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Abstract

The Branlas River ....llh:l c3fchm~nt arC3 of 12.000 sq 11m is Ihe brgesl m'er In

Eastern Java, Indonesia. Hell\'}' mon~n r:lins tttalc flooding Il1ld the sediment load 15

enhanced by fine volc:lJlic ashes from Kelud ~1ounlain, IOC3ted in the middle of the

drainage basin. Flood controls were placed on the river to minimize c:'Icessive floods

Every year large quantities of sediment enter the estuary. Some senles wiThin the eSltt3ry,

panicularly the deltaic region. bUI a significant portion nushes directly to the surf zone

bordering the Madura mail. Much of this w:ucrial is redistributed in estuary areas ::LS the

fresh water flow subsides.

T. ,KIsraphical changes caused by Ihis sediment load became more signliicanl a.fter

a manmade channd, the shortcut chanm!l, was dredged to bypass the existing delta.

Fi'!ld musurements and collation of existing dat2 were cuned out during the dry

season of 1991. Data were collected rdatin:; to tides, sediments, waves, currents,

topographical changes and fresh water discharge with. view to understanding sediment

movement and budget in the estuary and any chronologic21 sequences. Theorelic:lI

analyses were also conducted to evaluate sediment Inflow by tidal and longshore curtents,

river mouth processes and delta growth.

The study has shown thaI ~,gnifitanl changes have laken place, that the processes are

ongoing and thai the dischargc capacit":' of the two main channels is decreasing. One



specific aspeci of the study shows thaI since the dredged shoncut channel has been

completed. the major della groWlh has moved from me original river mouth to that of the

shoncut channel. Consequently. new geometric formations of (he surf zone have bten

developed. Now, Ihe shoncut chanr:d has become a main channel while the original liver

bKomes shallower and narrower year by year.

Sedimentallon in lhe esluary is an imponam aspect of nood and sedimenl

ment on the Brantas River. Further ...."rk is required 10 adequately determine the

sediment budget and estuarine circulation to permit development in the Drantas estuary.
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Introduction



Chapter 1

Introduction

The Brantas River is located in the East Java Province. Indonesia (figure 1,1).

With tl drainage area of 12.000 square kilometres and a length of320 kilomelres (figure

1.2), the river is the second largest river on the island of lava. The population in the area

was more than 10 million in 1988 excluding the population in Surabaya which is the

capital city of East Java Province. This city is localed in she lower reach of the river and

has a population of about 3 million,

Along she middle and the lower reach of the river, the large fertile area and its

inhabitants have always been threatened by annual flooding. Damage is aggravated by the

sediment load carried by the Brantas during floods. Much of Ihis sediment load is derived

from volcanic ash from Kelut Mountain which erupts periodically every IS to 20 years.

This active volcanic mOUll1ain is located in the middle course of the drainage area (see

figure 1.2). The effects of the senling of the sediment load cause major problems when

it reaches the lower part of river where the energy gradient is very low. The sediment

settles in this area and a delta is formed continuously seawards.

In its lower reaches, the Drantas River splits into two branches. The "Surabaya

River branch is about SS km long, flows through Surabaya city and debouches inlo the

Madura Strait at north and east of Surabaya city. Another river branch called the Porong

River is aboul 51 km long, 110ws directly down to the Madura Strait abOUI IS km south
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of the Surabaya River mouth,

Originally, some control works to manage flood w3ter and sediment disch3rge

were carried out in the colonial age (before 1945), bUI these were minor compared to

major control works which have been done during 1961 to 1990. The Surabaya River

branch has been developed as Ihe source of drinking and industrial WJ1ter supply for

Surabaya city while the Porong River branch is used as the nood diversion chnnnel. The

river discharges in both branches are regulated by Ihe New Lengkong dam located at the

point where the Brantas River splits into Ihe Porong and the Surabaya River (see figure

1.2).

Since the function of [he Porong River branch is to actM a nood control channel,

the river and its estuary are extremely important. B'Jth are affected by sedimentation, To

increase the carrying capacity of the river, a shortcut channel was dredged in 1977 starting

al 5 km from the coastline, to permit river water to be rapidly discharged to the sea (the

Madura Strait). Since water flows continuously through this channel, the estuarine

sedimentation process, the geometry of the shortcut channel and the adjacent surf zone

have significantly changed. These changes have given rise 1:0 concerns about the effects

of river discharge and its sediment, tide, currents and salinity intrusion

This thesis looks at the conditions in the shortcut channel and the surf zone and

what changes have taken place to date,



Chapter 2

Geographic Description of the Brantas River Basin

2.1 General Geographic Conditions

The Brantas river basin in East-lava lies between latitude 7"01' and 8°15' south

and between longitude U0030' and 112°55' east. The river is 320 kilometres in length

and its basin area is 12,0000 square kilometres. The basin is bounded by Bromo

Mountain (El.2,392 m) and Semeru Mountain (E1.3,676 rn) in the east, a series of Kidul

ridges (E1.300·500 m) in the south, Wills Mountain (E1.2, 169 m) and its families in the

west and Kedung ridges and Madura Strait in the north (see figure 1.2).

The Bmntas River originates from the Arjuna Mountain complex consisting of

Arjuna Mountain (El.3.339 m), Sutak Mountain (2,868 m) and Kelud Mountain

(E1.1,731 m). These mountains are found in the centre of the basin. The river flows in

a clockwise spiral course and goes down to the Madura Strait.

