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Isao　YAKuwA　and　Morirnasa　OHTANI
　　　　　　　　（Received　November　20，　1985）

Abstract

　　　MaRy　observatioRs　of　a　salt　wedge　has　been　carried　out　by　the　use　of　the　ultrasonic

method　at　the　estuary　of　the　lshikari　River　since　1961．　The　behavior　of　the　salt　wedge　is

much　influenced　by　the　shape　of　the　river　bed　at　the　estuary．　The　critical　discharge　at　which

the　salt　wedge　begins　to　penetrate　into　the　river　mouth　was　estimated　as　55e一一60e　m3／s．

When　the　discharge　iRcreases，　the　mixing　of　the　fresh　and　salt　water　grows　along　the

interface　and　the　salt　wedge　begins　to　decay．　ln　the　steady　state　of　the　salt　wedge，　the

amplitude　of　the　internal　tide　was　intensified　5．2　times　as　large　as　the　tidal　motion　of　the

surface，　An　abrupt　change　of　the　level　of　the　interface，　influenced　by　a　storm　surge，　was

observed　when　the　atmospheric　depression　passed　through　the　sea　area　near　the　river　mouth．

1．　1無も罫oduct童。無

　　　The　authors　and　other　workers　have　performed　many　observations　of　salt　wedges　and

salinity　diffusion　at　the　interface　of　the　fresh　aRd　salt　water　at　the　estuary　of　the　lshikari

River　in　Hokkaido，　Japan”2’．　The　lshikari　River，　which　has　a　length　of　about　270　km　and

an　amount　of　normal　discharge　of　300一一一500　m3／s，　flows　through　the　lshikari　Plain　and　pours

into　the　Japan　Sea　（Fig．　1）．　Because　the　Japan　Sea　has　a　small　tidal　range　of　about　30cm　at

its　maximum　throughout　the　year，　the　salt　water　penetrates　into　the　river　mouth　taking　the

form　of　wedge　wheR　the　discharge　decreases　below　a　critical　value．　The　fron£　of　the　sal£

wedge　reaches　a　poiRt　about　15km　or　more　upstream　from　the　mouth　at　the　discharge　of

about　200m3／s　in　the　low　water　season　of　summer．　As　long　as　the　state　of　the　salt　wedge　is

steady，　a　remarkable　stratification　is　usually　observed．　When　the　discharge　increases

because　of　a　rainfall，　however，　the　salt　wedge　changes　to　an　uRsteady　state　and　begins　to

decay，　ln　such　a　case　violent　mixing　of　the　fresh　and　salt　water　can　be　found　everywhere

along　the　interface．

　　　The　authors　have　developed　an　ultrasonic　method　to　observe　the　profile　of　the　salt

wedge．　Since　an　ultrasonic　wave　is　reflected　at　the　interface　and　also　ae　the　river　bed，　a

profile　of　the　salt　wedge，　as　we｝1　as　the　shape　of　the　bed，　can　be　recorded　by　means　of　echo－

sounding．
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Fig．1　Location　map．

station　near　the　river

2．　Behayior　of　the　salt　wedge

　　　　Among　the　records　of　the　longitudinal　profile　of　the　salt　wedge　observed　by　the　ultra－

sonic　method，　an　example　of　24　July　1964　when　the　river　discharge　was　38em3／s　is　shown　in

Fig．　2．　The　record　was　obtained　by　echo－sounding　from　the　river　mouth　to　a　distance　of　9km

upstream．　At　the　same　time，　vertical　distributions　of　velocity　and　salinity　were　measured　at

the　river　mouth　and　at　stations　2．0，　3．7　and　4．5km　upstream　respectively　from　the　mouth．

The　results　of　the　observation　are　shown　in　Fig．　3．　From　the　record　（Fig．　2），　it　is　found　that

there　are　many　rises　and　depressions　along　the　river　bed，　consequently　the　behavior　of　the

salt　wedge　is　soraewhat　different　from　that　of　an　ideal　river　with　a　flat　bed．　According　to

Figs．　2　and　3，　a　discontjnuity　jn　salinity　is　remarkably　sharp　at　the　interface．　Particularly

at　the　station　4．5km，　the　interface　is　very　clear．　At　the　station　3．7km，　however，　mixing　of

the　fresh　and　salt　water　is　censiderably　strong　and　a　clear　stratification　can　no　longer　be

seen．　Such　a　transition　of　the　interface　is　believed　to　be　the　result　of　an　intemal　jump　which

is　caused　by　a　big　projection　on　the　river　bed．　The　water　in　the　mixing　layer　gradually

diffuses　into出e　fresh　water　Iayer　while　it　flows　downstream，　and亡heねterface　recovers　its

clearness　at　the　station　2．el〈m．　Atthe　river　mouth，　as　the　water　depth　decreases，　flow－out

velocity　of　the　fresh　water　and　flow－in　velocity　of　the　salt　water　are　both　large．　Therefore，

mixing　is　strong　there　and　salinity　of　the　surface　layer　rapidly　increases　outside　the　mouth．
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　　　　　　　　　　　　　　　　　　　　Fig．2　A　longitudinal　profile　of　the　salt　wedge

