicated by
TsuMmURA (1963), which the steep descent from
September to October and gentle descents from
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October to December was seen in the northern
part of the Japan Sea coast, couldn’t be clearly
found in this analysis.

4. Discussion

TsuMmURA (1963) showed the seasonal varia-
tion of sea level along the Japanese coast and
derived some interesting features. But, he did-
n’t explain the relations between such the sea
level variation as the above results and oceano-
graphic phenomena. We will examine to ex-
plain these relations.

4-1 Two maximum along the eastern and

southern coast of Hokkaido

The high sea level in winter is found along
the coast from Mombetsu (Stn.2) to Muroran
(Stn.7), and it is especially significant at
Abashiri (Stn.3) and Mombetsu (Stn.2) along
the Hokkaido coast in the Okhotsk Sea. The
high sea level in winter in this region is related
to the strength of East Sakhalin Current
(WATANABE, 1963, OHSHIMA ef al., 2002). The
southward current along the East Sakhalin
coast turns eastward after arriving near the
Hokkaido coast (Fig.4), so the sea level rise oc-
cur at this region by piling up of the low tem-
perature and low salinity water (IToH 2000).
The sea level difference between Wakkanai

140 145 150 155 160E
T T T

- RUSSIA

PACIFIC Ocean

Sea
— -~ 40
1 ¢ 1 !

Fig. 4. Distribution of typical water mass and current
in Okhotsk Sea. D is the East Sakhalin Current
and E the Soya Warm Current. (After AQTA,
1987)

(Stn. 1) and Abashiri (Stn. 3) induces the Soya
Warm Current (AoTa, 1975, MATSUYAMA et al.,
1999), so that the remarkable difference of sea-
sonal variations between both stations directly
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Fig. 5. Time variations of monthly-mean alongshore current 5 miles off Sarufutsu in Hokkaido and of adjusted
sea level difference between Wakkanai and Abashiri (after MATSUYAMA ef al., 1999).
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reflects the variations of the Soya Warm Cur-
rent, that is, the small difference in winter indi-
cates the weakness of the current (Fig.5). The
minimum of the sea level difference along the
Hokkaido coast in the Okhotsk Sea appears on
March at Wakkanai (Stn.1) and on May at
Abashiri (Stn.3), so the Soya Warm Current
indicates to be intensified from April.

The maximum of sea level in winter is also
found from Kushiro to Muroran along the
southeastern coast facing to the Pacific Ocean
(Fig. 3). These are seen to be related to the sea
level rise along the Okhotsk Sea coast from De-
cember to January. But we do not have much
data to describe the relation between both phe-
nomena in the Okhotsk Sea and the Pacific
Ocean. We will investigate these phenomena in
both seas, including the seasonal variation of
the Oyashio.

4-2 Gentle rise of sea level along the south-
eastern coast of Honshu from June to July
The sea level rise is gently sloping from June

to July from Mera (Stn.19) to Uragami (Stn.

34) as seen in Fig.3. In general, the sea level

shows a sinusoidal curve as seasonal variation,

and connects closely with the sea surface and
subsurface temperature. Then, the small rising
of sea level during June-July along the south-
ern coast of Honshu from Boso Peninsula to Kii

Peninsula is expected to connect to the low

temperature in the surface and subsurface lay-

ers, as described by NomiTsu and OKAMOTO

(1927).

NAKAMURA (1977) showed the seasonal varia-
tions of the temperature and salinity from the
sea surface to 200m depth in and around
Suruga Bay. Fig. 6 shows observation stations
and the temperature distribution from the sea
surface to 200 m depth at Stn. A estimated by
the observational data from 1964 to 1974. From
May to August, the isotherms descend near the
sea surface, but they ascend in the subsurface
layer. NAKAMURA (1977) called the temperature
descending in the subsurface layer in this pe-
riod a secondary minimum of water tempera-
ture. He presented the secondary minimum of
the temperature together with the salinity
maximum. T-S relation suggested the phenom-
ena to be related to the wupwelling. The

secondary minimum of the water temperature
in the subsurface layer was found at the Boso
coast, Sagami Bay and eastern side of the Kii
Peninsula (NAKAMURA 1977). UNokI and UNNO
(1983) analyzed the distributions of secondary
minimum of the subsurface water temperature
from the Boso peninsula to the Kii peninsula
from 1965 to 1976, and found the following
three cases of appearance of the water, (1) al-
most the whole area, (2) limited within a par-
tial region and (3) scarcely and scattered
distribution.

The gentle rise of sea level is possible to re-
late on the secondary minimum indicated by
NAKAMURA (1977) and UNokt and Un~o (1983).
Then we compare the sea level at Suruga Bay
coast with the temperature at Stn. A in Suruga
Bay and at Stn. B located at out of the bay from
1964 to 1974. Fig. 7 shows the time series of the
temperature distributions at Stns. A and B
shown by NAKAMURA (1977). Both stations
were selected as the typical stations for the in-
ner and outer bay, respectively. The arrows in-
dicate the secondary minimum of the
temperature in the subsurface layer, ie., as-
cending of the seasonal thermocline in both
stations. The temperature and salinity observa-
tions were made at every month by Shizuoka
Prefectural Experimental Fishery Station. The
arrows are mostly found at both stations in
summer, especially August, so that the phe-
nomena can be considered to usually exist in
summer, ie., the ascending of seasonal
thermocline in August. On the other hand, Fig.
8 shows the monthly mean sea level at four
tidal stations at the Suruga Bay coast from
1965 to 1974. The sea level variations resemble
among four stations and show the complicated
seasonal variation. The low sea level in August
is found on 1965, 1967, 1969, 1970, 1973, and 1974.
These years mostly agree with the years of sec-
ondary minimum in Fig. 6, but strict compari-
son is difficult for the difference of the
sampling interval between the monthly mean
data and one-time data in every month.