For most of its length, lhe river flows th.r'Jugh a densely inhabited area. There are

four big cities and many regency lowns which had a total population of 13 million in

1988, Present land-use in the basin consists of 3,450 kml of rice field, 2.005 km2 of

upland field, 332 km: of plantations such as sugar cane, clove, and tobacco. :!.608 km1

of forest. 2.396 km= of human settlement. The remaining area of 1,009 km: is largely

unproductive forest. Since the basin is almost all very productive land, the Brantas River



production in Indonesia.

The main river course can be divided into three re.>.ches; the upper, middle and

lower reaches. In the upper reach, beginning from Arjuna Mountain, the river flows

southward passing through the Malang Plateau at an elevation about 400 m SHVP

(Surabaya Horizontal Voer PeU)I. About 20 kilometres southward from Malang, the

river turns to the west and reaches the Sengguruh dam. River bed slopes to Ihis point are

generally steeper than 1/200. After Sengguruh dam, there are three dams in series:

Sutami, Wlingi tnd Lodoyo dams. All four dams arc multi purpose, used for flood

control, irrigation, hydro electric power, fisheries and recreation,

After the Lo<Ioyo dam, the river bed slope becomes much more gentle. averaging

about 1/1,000. Many tributaries join the Brantas from the southern slope of Kl:lud

Mountain. Kelud Mountain is an active volcano that erupts periodic:llly every 15 10 20

years. A large amount of sediment will enter the Brantas River directly after the eruption

of the volcano and the remainder of the volcanic material on the sloping mountain will

be brought routinely by rain 10 the river.

The river flows continuously westward up to the Parit Agung CZIal, then it turns

northward. Parit Agung canal is a diversion channel constructed 10 reduce nooding by

diverting some of the discharge 10 the Indian Ocean to Ihe south, This point ~ be

judged as .the beginning of the middle reaches. The river bed slope is still about 1/1000.

There are three irrigation dams: Mrican Barrage, and two inflatable dams, Menturus and

I 0.00 m SH\'P is equivalent to +0.90 m above Hean Sea Level



dam at Mojokeno city which is the beginning of the lower reaches.

The total catchment area above the New Lengkong dam site is about 8,650 Km l

and the average riverbed slope from this place down to the sea is about 1/1,500 to

1/3,500. In this area the Brantas river divides into the Porong and Surabaya river

branches. Both branches debouch into the Madura Strait. The Surabaya estuary is located

at the north and east of Surabaya city while the Porong estuary is located south of the

Surabaya river estuary in the comer of the Porong bay.

The Porong and Surabaya river branches flow through a very flat plain lower than

25 m, SHVP elevation. The Porong river branch is used as a flood diversion canal in the

rainy season while the Surabaya river branch is maintained as a drinking and industrial

water supply for Surabaya Metropolitan area throughout the year. This study of sediment

problems and t~stuarinc circulation on the Brantas river focuses on the Porong river

branch and its estuary rather than the Surabaya branch.

2.2 Climatic ConditiDns and Water Discharge

11le climatic conditions in the Brantas basin are dominated by the tropical

monsoons. In normal years, the rainy season elttends for about 6 months from November

to April when the prevailing wind is from the west. There is also a marked dry season

from May to October when the prevailing wind is from the east, There is little variation

in temperature throughout the year. The yearly mean temperature in the basin ranges

from 24°C in Malang to 2-rC in Porong. The average annual rainfall over the basin is



2,000 mm, of which more than 80 % occurs in the rainy season.

Variation of annual rainfall is large; 2,958 mm in a wet year to 1,]74 mm in a dry

year. The average annLlal rainfall in the higher elevations is generally high. In some plact.;

the rainfall reaches 3,000 to 4,000 mm per annum especially in the southern and westem

slopes of Kelud Mountain. The yearly mean relative humidity over the whole basin ranges

from 73 %to 82%.

Although extremes of climate can be experienced, i.e. high rainfall intensities

during the wet season and long drought periods during the dry season, there are no

catastrophes resulting from weather alone. Java island, where Ihe Branlas basin is located,

does not lie in the area regularly affected by tropical cyclones and therefore very rarely

experiences periods of storm activity such as occur in the Philippines

Based on recording of discharge data carried out by the Brantas River Basin

Development Office (later called the Brantas Office) from 1977 to 1988, the largest flood

in the Brantas basin occurred on March 2 to 5, 1984. The peak discharges were 1,180

mJ/sec at Karangkates dam, 1,100 m1/sec in the middle reach after the Parit Agung parit

canal and 1,466 m1/sec at Porong river. The gate of the Lengkong dam 10 the Surabaya

river branch was closed totally to protect Surabaya city from the flood damage. The

recorded discharge data of the Surabaya river al Ihal lime was 320 m1/sec (al Peming

station which is about 30 km downstream from the Lengkong dam). This discharge was

obtained from the Surabaya river basin itself since eventually, the rain was distribuled

evenly over almost the whole of the Brantas drainage area.

Based on the gate operation guideline of the New Lengkong dam, Ihe maximum



permitted discharge from the Brantas river to the Surabaya river branch is 115 r«1St:f;;,

However. the actual water discharges released from the Lengkong dam to the Surabaya

River branch depend largely on the flow conditions in the Surabaya River itself and also

on the municipal and industrial water demand around the Surabaya metropolitan area.