　　　　　　　　　　　　　　　　　　　　　　　　　　（24　July　1964）．

　　　　XMien　the　discharge　of　the　fresh　water　increases，　the　front　of　the　sait　wedge　begins　to

recede．　At　times，　however，　the　salt　water　is　found　to　be　left　in　hollows　on　the　river　bed　even

when　the　front　has　been　driven　downstream．　Figure　4　shows　a　record，　observed　on　11

August　1965，　in　which　the　salt　water　remains　in　the　bed　hollow　located　at　a　distance　of　9．4km

upstream　from　the　mouth．　The　critical　discharge　Qout　at　which　the　salt　water　is　completely

washed　away　from　the　deepest　hollow　near　the　river　mouth，　namely　when　the　salt　water

cannot　be　found　inside　the　mouth，　seems　to　reach　a　considerably　large　value　which　is　more

than　1400m3／s　at　the　lshikari　River．

　　　　When　the　discharge　decreases　again　below　a　certain　critical　value　Qin，　which　was

estimated　as　550一一600m3／s　at　the　lshikari　River，　the　salt　wedge　begins　to　penetrate　into　the

mouth．　The　salt　water　progresses　upstream　along　the　bed　after　filling　up　the　bed　hollows

successively．　For　instance，　Fig．　5　shows　the　picture　in　which　the　salt　water　is　flowing　into

the　bed　hollow　about　9．5km　upstream　from　the　mouth　（on　20　July　1961）．　Figure　6　is　an

interesting　record，　observed　on　25　April　1964，　where　the　salt　water　is　trapped　in　the　hollow

（left　side　of　the　picture）　and　a　new　front　of　the　salt　wedge　is　progressing　toward　the　hollow

（right　side　of　the　picture）．　The　salt　water　left　in　the　hollow　is　diffusing　into　the　upper　fresh

water　layer　across　the　interface．　The　front　of　the　salt　wedge　is　wedge－shaped　and　the

internal　wave　can　be　recognized　at　the　interface．　Figure　7　shows　a　profile　near　the　front　of

the　salt　wedge　progressing　along　the　river　bed　of　inverse　gradient　at　3．Okm　upstream　from

the　mouth　（on　13　October　1983）．　ln　a　record　observed　on　25　July　1968，　the　big　projection　on
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the　bed　located　3．7km　upstream　facilitates　the　mixing　of　the　fresh　and　salt　water　and　the

thickness　of　the　mixing　layer　becomes　remarkably　large　there　（Fig．　8）．

　　　It　is　found　that　the　big　rises　on　the　river　bed　sometimes　prevent　the　salt　water　from

penetrating　upstream．　On　7　October　1961，　the　progression　of　the　front　of　the　salt　wedge　was

stopped　by　the　projection　at　5．8km　upstream　（Fig．　9）．　Figure　10　shows　a　profile　near　the

front　of　the　salt　wedge　observed　on　17　July　1968　about　12．5km　far　from　the　mouth．　ln　this

picture，　the　wedge－shaped　front　cannot　be　recognized　clearly　because　the　progression　of　the

salt　water　is　partially　arrested　by　the　projection　on　the　bed　at　the　shallow　part　in　the　cross

section．

　　　　Figures　11　and　12　show　typical　longitudinal　profiles　of　the　interface　and　the　river　bed　in

various　stages　of　the　river　discharge．　Figure　11　shows　profiles　when　the　salt　wedge　is

progressing　or　it　is　in　the　steady　state．　As　shown　in　Fig．　11　（a），　the　salt　water　could　not　flow

into　the　river　mouth　at　the　discharge　of　720m3／s　（on　4　June　1965），　which　is　larger　than　the

value　of　Q　in．　At　the　discharge　of　550m3／s，　however，　the　front　was　seen　penetrating　into　the

mouth　beyond　the　depression，　forming　a　tongue　pattern　on　5　June　1965　（Fig．　11　（b））．　As　the

discharge　decreases，　the　length　of　the　salt　wedge　increases　and　thickness　of　the　fresh　water

layer　gradually　decreases．　Figures　11　（c）　and　11　（d）　are　examples　at　a　period　of　low　river

discharge；270m3／s　on　21　August　and　190m3／s　on　3　August，　1967．　On　3　August，　the　front　of

the　salt　wedge　reached　a　point　13km　upstream　from　the　mouth．

　　　　When　the　discharge　ihcreases，　the　interface　changes　to　an　unstable　state　and　the　salt
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wedge　begins　tQ　decay．　Figure　12　shows　examples　of　this　case．　As　compared　with　Fig．　11