Then, we compare the long-term mean data
between temperature and sea level. NoMITU
and OkamoTto (1927) described the monthly
mean sea level to be closely related to the den-
sity distribution from the sea surface to 200m
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Fig. 6. Observation stations of temperature and salinity in and around Suruga Bay (left) and annual variations
of temperature distribution at Stn. A averaged from 1964 to 1974 (right) (after NakaMura, 1977).

depth and Atmospheric pressure. The latter ef-
fect was already removed from Fig. 3 by the
data handling. Then, We compare the monthly
mean sea level with the vertical mean tempera-
ture from the sea surface to 200m depth at Stn.
A as the mean of each month used from 1964 to
1974 calculated by Nakamura (1977). Fig. 9
shows the seasonal variations of the vertical
mean temperature and sea level at four stations
from 1964 to 1974. The vertical mean tempera-
ture is less variable from June to August be-
cause the temperature rise in the surface layer
is canceled by the ascent of the seasonal
thermocline. This variation is similar to the sea
level variation along the coast. The secondary
minimum of the temperature in the subsurface
layer is considered to be closely related to the
seasonal variations of sea level. The upwelling
induces the gentle rise of the sea level from
June to July and August.

NAKAMURA (1977) suggested the secondary
minimum of temperature to relate to the fluc-
tuation of the Kuroshio without a sufficient ex-
planation. This is difficult to understand the

above reason because the seasonal variation of
the Kuroshio fluctuation, i.e., path, velocity and
volume transport, is not remarkable (IMAWAKI
et al., 1997). We suppose that the upwelling in
relation to the northward wind is predominant
in summer. The southward wind off the Ore-
gon coast induces an upwelling with the de-
scent of temperature and sea level in summer
(e.g. GiLL, 1982). As the same manner, the
coastal upwelling in Sagami Bay was induced
by the northward wind in summer along the
eastern coast of the Izu Peninsula (Kismi, 1976,
1977). UNok1 and UnNNo (1983) speculated the
secondary minimum to be associated with the
coastal upwelling by the local wind, i.e., west-
erly wind along the southern coast of Japan.
But they could not find the clear relations be-
tween the local wind and coastal upwelling, i.e.,
secondary minimum of the water temperature.

Recently KiTADE and MaTsuyaMa (2000) in-
vestigated the coastal trapped waves along the
southeastern coast of Honshu by the data
analysis and numerical experiments. They in-
dicated the sea level variations with several-
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Fig. 7. Time variations of the temperature distribution
at Stn. A (upper) and Stn. B (lower) from April
1964 to December 1974. Arrows show the
upwelling in summer (After NAKAMURA, 1977).

days period along the southeast coast of Hon-
shu, Japan induced by the wind. From July to
August, the northward wind continues over 10
days and induces the upwelling along the Boso
and Kashima coast (Fig. 10). The upwelling re-
gion propagates westward along the coast from
the south of Boso Peninsula, having the charac-
teristic of internal Kelvin waves, so that the
low temperature water occupies the subsurface
layer in the coastal region as such as the west-
ern coast of North America (HUYER 1977). The
numerical experiments suggest the coastal
upwelling due to the northward wind to be re-
lated to both gentle sloping rise of sea level at
the coast and the secondary minimum of the
water temperature indicated by NAKAMURA
(1977).

4.3 Small sea level rise the southwestern coast

of Japan in April to May

The seasonal variations of sea level also
shows gentle rise in and around the Seto In-
land Sea from April to May as seen in Fig. 3.
Firstly the temperature variations are consid-
ered to relate to the sea level change near the
coast. YaNacl (1984) investigated the seasonal
variation of the temperature in this area from
1971 to 1975. He calculated the vertical mean
temperature from the sea surface to bottom
and for station of water depth over 50m, from
the surface to 50m depth. His results show the
uniform ascent of mean temperature from
March to September, that is, a significant sinu-
soidal curve as a seasonal variation. The tem-
perature change is different from the sea level
change from April to May. As seen in Fig.3,
this anomalous seasonal change is seen at
Kushimoto (Stn.35), Murotomisaki (Stn.36),
Kochi (Stn.37), Tosashimizu (Stn.38) and
Hosojima (Stn. 39), i.e., the southwestern coast
of Japan facing to the Pacific Ocean. The rea-
son why the gentle rise of sea level appears
along the southwestern coast of Japan from
April to May is not sufficiently explained in
this study.

5. Summary

The seasonal change of sea level is investi-
gated at 68 tidal stations along the Japanese
coast by using the monthly mean data from
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cal mean temperature from the sea surface to
200m depth at Stn.26 averaged from 1964 to
1974.

1981 to 1990. The main results mostly agree
with TSUMURA's results (1963) by the data dur-
ing 1951 to1960. We analyzed the seasonal
change in detail and discussed the sea level

change in relation to the oceanographic phe-
nomenon such as coastal current and coastal
upwelling.