The schematic junction of the Brantas river at the lower reaches including the average

and design discharges is shown in figure 2.1.

riq.2.1 Bch...tic: Junction of the Branta. Riv.r at th.
a.qJ.nnlnq of the LOw.r R.acb••

For determining annual sediment transport, mean and dominant discharges are

also needed. The mean discharge in the Porong river branch is 301 mJ/sec in Ute rainy

season and 63 m'/sec in the dry season while the dominant discharge is 712 m'/sec. The

dominant discharge represents a value of the river discharge which produces the highest

portion of the annual sediment rate passing through a river section. It is determined by

the relationships between the annual frequency of the discharge and the carrying capacity

of the sediment. A detailed explanation of this discharge is presented in section 6.2.2.



2.3 River Development and Porong Estuarine Geometry

Land and water resources development has been carried out for many years. The

old Lengkong dam, for example. was constructed in 1857. Most of the existing irrigation

and diking systems along the main stream, including along the Porong river. were

constructed before the Dutch colonialists left in 1945. After 1960. the BrlUltas River

Development has been promoted by the Asian Development Bank. An adequate nood

control system has now been completed and can be used to maintain the 50 year probable

flood along the Brantas river (1600 ml/sec for the Porong river). River water can now be

regulated effectively for irrigation. hydro power. drinking and industrial water supply

The Porong river flows for about 51 kilometres from the New Lengkong dam to

the sea and runs through the main rice growing area. Infrastructures such as highway and

railway as well as many towns and villages are located along the river side. Good

maintenance and improvement of the river are indi~pensable for the welfare of the people

in the region. The basin map is shown in figure 2.2.

The whole river channel is formed with artificial levees on both banks which were

improved during the period 197\ to 1977, Alignment of the river channel, in general. is

fairly smooth. The minimum radius of curvalUre at the most sharp meander is 400 In.

Based on data from measurement work in 1988, thalwegs or the deepest rive,rbed points

were generally found in the middle of the channel. The river bed slope of Porong river

was about 112.500 to 11].000 in the upper part and 11],500 in the lower part. The average

elevation of riverbed, levee crown, and ground downstream of the

10



New Lengkong dam were around 13.50 m, 20.00 m, and 18.50 m, SHVP. Similar

elevations at the river mouth were found to be of -3.30 m, 1.65 m and 0.50 m, SHVP,

respectively.

Before 1970, the riverbed of the Porong river had shown a trend of aggradation

due 10 sediment transported from upstream reaches year by year. The average rise in the

riverbed is about 4 cm per annum. Kelud Mountain erupted recently in 1966 and

provides the main source of the sediment. Thc~ river mouth of the Porong river had

moved toward the sea by 300 m yearly, having formed its own delta. In the upper part

of the river. the average of river width between both bank dikes is around 200 m. In the

tower reach at about 14 kIn from the sea, the river width has become gradually wider up

to about 500 m.

In 1977, an artificial channel was cut starting at about 5 km from the sea or

upstream of the original river mouth. It is used as a bypass channel to accommodate

rapid flood discharge to the sea. The river now branches into two: the original river and

the shortcut river channel. At that time, the channel width was 80 m and the original

distance from the starting point, namely the splitting point, to the existing shoreline was

1.1 km. Recently, the distance from the splitting point which is also named as KP.238

to the shortcut mouth has become much longer. It is now 3.4 km. Furthermore. the

shortcut width also seems to get wider year by year. Measurements were taken in the dry

season of 1991. The upper width of the shortcut channel, 1 kIn downstream of the split,

was found to be 142 m, while the width of the channel 1 km upstream of the river mouth

was 286 m.

11



At the same time, in 1991, the width of the original river channel was found to

be narrower than that of the shortcut channel. It was found to be 70 m. In addition.

sedimentation in the upper part of the original river, near the split, was found to be more

significant than in the middle or lower part of the ori~inal river mouths. The sediment

in the original river after the split was basically fine sand (dIO=0.39 mm) e~cept in the

upper area immediately after the split where the sediment was dominantly coarse sand

(dlO=O.93 rom). At about 6 Ian downstream of the split, the original river split again into

three branches. Naturally, they were narrower than the original main river channel and

their length was less than 2 km from the split to the river mouths.

Tidal rise and fall oo:urs twice a day with unequal height. In the river mouth, the

maximum tidal range between consecutive high and low water is about 2.02 m. The tides

affect water elevations up to 27 kIn upstream from the river mouth.

Bathymetric features of the nearshore area show very gentle slopes, particularly

in the dry season. The elevation of the nearshore area is higher than that of the shortcut

or original river channel. Water depths at the estuary in the neap tide are about 0.30 m

although many areas are dry. The neap tide line is found about 2.5 km from the shortcut

mouth.

Delta growth is significant in the area surrounding the shortcut mouth. Briefly,

the growth can be identified by comparison of the estuary topography in 1945 (figure

2.3) and estuary topography in 1971 • after the shortcut channel was completed· (figure

2.4), and a map which was made from an air photo taken in 1985 (figure 2.5 and figure

2.6).
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FiI. 2.5 The Branw Rifer Estuary 1985
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Fig. 2.6 Aero l'boto MOSUK: or the Brant.. Delta in 1985
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Chapter 3

Theoretical Background

3.1 Estuaries

An Estuary can be defined as a transition zone where fresh water from the river

mixes routinely with salt water from the sea. The word estuary is derived from the Latin

word aeslus which means tide. Since an estuary is always related to tidal influence, the

landward boundary of the estuary depends on the distance of the tidal influence. The

region can be divided by three zones. First. the zone where there is free connection with

the open sea. II is called a lower estuary, Second. the zone where the salt and fresh water

are always mixing. This pan is termed the middle estuary. Finally, the zone that is

characterized by fresh water bul still influenced by the tide is named the upper or fluvial

estuary. A schematic map showing the three zones above is presenfed fisure 3.1.