0f　the　same　discharge，　the　interface　is　very　unstable　and　a　violen’　t　mixing　of　the　fresh　and　salt

water　is　found　everywhere　along　the　interface，

　　　Figure　13　shows　the　relation　between　the　river　discharge　and　the　length　of　the　salt　wedge

in　the　steady　state．　ln　this　figure，　the　closed　circle　e　and　the　open　circle　O　indicate　the　data

observed　by　authors　and　by　members’　of　the　Hokkaido　Development　Bureau　respectively，　lt

is　found　that　the　relation　is’　greatly　influenced　by　the　shape　of　the　river　bed　at　the　estuary．

As　seen　in　Figs．　11　and　12，　at　the　section　from　the　river　mouth　to　8．5km　upstream，　the　water

depth　is　deep　and　a　big　hollow　is　formed　along　the　bed．　When　the　discharge　decreases，　the

salt　water　penetrates　upstream　after　filling　this　big　hollow．　Consequently，　the　rate　of

intrusion　for　a　change　of　the　discharge　is　small．　On　the　other　hand，　at　the　section　upstream
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（b）　24　July　1964，　Q　：380m3／s

o

：t

轟

臣Io
a

　　　　　　　　iNTERFACE
tst　，Lv〈””1）．一’ @’

一2　一1　012545678910　il　12　13
　　　　　　　DISTANCE　FROM　RIVER　MOUTH｛Km）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Fig．　12

　　　　　　　　　（c）　22　July　1964，　Q＝　200m3／s

Longitudinal　profiies　of　the　interface　and

the　river　bed　in　the　unsteady　state．
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　　　　　　　the　length　of　the　salt　wedge．

from　the　point　8．5km，　the　water　depth　becomes　shallow　and　the　shape　of　the　bed　is　nearly　flat．

Therefore，　the　progression　of　the　front　is　seRsitively　inf｝uenced　by　the　change　of　the

discharge．　As　a　result，　the　relation　can　be　represented　by　a　curve　upward　convex　at　the

former　sectlon，　and　conversely　upward　concave　at　the　latter　section　At　the　！ow　water

period　in　summer，　the　front　is　found　to　be　23km　upstream　far　from　the　river　mouth　for　the

discharge　of　120m3／s．　ln　the　winter　season，　however，　the　salt　waeer　caRnot　penetrate

upstream　as　easily　as　in　summer，　because　the　river　mouth　is　narrowed　on　account　of　the　sand

drlft　caused　by　tke　northwesterly　rRonsoon．　The　data　observed　on　12　January　and　28

February　1968，　shown　by　the　circle　e　in　Fig．　13，　are　examples　of　this　case．　The　distance　of

iRtrusion　is　somewhat　short　compared　wlth　other　data　for　the　same　discharge．

3．　Sa1童無韮毛y　d量ffusion　at　t｝塾e　i簸terface

　　　The　degree　of　mixing　of　the　fresh　aRd　salt　water　at　the　interface　of　the　salt　wedge　is

influenced　by　the　river　discharge　and　varies　with　a　distance　from　the　mouth．3）4）5）　ln　order　to

grasp　the　phenomenon　of　mixing，　it　is　necessary　to　obtain　a　longitudinal　distribu£ion　of

sallnlty　in　the　surface　layer．　Therefore，　the　authors　sampled　300cc　of　surface　water　every

30s　durlng　the　sail　for　echo－sounding　and　measured　the　quantity　of　chlorinlty　in　the　water．

　　　Figure　14　shows　longitudinal　distributions　of　chlorinity　in　the　surface　water　in　cases　of

different　discharges．　The　chlorinity　increases　downstream　and　the　gradient　of　chlorinity
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（a）　3　and　4　August　1967

（b）　21　and　22　August　1967

（c）　26　July　and　5　Augttst

　　　1967
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　　　Fig．　14　Longitudinal　distributions　of　surface　salinity．
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increase　becomes　steep　near　the　mouth，　showing　that　the　mixing　is　violent　there．　Figure　14