The high sea level in winter is found from
Mombetsu (Stn.2) to Muroran (Stn.7) along
the Hokkaido Coast, and it is significant at
Abashiri (Stn.3) and Mombetsu (Stn. 2) along
the Hokkaido coast in the Okhotsk Sea. The
strength of East Sakhalin Current is considered
to induce the sea level rise along the Hokkaido
Coast in winter. In addition, the high sea level
near Abashiri (Stn.3) in winter significantly
depresses the Soya Warm Current.

The gentle sloping rise of sea level occurs
from Mera (Stn. 19) to Uragami (Stn. 34) along
the southeastern coast of Honshu from June to
July. The sea level change along Suruga Bay
coast agrees with the vertical mean tempera-
ture from the sea surface to 200m depth in the
center of the bay. The vertical mean tempera-
ture is depressed by the seasonal thermocline
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Fig. 10. Amplitude distribution of the sea level (left) and interface (right) displacement after 10 days blowing of
Tms ™' northward wind calculated by the two layer numerical model (After KirApE and MATSUYAMA, 2000).

ascending in spite of the surface temperature
rising in this period. The phenomenon of the
seasonal thermocline ascending is called as
"secondary minimum of water temperature” by
NaKAMURA (1977) and was frequently found in
the region from the Boso Peninsula to Kii Pen-
insula (Unoki and UNNO, 1983). The coastal
upwelling by the northward wind in summer is
suggested to induce both the gentle sea level
rise and secondary minimum of the water tem-
perature along the southeastern coast of Hon-
shu, Japan.

The gentle sea level rise in the Seto Inland
Sea and the southwestern coast of Japan also
appears from April to May, but the sea level
change slightly disagrees with the temperature
change in the surface layer.
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Tide, Tidal Current and Sediment Transport in Manila Bay

Wataru FUJIIE®, Tetsuo YANAGI®* and Fernando P. SIRINGAN* ™"

Abstract : Tide, tidal current and residual flow in Manila Bay are calculated using two-
dimensional and three-dimensional numerical models and the mean bottom stress vector is es-
timated. Mean bottom stress vector expresses the direction of sediment transport. Calculations
of the sediment transport direction off Pampanga and along the shoreline of Cavite are in good
agreement with the observations by SIRINGAN and RiNGOR(1998). The sediment transport in the
whole region of Manila Bay can be estimated from the result of model calculation. The bottom
sediment does not flow from Manila Bay but is transporied into the bay through the bay

mouth.

Key words : Sediment transport, Mean bollom stress, POM, Manila Bay

1. Introduction

Manila Bay is located along the southern
coast of Luzon Island (Fig. 1). There are many
industrial factories along its coast. These facto-
ries use water of Manila Bay as cooling water
or waste disposal system. Manila Bay supplies
fish for the people. Recently, water quality in
Manila Bay has been deteriorated by drainage
from the factories that are distributed along
the coast (KATO, 1999). The substance from the
land is conveyed through a river and accumu-
lates in the bay. It is important to investigate
how suspended substances are transported in
the bay. On the basis of the analysis of surface
sediment, SIRINGAN and RINGOR (1998) showed
that the transport direction of surface sediment
is southward off Pampanga and northeastward
off Cavite.

In this study, we calculate tidal current and
residual flow using numerical model in order to
examine the relationship between the current
field and the surface sediment transport in Ma-
nila Bay. Tide and tide-induced residual cur-
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pan

**Research Institute for Applied Mechanics, Kyu-
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rent are calculated using a horizontal 2-
dimensional barotropic model. The wind-
driven current and the density-driven current
are calculated using the Princeton Ocean
Model (POM). The mean bottom stress vector
is estimated using calculated current field and
the result is compared with the observed one.

2. Numerical model

Tide and tidal current

Tidal amplitude spectrum in Manila harbor
shows that both K; and O, constituents have
the amplitude of about 30 cm and M. and S.
constituents have 19cm and 6 cm, respectively
(Admiralty Tide Tables, 2001). Since the length
of Manila Bay is about 18 km, mouth correction
coefficient is 1.2 and the mean depth is about 20
m, the co-oscillation period of the bay is about
6.1 hours (UNoK1, 1993). This value is close to
M, tidal period and M, constituent cannot be
ignored in Manila Bay although its amplitude 3
is not known.

Along the open boundary, the sea surface ele-
vation is prescribed by linear interpolation us-
ing harmonic constants of M., S., K and O:
constituents at Mariveles and Puerto Azul. The
M. constituent is generated by the non-linear
effect of M. tide.