3.1.I Classification of Estuaries

Estuaries can be divided into many types based on different points of view; for

example. geomorphology and physiography. hydrography. lidal range. salinity regime. and

sedimenllliion behaviour.

Prilchard (1955) classified eSfUllries based on their morphology into four types:
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Fiq.3.1 Diviaions of an Estuary: upper, Middle and Lower
Estuary

drOWTled river valleys, lagoon type or bar-built estuaries, fjord-type estuaries and

tectonically produced estuaries

DroWTlcd river valleys formed in the Flandrian transgression that ended

approximately 5,000 years ago. They were formed about 15,000 years ago within the

transgression and subsequent to the Wisconsin glaciation that drowned the existing river

valleys and produced the increment of sea water level of 100 m to be the estuary system.

The physiography of these estuaries can be characterized by the fact that their width is

much longer than their depth, and that lhey are wedge-shaped, broadening and deepening

seaward or are funnel-shaped in plan. These types are also called coaslal plain estuaries

which are mainly identified by low relief estuary. This type is illustrated in figure 3.2.

Another type of physiographic feature which has a low relief IS the l.agoon-type

or bar-built estuary. These are characte"zed by sand bars that Separate estuarine from

coastal areas and form a semi-isolated estuary. Barrier beaches. that are formed mainly

by the marine forces such as waveS and littoral drift processes. enclose the outer

embayment creating a lagoon-type environment. Narrow inlets created by a breach of
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Pi9'.3.2 Drowned River valleya or Coa.tal Plain estuari••
ron.d by Eustatic Ri.a in saa Laval. a) IDitial
condition, b) Aftar eaa-Lev.l Ria. and Dro1tDinq
of River valley

wave forces, form the connection between the isollted estuary and the ocean water vii

tidal currents. This type commonly occurs along a coutal region where the slope is gentle.

wave actions are considerably strong and produces active coastal sedimenl. and where

tidal ranges are less than 4 m. Laguna Madre. TexIS and Pamlico Sound, North Carolina

are good examples of this type.

Sand bars that enclose Ihe lagoon area can have multiple origins. They may be

obtained from ocean sediment or river sediment. Wave aclion in Ihe coastal region plays

an important faclor in the development of the sand barrier, As waves approach Ihe

coastline. they erode Ihe sea noor, pi~k up the sediment ann bring and deposit the

20



sediment in elongated bars. If the sediment comes mainly from a river deha., waves and

currents rework the sediment particles that have settled in the shoaling area and bring

them onto beaches, overwash flats, and dunes. The basic physiography of bar-built

estuaries is illusuated in figure 3.3.

riq. 3.2 Baaia physioqraphy at Bar Built Estuari..
a.Elonqatinq at Barrier spit b.witb Saasonal Bar
(attar pritchard, 1'17)

Fjord-types and tectonically produced estuaries always show high relief. Fjord-

types are commonly found in high latitude coasta.l areas and were fonned by glacier

erosion. They are V.shaped with steep sides and a rock bonom. Most estuaries of this type

have a sill at the mouth. Tectonically produced estuaries are identified by bays Ihat are

cut off from the oceiU'l because of land movements: faulting, volcanism or landslide. This

study deals primarily with estuaries which exhibit low relief features similar to those of

Ihe Brantas estuary. High relief features are, therefore, not considered in detail.

In the hydrographical classification, there arc two imponant factors Ihat can be

identified 10 aid the classification of eSluaries. Those factors are river or fresh waler
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discharge and tidal range. These two factors affect saJiniry distribution and circulation of

water and sediment within the estuary in many situations. Cameron and Pritch1'lrd (1963),

and Jppen (1%6) have classified estuanes into three I)'pes: Salt wedge. panially mixed

and well mixed.

Salt wedge or highly stratified estuaries can be obtained if Ihe fresh w:lIer

discharge is more dominant than Ihe tidal influence. The limit would occur where the river

discharge news into a tideless sea. In the area of the river mouth. the less denSt river

water spreads out OYer the denser saltwater. Seawater penelrates upstream along the

bottom in I rough wedge shape. Consequently, I sharp gradient of salinity and internal

waves occur through the interface area between fresh and salt waler. This nea is named

the halocline. The tbickness of the dense water below Ihe halocline reduces in the

upstream direction and forms a salt wedge. The penetration of the wedge may increase if

the fresh water cischarge decreases. Upstream from the limit of sail water intrusion, the

velocity distribution is always seawards but. in the interface region, the curren I below the

interface is upstream. This case is shown in figures 3.4 and 3.S.

If the fresh waler brings much sediment, fine particles which are carried in

suspension will be lransponed in Ihe upper layer seawards and some of them may settle

within the estuary by gravitalional forces. Coarse panicles that move on the riverbed will

sellle in the area near Ihe tip of the salt wedge. Along the bottom layer, Ihe fine panicles

that have sellied may be carried upstream as far IlS Ihe tip of the wedgo. Some particles

may then enter Ihe interfacial area and flow back seawards. A delta will be formed if
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large volumes of riverbome sediment are supplied continuously.