（a）　shows　two　examples　（on　3　and　4　Augtist　1967）　observed　in　the　low　water　season　of　summer．

According　to　the　observation　by　the　ultrasonic　method　the　salt　water　penetrated　as　far　as

lskm　from　the　mouth　and　the　salt　wedge　was　very　stable．　Twe　distributioR　curves　shown

iR　the　figure　are　almost　the　same．　When　the　river　discharge　increases，　however，　the

gradients　of　ch｝orinity－distance　curves　become　steep　especially　near　the　rnouth，　as　seen　in　Fig．

14　（b）　and　（c）．　Figure　14　（b）　shows　observational　results　on　21　and　22　August　1967，　with

discharges　of　270　aRd　210m3／s　respectively．　Although　the　salt　wedge　was　stable　on　both

days，　the　chlorinity　on　22nd　was　more　than　that　of　21st．　Such　a　result　is　caused　by　the　wind

stress．　Namely　on　22　August，　the　mixing　of　£wo　layers　were　developed　by　a　southerly　wind

of　velocity　10m／s．　ln　Fig．　14　（c），　the　curves　obtained　on　26　July　and　5　August　1967　are

compared．　ln　the　case　of　5　August，　the　river　discharge　was　large　and　the　value　of　chlorinity

was　high　near　the　front　of　the　salt　wedge．　On　the　other　hand，　the　curve　of　26　July　shows　a

type　of　ordinary　stable　one．　Because　both　curves　are　coRtrolled　so　that　the　chlorinity　at　the

mouth　is　about　the　same　value，　the　curve　of　5　August　has　a　rather　gentle　gradien£　along　the

salt　wedge　compared　with　that　of　26　July，　showing　a　remarkable　difference　between　the

stable　and　unstable　cases．

4．　IRfluence　ef　tke　tide

　　　On　the　boundary　of　the　fresh　and　salt　water　at　the　salt　wedge，　the　in£ernal　wave　is　caused

by　the　tidal　motion　which　propagates　along　the　river　surface．　To　study　the　relation　between

the　internal　wave　and　the　tide，　the　authors　observed　tke　ckange　of　the　level　of　the　interface

by　the　use　of　a　Step－type　lnterface　Meter6＞　during　the　periods　from　September　to　October，

1982　and　from　June　to　November，　1983　at　the　station　located　4．4km　upstream　from　the　river

mouth　（shown　by　the　closed　circle　in　Fig．　1　（b））．　The　lnterface　Meter　was　set　with　two

seRsors　of　salinity　meter　atthe　site　15m　off　the　left　bank　of　the　river，　where　the　water　depth

was　about　llm．　The　salinity　of　the　two　points，　！m　and　10m　down　from　the　river　surface，　was

continuously　recorded　with　the　level　of　the　interface　by　a　six　channel　recorder．

　　　F｝gure　15　gives　an　example　of　the　record　of　the　internal　tide　observed　at　the　period　21

一一
Q2　August，　1983．　The　amplitude　ratios　of　the　inte’rnal　to　surface　tide　in　the　steady　state

of　the　salt　wedge　observed　in　1983　are　showR　in　Fig．　16　for　the　amplitude　of　the　surface　tide．

In　this　figure　the　amplitude　of　the　internal　tide　is　found　to　be　5．2　times　as　large　as　the　tidal

motion　of　the　surface　on　an　average．

　　　On　the　basis　of　the　observational　resul£s　during　the　period　24一一27　October，　1982　we

coRsider　the　change　of　£he　water　level　in　the　lower　region　of　the　lshikari　River　and　its

influence　to　the　internal　wave　in　an　uRsteady　state．　Daily　changes　of　the　water　level

observed　at　the　stations　given　by　closed　circles　in　Fig．　17　are　shown　in　Fig．　18．　The　distance

from　the　river　mouth　to　each　station　is　respective｝y　as　follows　；　¢　lno　15ekm，　（i）　Osamunai

13ekm，　＠　Hashimotocho　94km，　＠　Naie　77km，　＠　Tsukigata　58km，　＠　lwamizawa　44．5km，　（iii）

Ishil〈ari　Ohashi　26．5km，　（S）　Shinoro　15km　and　＠　Bunchujo　4．4km．　The　lowest　picture　of　this

figure　shows　the　observed　（solid　liRe）　and　estimated　（dotted　liRe）　sea　levels　at　Otaru　Harbor，
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fig．　15　An　example　of　the　internal　tide　observed

　　　　　　　at　the　station　4．4km　upstream　from　the

　　　　　　　river　mouth　（21一一一22　August　1983）．
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@⑱面
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㊥