The governing equations are expressed by
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Fig. 1. Model area with bathymetry. Closed circles show the tide gauge stations. Broken line shows the open
boundary of the numerical model, and thick lines show rivers flowing into Manila Bay.
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here, u is the depth averaged horizontal ve-
locity vector, V the horizontal differential op-
erator, f the Coriolis parameter (=3.651 X 107°
s™Y), k the locally vertical unit vector. g the
gravitational acceleration (=9.8 m sec ?), ¢

the sea surface elevation above the mean sea
level, 72 the bottom frictional coefficient (=
2.6x107%), H the local depth, and v the hori-
zontal eddy viscosity (=10 m?®ec™"). The hori-
zontal grid size is 1000 m. Maximum depth is
81.5 m. Time step for the calculation is 2.0 sec.
The integration was carried out for 510 hours
(21.3 days) in all. Harmonic analysis is carried
out using calculated results for last 15 days.
Calculated co-range and co-tidal charts of
M., S;, Ki, O: and M, are shown in Fig. 2. M.
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tidal amplitude is 15.0cm at the mouth of Ma-
nila Bay and about 20cm in Pampanga. M, tidal
wave travels counterclockwise from the mouth
of Manila Bay to Pampanga. S; tidal amplitude
is 4.6 cm at the mouth of Manila Bay. It be-
comes 6.4 cm in Pampanga. K, tidal amplitude
is 27.5 cm at the mouth of Manila Bay and 29.0
cm in Pampanga. O, tidal amplitude is 25.0 cm
at the mouth of the bay and 27.0cm in
Pampanga. M. tidal amplitude is 1.5 cm at the
mouth of Manila Bay and becomes 6.0cm in
Pampanga.

Table 1 shows the ratio of tidal amplitude at
the mouth to that at the head of the bay off
Pampanga. Quarter-diurnal tidal amplification
is the largest, about 4009, and diurnal tidal one
is the smallest, about 110%, because the co-
oscillation period of Manila Bay is 6.1 hours.

Figure 3 shows the comparison of observed
and calculated results of M,, S;, K; and O, tides
at Manila harbor. The root mean squared error
is 1.1 cm for tidal amplitude and 2.9°for tidal
phase. This calculation of tides well reproduces
the observed result in Manila Bay.

Calculated tidal currents are shown in Fig. 4.
M. tidal current amplitude is about 15 cm/s at
the mouth of Manila Bay. It flows crossing the
mouth of the bay. Off Pampanga, it becomes
about 10 cm/s. S, tidal current amplitude is
about 5 cm/s at the mouth of the bay and 5
cm/s off Pampanga. M, tidal current amplitude
is about 5 cm/s at the mouth of the bay and be-
comes 5 cm/s off Pampanga. K, tidal current is
about 12.0 cm/s at the mouth of the bay and 8.0
cm/s off Pampanga. O, tidal current amplitude
is about 10.0 cm/s at the mouth and 9.0 cm/s off
Pampanga. M, tidal current is most dominant
in Manila Bay although K, and O, tidal ampli-
tudes are larger than M.. The reason is due to
the shorter period of M. constituent than K,
and O..

Residual flow

According to phase differences between tidal
constituents, phases of M,, S, K, and O, tides
will be in agreement every 30 days. Therefore,
we have to carry out 30 days calculation in or-
der to estimate the tide-induced residual cur-
rent by M., S, Ki, O and M, constituents,
which is shown in Fig. 5. The speed of tide-

induced residual current is less than 1 cm/s,
with the exception of 5¢cm/s at the mouth of
the bay. A clockwise circulation is generated at
the mouth of the bay.

We calculate the wind-driven and density-
driven currents using Princeton Ocean Model
(BLUMBERG and MELLOR, 1987) . Please refer to
POM users guide (MELLOR, 1996) about the de-
tails of the governing equations. The horizon-
tal grid size is the same as that 5 used for tide
and tidal current. The vertical division is 14.

We applied a radiation condition along the
open boundary as follows:

oU . . oU _
ot Cor — O 3
C. =Yg @

Here, U is a vertically integrated residual
flow velocity, C.the phase velocity of long
wave and H the water depth. Calculation is car-
ried out for 40 days. The time step is 2 seconds
for the external mode. As for the internal mode,
it is 120 seconds that is 60 times the external
mode.

There are 2 major rivers flowing into Manila
Bay, Pampanga River in Pampanga and Pasig
River in Manila city (Fig. 1). We ignore many
small rivers around Pampanga because of their
small discharges (Siringan and Ringor, 1998).
Average sea surface heat flux in 1993 and 1994
are estimated from ECMWF (European Centre
for Medium-Range Weather Forecast).

Figure 6 (a) shows the average wind direc-
tion and speed from 1961 to 1995 at Manila.
From February to May, wind direction is from
southeast. From June to September, wind direc-
tion is from southwest. From November to
January, wind direction is from northeast. We
calculate three types of wind-driven currents,
for southeast, southwest and northeast winds.
They correspond to April, September and No-
vember. Therefore, sea surface heat flux (Fig.
6b) and river discharge (Fig. 6¢c) in April, Sep-
tember and November are considered as
boundary conditions of the model calculation.

Calculated wind-driven and density-driven
currents in April, September and November
are shown in Fig. 7, respectively. Large vari-
ability is seen in the wind-driven and density-
driven currents field. Although wind-driven
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Fig. 2. Calculated co-range (thin line, unit in cm) and co-tidal (dashed line, unit in radian)charts of M,, S, K,
0, and M constituents.

Table 1 Tidal amplification ratio of each constituent from the mouth to the bay head in Manila Bay.

Constituent M, S. K, 0O, M,
Amplification ratio(%) 130 133 107 110 400
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Fig. 3. Comparison of observed and calculated results of tidal amplitude and phase at Manila harbor.

current predominates in the surface layer, its
influence is small in the bottom layer. Wind-
driven and density-driven currents speed is
about 5 cm/s above the bottom. Near the head
of the bay, they flow along the wind direction.
In the place where depth is large, the compen-
sated flow is dominant.