Partially mixed or moderately stratified estuaries form if the tidal energy is

significant compared to that of the fresh water discharge. Strong tidal currents can cause

looger penetration lhan that causod by the sait wedge type. Since the tidal current is

dominant, il creates the shear stress in the river bed and then produces verticall\lrbulent

mixing. Vertical miling, therefore, occurs easily. The mixing current which occurs

during a flood or ebb tide period will exist longer than the period of Reed or ebb tide

itself. This currenl is called the residual current. Residual currents are the special

identification of moderately stratified estuaries.

Well mixed or homogeneous estuaries are formed where tidal energy is very

strong and where the fresh water discharge is thoroughly mixed throughout the depth

giving a vertically homogeneous water body. However, salinity gradients may occur

laterally and longitudinally. Sometimes, an embryo interface may occur in certain regions

of the estuary as a transition zone. Based on the salinity gradient, the well mixed estuary

can be divided into two kinds: first, the vertically homogenous estuary with a lateral

salinity gradient and second, the venicaUy homogenous estuary with a longitudinal

salinity gradient. If only one of the two conditions happens, the estuary is called a

sectionally homogenous estuary. The three types of the hydrographical estuarine

classification mentioned above are illustrated in figure 3.4.

According loPickard's estuarine classification scheme (1975), the ratio involving

fresh water discharge and tidal currents is an important factor in the mixing process.
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Fiq.3.4. Classification of Estuaries Based on Hydrography
a) salt Wedge or Highly stratiUe4, )))
Partially-Mixed or Moderately stratiUed, and e)
Well-Mixed or Homogeneous Estuaries

Increasing fresh waler discharge tends to increase stratification while decreasing tidal

currents lend to make Ihe estuary well mixed. Pickard's estuarine number can be

expressed as

U'b
E, "'go;

Where U'" the mean tidal current during a flood lide

b;; the width oflhe estuary

g" acceleration due to gravity

Qt' the fresh water discharge rate

(3-1)

A lower value of £1 means that the fresh water discharge is dominant over the

tidal turrent, so the estuary will become stratified. If the value of E, is less than 0.03 the

estuary will be highly stratified. A transition occurs if the value of E, is between O.OJ
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through 0.3, and a well mixed estuary will be obtained if E, is more than 0.3. In the

above equation, U is the mean velocity of the flood tidal current within the tidal prism.

In long estuaries, Pickard also found that the phase difference of maximum

current and maximum tidal height varies from the entrance to the head of the estuary.

This case should be ronsidered in determining the estuarine number or the likely

circulation pattern within the estuary.

Another method concerning the degree of mixing ('0 has been introduced by

Schultz and Simmons, 1957 (as quoted in Allen, 1962 and Silvester, 1974). They

determined that the degree of mixing was governed by the volume ratio between fresh

water per tidal cycle and salt water in a flood tide. Hence

K" vol. Fresh Water per Tidal Cycle
Vol. Salt Water During Flc::>d Tide

The boundary of stratification was stated to be as follows

If K". > 0.7 highly slTatified

K = 0.2 • 0.5 partly mixed

K = < 0.1 well mixed

(3.2)

Based on tidal range, Davis and Hayes (as qlloted in Kennish, 1986) proposed

thaI estuaries could be classified as microtidal, mesotidal and macrotidal estuaries. A

microtidal estuary is identified by an average tidal range less than 2.00 meters. Waves

transport sediment continuously to the shoreline and tidal currents are dominant in the

river mouth only. A mesotidal estuary is characterized by an average tidal range between
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2.00 to 4.00 mete!'s. In this case, a large part of sediment is deposited by the tidal

currents. A macrotidal estuary is identified by an average tidal range more than 4.00

meters. Sediment processes are dominated by the tidal currents.

Three classifications are possible from the point of view of salinity: posilive,

negative and neutral estuaries. An estuary is called positive if the volume of fresh water

discharge to the estuary is larger than the evaporation that occurs from the cntire

estuarine area. The net discharge is, therefore, always towards the sea and the less dense

water will flow seawards over the denser water. The opposite will happen if the inflow

is less than evaporation. The water in the estuary then becomes hypersaline or denser

than sea water and consequently, the estuarine water will penetrate below the sea waler.

Such an estuary is called a negative estuary. It is commonly found in tropical regions

where tidal amplitude and fresh water inflow are low and evaporation is high. A neutral

estuary occurs if the volume of waler inflow is approximately equal to the evaporation.

Estuaries may also be classified depending on sediment behaviour. Sediment may

be brought down by the river waler or may be moved from the beaeh or sea-surf lone

by waves or tidal currents. Rusnak (as quoted in Kennish, 1986) proposed three

classifications based on sedimentation behaviour. A positive estuary occurs if the

sediment comes primarily from the river. The estuary is classified as inverse·filled, if the

estuary basin is filled by sediment from the sea area. A neutral·filled estuary occurs if

there is a balance with little or no change in volume due to sedimentation.
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3.1.1 Circulation in E,lual'ie,

Density is an important factor which affects circulation. It depends on salinity and

temperature and can be defined (Neumann and Pierson, 1966, and Crowley, 1968) as

(3-3)

Where p•.,is the density of the waler affected by salinity (s) and temperature (t)

T is the water temperature in ·C and

S is Ihe salinity of Ihe water in parts per thousand (ppt).