　　　　　　5　　　　　　　書0　　　　　　　15

　　　　AMPLITUDE　OF　SURFACE　TIDE（cm）

Fig．16’　The　amplitude　ratio　of　the　internal　to

　　　　　　　surface　tide　at　the　station　4．4km．

20

1ocated　about　33km　west　from　the　river　mouth．　On　25　October，　the　observed　level　was　at　its

maximum　30cm　larger　than　the　estimated　value　showing　that　the　sea　level　had　risen　in　a

peculiar　fashion．　An　atmospheric　depression　had　passed　through　the　Japan　Sea　from　SW　to

NE　direction　near　the　river　mouth　on　£he　mornlng　of　25th，　and　the　rise　of　the　sea　level　was

caused　by　the　storm　surge．　As　seen　in　Fig．　18，　the　tidal　motion　of　the　water　level　can　be

recogRized　at　stations　located　at　the　section　from　the　river　mouth　to　lshikari　Ohashi　but　not
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adwamizawa．　This　fact　shows　that　the　limit　of　the　ordinary　tidal　propagation　is　located

near　a　point　where　the　mean　sea　level　intersects　with　the　river　bed．’）　This　point　is　estimated

as　34．5km　upstream　from　the　mouth　in　the　case　of　£he　lshikari　River．

　　　At　this　observational　period，　the　river　discharge　increased　（from　130m3／s　to　56em3／s　at

Iwamlzawa）　and　a　peak　of　the　water　level　was　propagated　downstream．　lt　grew　at　the

section　from　lno　to　lwamizawa　and　decayed　from　lwamizawa　to　the　river　mouth．　On　the

other　hand，　the　peculiar　rlse　of　the　sea　level　was　propagated　upstream　from　the　mouth　to

Iwamizawa．　Figure　19　shows　the　change　of　the　interface　（dotted　line）　and　saliRity　（solid　line）

at　the　station　4．4km　upstream　from　the　mouth．　The　interface　rose　at　maximum　1．esm　at　12　：

OO　of　25th，　2．4　times　as　large　as　the　rise　of　the　surface　caused　by　the　storm　surge．　Thereafter，

the　interface　descended　below　the　limit　of　measurement　at　16：00．　At　the　same　time　that　the

peal〈　of　the　interface　was　recorded，　salinity　of　the　upper　point　abruptly　increased　from　e．5

CIO／o．　to　15．2　CIO／o．　showing　that　mixing　of　the　fresh　and　salt　water　was　violent．　According

to　the　observation　of　wind　at　Otaru　Harbor，　a　westerly　wind　of　a　velocity　over　10m／s

continued　for　about　four　hours　on　the　morning　of　25th　and　the　maximum　velocity　16m／s　was

recorded　at　10　：　OO．　The　mixing　seems　to　be　caused　by　the　continuous　blow　of　a　strong　wind．

Salinlty　of　the　lower　point，　on　the　other　hand，　decreased　gradually　from　19．1　CIO／o．　（at　16　：　OO

of　24th）　to　a　miRimgm　value　of　6．4　CIO／o，　（at　10　：　OO　of　26th），　and　recevered　to　a　value　of　14．

3　CIO／．．　at　7：ee　of　27th．　lt　seems　that　this　fall　of　salinity　in　the　lower　layer　was　caused　by

the　decay　of　the　salt　wedge．
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5．　CoRclusieR

　　　On　the　basis　of　the　observational　results　of　the　salt　wedge　at　the　estuary　of　the　lshikari

River，　the　behavior　of　the　salt　wedge　and　cliffusion　of　the　salt　water　at　the　interface　were

studied　at　various　stages　of　tke　river　discharge．

　　　The　gradieRts　of　the　interface　and　degrees　of　diffuslon　in　steady　and　unsteady　states　of

the　salt　wedge　are　different　even　£hough　they　correspond　to　the　same　discharge　amount．

　　　In　the　steady　state，　the　relation　between　the　discharge　and　the　length　of　the　salt　wedge

is　represeRted　by　a　curve　whose　shape　is　strongly　influenced　by　the　longi£udinal　profile　of　the

river　bed．　Frorn　this　relation，　the　critical　discharge　at　which　the　salt　wedge　begins　to

peltetrate　iRto　the　river　mouth　was　estimated　as　550一一600m3／s．

　　　According　to　the　observational　results　at　the　station　4．4km　upstream　from　the　river

mouth，　the　amplitude　of　the　internal　tide　was　lntensified　5．2　times　as　large　as　the　tidal　metion

of　the　surface．　The　change　of　the　interface　level　was　also　influenced　by　a　storm　surge．
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