Sediment transport

The mean bottom stress vector is calculated
using obtained results of M., S;, K,, O, and M,
tidal currents, tide-induced residual current,
wind-driven and density-driven currents. The
mean bottom stress 7s is calculated by the fol-
lowing equation (Yanagi and Fuji-ie, 2001).

_ 1 pr —
s — .OWCI)_T- fé u\/uz dty (5)
U=Unry+Us, T Ur, +Uo, HUary U U, (6)

where p.(=1.022kg/m® denotes the water
density, Cp(=0.0024) the bottom drag coeffi-
cient, T(=30days) the averaging period, each
of um,tus,+ux, +uo, and uu, is tidal current ve-
locity vector, u, is tide-induced residual cur-
rent, and u, is velocity vector of residual flow
whose components are density-driven and
wind-driven currents. Here over bar means the
average in 30 days.

Horizontal distributions of calculated mean
bottom stress vector in April, September and
November are shown in Fig. 8. Mean bottom
stress toward northeast is common at the
mouth of the bay in April, September and No-
vember. The sediment transport direction is

toward west along the shoreline at the north-
eastern head of the bay in April and November.
Off Cavite, although the transport direction in
September is toward northeast, it is toward
southwest in November. In April, it is toward
southeast. Such variation is due to the seasonal
variation of wind-driven current.

Figure 9 (a) shows averaged sediment trans-
port vector in April, September and November
and Fig. 9 (b) the sediment transport path esti-
mated by the field observation of Siringan and
Ringor (1998). From the calculation off
Pampanga, the sediment transport is toward
southeast. Off Bataan, the sediment transport is
toward north. Off Cavite, the sediment trans-
port is toward northeast (Fig. 9a). These calcu-
lation results agree with the observation
results by SIRINGAN and RiNgor (1998). From
the calculation result, there is a convergence of
sediment transport in the center of Manila Bay
and sediment transport is into the bay at the
mouth of the bay.

3. Conclusion

The average sediment transport direction in
Manila Bay is calculated by averaging the
mean bottom stress vector in April, September
and November. The results are in agreement
with the results of field observation by
SIRINGAN and RINGOR (1998). Therefore, the re-
sult of this study can explain the sediment
transport in a long time scale.

The seasonal variation in the direction of
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contamination from the land is very important

sediment transport in Manila Bay, mainly seen

at the shallow area

in Manila Bay in order to preserve the sedi-

ment environment there.

depends on the variability

4

of wind-driven and density-driven currents.

Next, we will calculate the transport direc-
tion of various substances such as suspended

matter.

It is very interesting that transport vector is
directed into the bay at the mouth of Manila

Bay. This result suggests that bottom sedi-
ments are always transported from the bay

mouth into the bay and sediments do not flow

from Manila Bay. Therefore, the prevention of
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Fig. 8. Horizontal distribution of mean bottom stress vector during 30 days in Manila Bay in April, September

and November.
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Seasonal Variations in Circulation and Salinity Distributions
in the Upper Gulf of Thailand: Modeling Approach

Anukul BURANAPRATHEPRAT *!, Tetsuo YANAGI** and Pichan SAWANGWONG *!

Abstract : Seasonal variations in circulation and salinity distributions in the upper Gulf of
Thailand are investigated by using a 2-D hydrodynamic model. The computed results of circu-
lation are used as inputs in a simple model to calculate salinity distribution to verify the com-
puted results with those of the observation from a previous study. The model succeeds to
reproduce salinity distribution that confirms the reliability of computed circulation. During the
southwest monsoon, a clockwise gyre is generated near the head of the Gulf with northward in-
flow and southward outflow in the southwest and the southeast of the upper Gulf, respectively.
However, there is no complete gyre during the northeast monsoon, just flow along the coast
from the east to the west, and then flow out of the Gulf at the southwest, consecutively. The re-
sults roughly inform the oceanographic condition regarding the occurrence of strong
eutrophication in the eastern part of the upper Gulf during the southwest monsoon. More real-
istic 3-D hydrodynamic model and ecological model will be used to investigate the mechanism

of this phenomenon in the future.

Key words : Gulf of Thailand, wind-driven curent, seasonal variation, salinity distribution

1. Introduction

The upper Gulf of Thailand (Fig.1) is lo-
cated in the tropical region at 13°N and 100°E.
It is surrounded by land in the eastern, north-
ern and western sides, and is open to the lower
Gulf of Thailand via the southern border. It has
an approximate area of 10 km? with the maxi-
mum depth of 40 m at the southeastern area.
The area is under the two-monsoon wind sys-
tem, the dry northeast (November to January)
and the wet southwest monsoon (May to
August). The northeast wind during the north-
east monsoon brings cool and dry air from Si-
beria, while the west to southwest winds bring
moist air from the Indian Ocean into the region
(S0JISUPORN, 1994).