In hydrodynamic circulation studies, Crowley (1968) introd".~d the water density

which was computed in the form of a density index (tfJ. This will give the value of the

density to five decimal places. The sigma-t is given by

at· (PII.t,o-l) 10-1 (3-4)

Circulation within Ihe estuary varies wilh the condition of the tide and with fresh water

discharges. Therefore, the circulation in a sail wedge, partially mixed or well mixed

estulll}' is also different. Since the circulation is always related to the sediment behaviour,

different circulations will result in different sediment dynamics and different sediment

patterns in Ihe estuary.

tn a salt wedge estuary. for example, the fresh water discharge is dominant over

Ihe tidal influence. Sediment particles thai are brought by fresh water will be influenced
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by the density stratification. Coarse particles which move along the river bottom tend to

be deposited first in the tip of the wt wtdge. This region is a region of active

sedimentation. Fine particles flow through the upper layer seawards. Part of them may

seuled along the estuary because of gravitational forces. On Ihe other hand, the fine

particles thai have senled wilhin the estuary will penetrate up the estuary by tide.density

currents 10 the tip of the salt wedge region. Since the river discharge varies temporally,

so the region will be move upstream and downstream, along the estuary.

Circulation palterns are always relmed to the type of estuary whether the estuary

is a sall·wedge, partially·mixed or well·mill:ed estuary. The circulation can be identified

by salinity distributions across various planes along the estuary. Ippen (1966) hIlS

introduced a rough standard for defining II. well mixed estuary. They determined Ihat an

estuary can be classified as well mixed if the difference in salinity from surface 10 bed is

less than 15 to 25%.

For a given fresh water discharge, the estuary can reach a static condition for a

short time period which occurs on the tum of the tide, either the flood or ebb. Ippen

(1966) has recognized the difference between a highly stratified and a well mixed estuary

based on Ihe depth distribution of salinity, velocity and salinity transport on the arrested

saline wedge. The typical forms of those parameters for the both estuaries is shown in

figure 3.5.

To determine the length oflhe salinity intrusion (L,,), Keulegan (1966) has given

an empirical formula showing the ratio between intrusion lenlth and channel depth as
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Where R... is the densimetric Reynolds number that can be given by R, =V,dIIJ (3-6)

Yd is the kinematic velocity of stratified fluid caJled lhe densimetric velocity and

defined as

Vd"-~

6p is the different density between salt and fresh water
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p", is the average density. CP. -pf)/2

Fd is the densimetric Froude number that is given by

Fd = ~
13-8)

V, is the mean velocity of river flow just upstream of the toe of the wedge (see

figure 3.5-a).

Stommel and Farmer, 1952 (quoted in Silvester, 1974) found thaI the critical nuw

condition of the fresh watcr at the mouth occurs if thc densimctric Froude number ill

equal to one. The ratio between interface depth from the bottom (hI) and the channel

depth (d) can then be cxpressed as

!:2. " 1- V..
213

d (gd Ap/p.) 1/3

3.2 Tides and Currents

13-9)

Tides are characterized by rising and falling sea water levels because of the

gravitational effect of the moon and sun on the earth. The gravitational cffect is slronger

'if the moon, earth and sun are in line. The tide in this position is called a spring tide.

Howevcr, if the sun and the moon are at an angle to each other, the combined

gravitatinnal effect is much less than when they are in a straight line. The tide in this

position is called a neap tide, A rising tide is called a flood tide and a falling tide is
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called an ebb tide. Rising and falling tides produce horizontal water motions called tidal

currents.

3.2.1 Types of Tides

In some regions, the rising and falling tide occurs once a day, but at other places

the rising and falling tide occurs twice a day. The tide is called a diurnal type if it has

one rising and falling tide of about equal height during a lunar day (24 hours and 50

minutes). If it has two high waters and two low waters of about equal height during a

lunar day, it is called a semi diurnal type. In certain places, the rising tide and the falling

tide occur twice a day with unequal vertical height between rise and fall. That type is

called a mixed tide.

Really, the tide is a wave that has a period ('I) of about 12 hours 25 minutes, a

wave lenglh (L) of about half of the circumference of the earth and a wave height (H)

about I 103m in the absence of landform~and other geometric influences. The response

of every place 10 the tide is different. In certain places the vertical heights are about I

103 rn, but these may be more than 20 m in places sucl\ as the Bay of Fundy. The

respond to the tide derends on the geometry of the area and the geographic position.

3.2.2 Tides in Rivers aDd Estuaries

Many rivers are innuenced by the tide, especially if the estuary is inundated
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continuously by sea water. In a rising tide condition, the sea water will propagate up

river. The speed of propagation depends on the water depth and on the dimensions of

the basin, Furthermore, the shape of the tidal curve is nol symmetrical. The period from

high water to the succeeding low water is generally longer than that of the low water 10

the next high water especially at the upper' places. This condition becomes clear if an

observation of a tidal cycles of a place at the seaward end is recorded and then the result

is compared with that at the landward end of the estuary. An example of such a

comparison will be presented in section 5.1.1.

In general, the propagation of tidal energy to the river or estuary is derived

mainly from the ocean tide but is influenced by the geometry of the estuary or the river.

3.2.3 Tidal Propagation In Shallow Water

Theoretical analysis of tidal propagation in shallow water has been described in

An Open University Course Team (1989). A tide produces water movement in the

vertical and horizontal directions. In the vertical direction, the oscillation of water can

be identified as a rise and fall in water level. On the other hand the horizontal movement

tends to form rotation in elliptical paths. The direction of the rotation is either clockwise

or anticlockwise. In a small estuary, the effect of rotation is insignificant but the frictional

effect cannot be ignored.

In a shallow, funnel·shaped, estuary, the rotation of the world may influence the

direction of tidal currents. In the northenl hemisphere the incoming tidal current tends
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to go 10 the left silk (facing dowllslream), .md in the southern h\~misllhere,tlJe rising tidal

wrrcnts lend 10 (;U 10 the right side while flillin);: tidal currents swing 10 the left side. This

Jlhenomeuoll is caused hy the Coriulis effect

If thl! tidal currents arc ~trOitg enough, frictional drag at the sea bed produces

tuthulence which crcales a vertical component of now. This can cause vcrtical mixing and

call also lin sctlilllCllt filim the bed. This ~ondition cOJJlmonly occurs ill all types of

estuaries (JUline a risiul\ lide, the cnergy of the tide is reduced by estuary bottom friction,

landward constrictioll of the channel or cOllvclgellce of the channel. and rcneclion of

cnergy from a slJ(l;lI or estunry hcad (Ippell and Harleman, 1966)

Estu;uy bollom friction will 'educe the amplitude of the tidal wave. Amplitude

decre;lses cXJloncltlially landward as n f\lllcti(.n of distance from the river mouth (x) and

llfrictioll cocl1icicllc (k)isyiwn by

k.1
c'

Wlll~re C is the rhe/.." wcflicicn1 and g is the aeeeh::ratioll due 10 gravity, lJeereasing

13-11)

W\ll'll' II, ~ che ilillpllwdl' al di:'lnll~C x f'Hllllllu,: rivcr lIl11lllh

A" '" the amplilude III the ril'cr mouth.

I'l'iction :ll~u illlhll'm'l'S thc SYl1lll1l'tly or tidal rise nnd fall If the water d~plh in

the eslu:uy is shalluw ctllHp:lrl'd III Ihe tidal :unplilllde, tile tide \\"a\c is prop~",ated :IS II
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shallow water wave where the wave speed is innuenced by the water depth. Hence the

wave speed C is given by

C -.;grJi+TfT
(J-I2)

Where h - the water depth (m)

g .. the acceleration due gravity (mlsec:)

and '1 - the local wave height of water surface above mean tidal level.

In a falling tidal period. the water depth decreases, so 11th increases and the speed

of the tidal wave decreases. Consequently, the period of the rising tide is shorler than lhllt

of the falling lide. However, a funnel-shaped channel will incruse lhe tidal amplitude.

3.3 Waves

Waves can transfer energy from one locauon to another or from (lne material to

another. They are a r,Atural phenomena and very easy to find in every day life such &5,

sound. light, ripples on a pond, and many other waves. Waves at sea are produced by

wind blowing on the sea surface and transferring energy to the water, stretching the

smooth water surface to become sinusoidal. That is one of the forms of the water waves.

There are important wind induced wave characteristics. The first is wave height

(H), which is defined as a vertical distance between the crest and the bottom of the wave.

The secon':! is wave length (L). This is a horizontal distance between two successive

waves. Amplitude (A) is the vertical distance from the normal elevation of water to the

top of waves. It is commonly taken to be one half of the wave height Finally, the
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steepness of a wave which refers to the ratio of the wave height and the wave length.

It is important to understand that the particles of water are not transported by

propagation of wind induced waves. The water particles move in circular or in elliptical

orbits. Only energy is being transported. Waves also have some characteristics relating to

time. Those are the period (T) and the frequency (f). Period refers to the time between two

crests of waves passing through a fixed point. Frequency is the number of waves per

second passing through a fixed point.

Based on the direction of the wave movement, waves can be classified into two

types: progressive waves and standing waves. Progressive waves are waves which all

travel in the same direction. On the other hand, standing waves are derived from the two

progressive waves but moving in opposite directions.

3.3.1 Wind Generated Wa'Yes on the Oceans

If two fluid layers having differing speed or density are in contact, they will create

frictional stress between them and result in a transfer of energy. At ~he sea surface,

different velocities between wind and sea water will produce waves (external waves).

Harold Jeffreys, 1925 (as quoted in U.S. Army CERC, 1984) suggested that waves

obtained energy from wind by virtue of pressure differences caused by the sheltering

effect prodded by wave crest. Empirically, he found that most wind generated waves in

the ocelUi have a steepness of about 0.03 to 0.06. A fully developed sea can be achieved

if the wind speed is constant for a long eoough time and the area is
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unobslru<:ted. The sheltering effect will reach a maximum when Ihe wind speed is three

times the wave speed. Wave veloci:}' can never bt: o:qual to the wind speed. The Wllve

speed is always below the wind speed because of three reasons. (I) Some of the wind

energy is transferred to the sea water to develop currents. (2) Some wind energy is

dissipated by friction between wave and surface water and (3) energy may be lost by

breaking waves.

Sometimes, in certain locations, no wave data is available. Wind data is, therefore,

commonly used 10 estimate generated waves because growth and dissipation of waves are

relative to the windspeed and direction. To convert wind data to wave energy. four

correction factors should be considered.

The first is elevation where the wind data is measured. Commonly, windspeed is

me.asured at an elevation of about 10 m above ground level. Iflhe observation is not made

at that elevation, a conversion is needed (U.S Army CERe, 1984 pJ.26). As long as the

slation is below than 20 m, the converted windspeed is stated as

Ullel " ull{¥rt-

Where V OCI is the wind speed at elevation of 10m

Z is an elevation where the data was made

VIII is the wind speed al elevation Z (less than 20 m)

(J-OJI

The second faclor is duration-averaged windspeed. In some locations, only

maximum windspeed data are available. In fal:t, the fastest wind blows for only a shon

duralion. Therefore, this data cannol be. used direl:t1y for wave generation. II should be
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convened to a time-dependent average windspeed with a cenain period such as la, 25

or 50 minutes. The common way is to convert the fastest windspeed to a I-hour duration

windspeed and then make a conversion again from the I-hour duration to a decided

duration. Ratio of wincispeed of any duration (UJ 10 the I-hour windspeed was found by

Simiu and Scanlan (1978) as

UJ~:oo .. 1.277+0.296tanh(O,910910¥)

[or 1 ( t ( 3.600sec.