The upper Gulf is one of the significant eco-
nomic areas for the Thai nation. Large-scale
farming of the green mussel is largely confined

*'Department of Aquatic Science, Faculty of Science,

Burapha University

T. Saensuk, A. Muang, Chonburi 20131 Thailand
**Research Institute for Applied Mechanics, Kyushu

University

Kasuga, Fukuoka, 816-8580 Japan

to coastal areas in the upper region of the Gulf
of Thailand, and the major mussel-producing
provinces are all close to Bangkok where major
markets are located (CHALERMWAT and LuTz,
1989). Fisheries are also important in such a
shallow area. Although overfishing has almost
wiped out the high-priced fish species, the in-
come from local fishery is still a major one.
Furthermore, maritime activities are rapidly
stimulated in present time because of indus-
trial development. Therefore, many commer-
cial ports are developed and located around the
upper Gulf. However, tourism and recreation
activity are also important for the nation in-
come and cannot be overlooked.

Rapid country development and population
growth have resulted in pollution problem and
deterioration of the Gulf condition. Anyway,
the most conspicuous and widespread pollu-
tion impact on the marine environment of the
Gulf is perhaps eutrophication (CHONGPRASITH
and SRINETH, 1998). And consequently, massive
blooms of phytoplankton frequently occurred
in the area, especially in the eastern side of the
upper Gulf of Thailand (SojisuPORN, 1994;
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Fig. 1. The upper Gulf of Thailand.

CHONGPRASITH and SRINETH, 1998). One of the
major causes of phytoplankton bloom is from
excessive nutrients and organic pollutants car-
ried down by major rivers in the head of the
upper Gulf, namely the Maeklong, the Thachin,
the Chaopraya and the Bangpakong, located
from the west to the east, respectively. How-
ever, the reason why blooming frequently ap-
peared in the eastern part of the upper Gulf is
still not understood well.

According to the importance and problems
of the upper Gulf of Thailand, understanding in
oceanographic condition becomes the vital key
to access the ways to use it sustainedly. Many
studies have been done (e.g. NEDECO, 1965;
NEELASR]I, 1981; SOJISUPORN and
PUTIKIATIKAJORN, 1998) but their results of cir-
culation are different depending on the meth-
ods and assumptions of the authors. Therefore
we cannot clarify the oceanographic view of
the area and still in doubt at present time. As

100°30' E 101°E

Contours show the depth in meters.

for the seasonal variation of 3-D circulation in
the whole area of the Gulf of Thailand, numeri-
cal experiment (YANAGI and TAKAO, 1998) is al-
ready conducted. However the information on
the upper Gulf is limited because their mesh
size is too large as 10 km.

Although direct measurement is the best
way to get the oceanographic information, it
consumes very much time and budget. With
the hope to get the general information of sea-
sonal variation of the circulation in this area,
this is a try to investigate the circulation in the
upper Gulf by using a 2-D hydrodynamic
model. And, the results of circulation will be
applied as inputs to calculate the seasonal sa-
linity distributions, which will be compared
with those of the observation from a previous
study.

2. Numerical experiment
In order to find out the horizontal circulation
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of the upper Gulf of Thailand, a prognostic nu-
merical model developed by BUNPAPONG et al.
(1985), and BURANAPRATHEPRAT and
BunpAPONG (1998) is adopted. This model uses
ADI (Alternating Direction Implicit) technique
to solve the governing momentum and conti-
nuity equations shown as follows:

OU 50 cinr e on _ o _

o 2Q sin ¢+ v+gD P T—Ts., €))
P on .

5t 2Q sin ¢ u+gD oy T T, @
and

ou_ v oy _ f
PR o o =0 3

where x and y are distance in east - west and
north - south directions (m), respectively, u
and v are transports per unit width (m?/s) in x
and y directions, respectively, 7 is water eleva-
tion (m), g is gravitational acceleration (9.8 m
/s?, D is averaged depth (m), ¢ is time (s), Q is
angular velocity of the Earth rotation (7.29 X
107 rad/s), ¢ is latitude (radian), T.. and T,
are wind stress terms in r and y directions, re-
spectively, and 7. and T, are bottom stress
terms in x and y directions, respectively. The
general forms of surface and bottom stress
terms are presented in equations (4) and (5).

T.=k, | WI| W, @)

T.=k, | V|V, )

where k. is wind stress coefficient (1.1 X107%),
and k, is bottom stress coefficient (2.5x10 %)
(BUNPAPONG et al. 1985), W is wind velocity at
10 m above sea level (m/s), and V is water cur-
rent vector (m/s). In the momentum equations
(equations (1) and (2) ), we neglect the terms
of horizontal viscosity because they are consid-
ered to be very small in order of magnitude
when comparing with other terms. The spheri-
cal coordinate is used with grid spacing 1 x 1
minute in latitude and longitude (about 1.7
km), respectively. Thus, the spatial derivative
terms in equation (1) to (3) will be transform
according to equation (6) and (7).

0 1 0

8T  acos¢ 64 (6)

and

0 _ 10
oy a dp
where g is average radius of the Earth (6.37

x10°m), ¢ and A are latitude and longitude

(radians), respectively.

The mean depth from the navigation chart,
and the 8-year (1990-1998) averaged wind field
from ECMWF (European Center of Medium
Range Weather Forecast) (Fig. 2) are em-
ployed as inputs in computation. The model is
taken initially at rest or no-motion condition.
Normal component of volume transport is
specified as zero along the solid coastal bound-
ary. At the sea boundary, water elevation at
the east (Sattahip) and the west (Hua Hin)
end points (Fig.1), calculated by using the har-
monic analysis technique, are linearly interpo-
lated to fill in all grids along the open
boundary between them. The predominant
tidal constituent from SoOJISUPORN and
PUTIKIATIKAJORN (1998) are used for the har-
monic calculation of tidal elevation, whose val-
ues are shown in Table 1. The monthly mean
river discharges from the Hydrographic De-
partment, and BOONPHAKDEE ef al. (1999) are
conditions at the river boundary. The model is
operated with time step of 1800s, and running
time for 30 days.

)

3. Seasonal circulation

The results of seasonal circulation due to the
monsoon winds plus the tide-induced residual
current are presented in Fig. 3. Currents have
averaged magnitude of 0.44, 0.40, 0.70, and 0.36
cm/s in the northeast, the transition from the
northeast to the southwest (NE-SW), the
southwest, and the transition from the south-
west to the northeast monsoon (SW-NE), re-
spectively. During the northeast monsoon,
circulation has trend to flow in counter-
clockwise direction along the coastline from
the east to the head of the Gulf, and then flows
to the west, respectively. This current contin-
ues flowing southward along the west coast,
and finally runs out of the Gulf in the south-
western part. The counter-clockwise flow pre-
sented in the northeast monsoon becomes
weaker in the NE-SW transition period. A
clockwise gyre appears at the northwestern
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Fig. 2. Seasonal wind fields over the upper Gulf of Thailand

Table 1 Major harmonic constituents used to calculate the tidal elevation at the sea boundary.

Tidal Hua Hin Sattahip
Constituent Amplitude(m) Phase(degree) Amplitude(m) Phase(degree)
K, 0.609 167 0.587 162
O, 0.396 117 0.393 112
M, 0.327 140 0.261 121
S. 0.158 213 0.123 192

part of the Gulf. Strong northward currents
can be observed along the eastern coast in this
season, which are the same as those in the pre-
vious season.

Circulation during the southwest monsoon
dramatically changes from that during the
northeast monsoon. The counter-clockwise
flow vanishes in this season, but a big strong
clockwise gyre appears near the head of the
Gulf. The current flowing into the Gulf in the
southwestern part separates into two direc-
tions, the northward along the west coast, and

the northeastward to the central of the lower
half of the Gulf. The northward flow along the
chain of eastern islands is still observed but the
magnitude is weaker than those in the two pre-
vious seasons. Strongest currents from main
rives are perceived during the SW-NE transi-
tion period because of high river discharge in
this period. However, over all current in the
Gulf is weaker and more complicate than other

time. The clockwise gyre disappears and re-

treats as a weak clockwise flow along the coast
in the northwestern area.
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Fig. 3. Calculated seasonal circulation in the upper Gulf of Thailand.

3. Salinity distribution experiment

In this study, because of the lack of meas-
ured current data to be verified with the com-
puted results, we have to try to simulate the
seasonal salinity distribution in the upper Gulf
of Thailand by using computed circulation as
input. And the results will be compared with
the picture of the seasonal distribution of sea
surface salinity in the same area (Fig. 4), which
was intensively measured and presented by
NEDECO (1965). The objective of the study is
to examine if the computed results of seasonal
circulation can reproduce the salinity distribu-
tion in the same way as those from the meas-
urement. Vertical stratification is developed
only in the central and southern parts of the
Gulf of Thailand throughout the year and the
water column is vertically mixed near the head
of the Gulf because log(H/U?) is smaller than
2.5 (H: water depth in meters, U; tidal current

amplitude in m/sec) there (YANAGI et al., 2001).

The governing equation to calculate salinity
distribution is shown below:

2 2

CHE S e S T
where s is salinity (psu), and K, is the horizon-
tal diffusivity (m?/s). The detail how to con-
sider the value of K, will be described later.

We use the spatial coordinate in the same
way as that in the circulation model, with the
central scheme of the finite difference tech-
nique. Time step is 3600s with running time of
1,200 days because the solutions become stable
at the day of 1,100. Salinity at the river bounda-
ries are fixed and set as zero, while those at the
sea boundary are assumed to depend on the ob-
served results in Fig4. Values of K, are ad-
justed seasonally depending on the computed
results of salinity. If the K, is too small, some
errors will be generated in the results. Thus, we
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Fig. 4. Seasonal variations in salinity distribution in the upper Gulf of Thailand. Arrows show the wind

direction(NEDECO, 1965).

Table 2 The list of some parameters used as inputs in computation of salinity distribution

Seasons

Initial sal.(péu.) Boundary sal.(psu.) K,(m?*/s)
Northeast - 310 330 15
Northeast to Southwest 29.0 32.0 1.5
Southwest 25.0 325 30.0
Southwest to Northeast 20.0

30.0 15.0

choose the minimum K, value in each opera-
tion that can maintain the reliable outputs. The
values of salinity for initial and boundary con-
ditions, and K, are summarized and presented
in Table 2.

The computed results of seasonal distribu-
tion of salinity in the upper Gulf of Thailand
are shown in Figh. Salinity is quite high

during the northeast monsoon with tendency
of low salinity in the west coast. Anyway, low
salinity also appears in the east coast just near
the Bangpakong river mouth. In the NE-SW pe-
riod, a plume of low salinity water occurs in the
northwestern area, while higher salinity arises
as the background in the entire area. A mean-
der of low salinity appears from the mid-west
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Fig. 5. Computed salinity distribution in the upper Gulf of Thailand.

coast to the central of the southern end. How-
ever, the salinity distribution is dramatically
shifted from those in the two previous seasons
during the southwest monsoon. Relatively
high and low salinity presents in the west and
the east coasts, respectively. Lowest salinity
can be observed near the Bangpakong river
mouth, and the values are gradually high along
the east coast from this area to the sea bound-
ary. The contours illustrate that high salinity
from the west coast penetrates to the east near
the mid-north coast, while low salinity perco-
lates from the east to the west in the mid-Gulf.
During the SW-NE transition period, except the
sea boundary region, salinity is quite low in the
remaining area. High salinity water from the
south advances into the Guif along the east
coast, while it retreats because of the low salin-
ity water mass in the southwestern site. As a
result, salinity in the upper half of the Gulf is
lower in the west than that in the east.

4. Discussions

Unfortunately, we have no raw numerical
data from the previous studies to be correlated
mathematically with the computed results of
salinity distribution. Therefore, we can just
compare the figures of the measured from a
previous study with those of the computed by
this study. However, it is quite clear that the
computed results of salinity distribution (Fig.
5) coincide with those of the measured (Fig.4),
although the former represents the depth-
averaged salinity while the latter are the val-
ues at the sea surface. Good comparisons are
observed during the mid-northeast and the
mid-southwest monsoons. Because the patterns
of wind field at these times are quite stable,
which can generate the unique and stable pat-
terns of circulation and salinity distributions.
On the contrary, it is quite hard to reproduce
the observed patterns during the monsoon
transition because of the year-to-year variation
in the time of monsoon change.

From the success to reproduce the salinity
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distributions, we can refer them back to the
patterns of circulation. The figures of salinity
distribution (Fig.5) and seasonal circulation
(Fig.3) illustrate the closed gyre occurring
only in the southwest monsoon. While in the
northeast monsoon, the closed gyre cannot be
generated. It may be from the interaction be-
tween wind direction and coastal morphology.
The main balance in the momentum equations
of (1) and (2) is between the surface and bot-
tom stresses because the horizontal scale of the
upper Gulf (about 100 km) is much smaller
than the Rossby’s deformation length A of 370
km (A =(@H)"*/f,g=98 m/s’, H=16m and f=
3.3x10°° rad/s). Strong west and southwest
wind during the southwest monsoon will push
water in the shallow region along the north
coast to move strong and fast to the east. And
when the current batters the east coast, it will
reflect back to the west along the central line
separating the northern and the southern Gulf
due to the horizontal geometry, generating a
closed clockwise circulation. However, during
the northeast monsoon, strong northeast wind
just induced water movement consecutively
along the coast from the north to the west, and
then flows out of the Gulf at the southwestern
boundary. This counter-clockwise flow is com-
pensated by the northward inflow of seawater
along the east coast. Therefore, the closed gyre
cannot occur, just flows along the coast from
east to north, to west, and then flows out at the
southwest, respectively.

The frequent occurrence of phytoplankton
bloom in the northeastern Gulf should be dis-
cussed here as well. This phenomenon can be
mentioned to the eutrophic condition from
high nutrient accumulation in the area. The
study of NRCT-JSPS (1998) pointed out the
significant source of nutrient from the
Bangpakong River. Anyway, the results of cir-
culation and salinity distribution suggest the
oceanographic condition promoting the condi-
tion other than loading from the Bangpakong
River. It is obvious that nutrient loads from
four main rivers in the upper Gulf (Fig.1) are
very high depending on large freshwater dis-
charge in wet season, which is the time of the
southwest monsoon. The west and southwest
wind prevailing over the upper Gulf (> 6

months per year: ECMWF data) will generate
the clockwise gyre near the head of the Gulf
(Fig.3), which let discharges from the river
mouths flow from the west to the east along
the north coast. As we can see in the salinity
distribution during the southwest monsoon
(Fig.5) that indicates the influence of dis-
charge from the Chaopraya river over the area
near the Bangpakong river mouth and the east-
ern coast of the Gulf. Not only freshwater but
also contaminants such as nutrients are also
driven to the east. Therefore, this terminal area
will suffer from the nutrient transport and then
the eutrophic condition is promoted for long
period of the year.

However, the above reason for the eutrophic
condition is just a possible assumption accord-
ing to the results from this study. We will have
to investigate the details of mechanism by us-
ing 3-D hydrodynamic model and ecosystem
model in the near future. The 3-D model can let
us know more realistic oceanographic condi-
tion because it include effects not only from
wind, tide, and river discharge but also from
horizontal density difference (density driven
current), and sea surface height. And, we will
use the ecosystem model, which considers the
biological factors to investigate the mechanism
of the phenomenon.

5. Conclusions

The seasonal variations in circulation and sa-
linity distributions in the upper Gulf of Thai-
land are investigated by wusing a 2-D
hydrodynamic model. Comparable results of
salinity distributions from the computation
and those from the observation confirm the re-
liability of computed circulation. During the
southwest monsoon, a clockwise gyre is gener-
ated near the head of the Gulf with northward
inflow and southward outflow in the south-
west and the southeast of the upper Gulf, re-
spectively. However, there is no closed gyre
during the northeast monsoon, just flows along
the coast from east to west, and then flows out
of the Gulf at the southwest, consecutively.
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