~ ., -0.15 l0910t .. 1.5334
U,.&OO
fOr 3,600 ( C ( 36,OOOsec.

Wht:re VI ;; windspeed at duration (r) in ftJsee or m/see

U',IIOO =windspeed of I-hour duration in fusee or m/sec

(3-14)

(3-15)

The third correction factor is related to the: ~mperature difference between air and

sea water. This is called the slability correction. If the air temperature is the same as or

higher than the water temperature, the boundary layer is unaffected. However, if the sea

wOlter temperature is higher than that of the air, the windspeed is more effective in

causing. wave growth. This stability correction factor, ~, was presented by Resio and

Vincent (1977) and is illustrated in figure 3.6. The result from equation 3-13, 3-14or 3­

15 should be multiplied by this factor (R.).

The founh factor is the location effe~t. In many locations, there are no overwater

wind data. Therefore, overland wind data is always recorded and needs to be convened

to overwater wind data. This conversion is possible as long as the air pressure gr.adients
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Fig 3.6 stability correction, Rt, Accounting For
Effects of Air-Sea Temperaturo Difference

on Ifmd nnd wall'r tIre cC]unl. The correction is necessary bCl'lWSIl ufthe u;ITcI'CIlCl' bclw<,;Cll

surface rougllll<lss of Inllu nnd sea. This faclor was nlsu i!luslrlrlcd by Itcsio mill Vincclli

(1977) :md is prcscl\\cd in figure 3.7. Like the R, factor, ,his r'lclot (It!.) ~,hu\lhJ al:>ll be

used to multiply by tht,; result UfCI\Ulllioll .1-13, )-14 or 3-15

Finally, "fIef Ihe winuspCIld has been currected by the fllur faclOls above, the wind

stress factUl C<l1I be determined by using the following c<lualioll

Where U is the willl.lspecu afler curm:lion by the factrus (m/s)

u~ is the \Vim!sll ~ss ftlclur tm/s)

(3-16)

Hy using the nomograms in ligurc 3.8 (q\lot~d in U,S Alll1Y CERC, \lJII4. p.J.4IJ) lhe

wind stless factor (Il.,) calculated above lind a fetch length b:I~~d onlhc .... ,lId
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direction and an oceanographic map, a prediction of the deep water significant wave

height and duration can be made. Significant wave height is defined as the average height

of the one-third highest waves. That is about equal 10 the avenge height of the waVC5 as

estimated by an ex.perienced observer. The significant wave height would represent the

characteristic of the real sea wave (Munk, 1944, qouted in U.S Anny CERC, 1984, p.3-

2)

3.3.2 Waves in Sh.Uo. Water

In deep water, the wave speed is related to the wave the wave length (L). The

greater the wave length the higher the wave speed. In shallow water an important factor

relating 10 wave speed is the water depth (d).
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To determine whether wave motion occurs in deep or shallow water, the ratio of

the water depth to the wave length (d/l) is important. If d/L > 0.5. the sea is considered

to be deep water and the motion of water particles is generally circular. The diameter of

the circular path will decrease with increasing depth. The orbits will be negligible if the

depth reaches more than 1.5 of the wtve length. In transitional and shallow water, where

the values of d/L are found from 0.05 through 0.5 (0.5 < d/L < 0.05) and less than

0.05 (d/L < 0.05), respectively, the orbitals are elliptical at the surface and become

progressively flattened with increasing depth. The orbital form near the bottom is

relatively flat. Wave speed (C) can be presented as the ratio between wave length (L) and

period (T), so, C ... UT. In general, the formula of wave speed can be written as

(3.17)

(3·18)

If k is identified as the wave number, equal to 2'1'/L, equation 3·17 can be written as

C 1 =! taJlhkd
k

In shallow water (d/L < 0,05), the wave speed is influenced by the water depth. For

values dlL < 0.05 tanh (2..d1L) is equal to 2TdJL and the wave speed in equation 3·17

can be written as

c •.fid (3-19)

Waves usually appear in groups. Therefore, the wave speed of a group of waves

must be considered. This is called the group speed (e
l
). From visual observation it can

41



be seen thai each wave moves through the group to die out in the front as a new wave

is formed in the rear. The group speed is approximately equal. to one half of the

individual wave speed in deep water (Co), i.e

!orf>o·s

Where CrO =group wave speed in deep water

CD "" individual wave speed in deep water

\3-20)

In shallow water (d/L < 0.05) the group velocity is equal to the wave velocity. Ht=nce

C•• C • .fid \3-21)

Wave energy can be divided into two forms. The first is kinetic energy which

relates to the water particle velocilles associated with wave motion. The second is

potential energy which refers to the movement of fluid mass from the trough to the waVe

crest. The total of both energies per meter of wave crest, E, is proportional to the square

of the wave height and can be expressed as

E =i p g HZ

Where p =fluid density

g =acceleration due to gravity

H "" the wave height

(3-22)

In the ocean, waves travel in many directions. If the bottom slopeJ so gently that

reflection and energy dissipation can be neglected, the wave energy between two stations

can be assumed to he constant. The energy flux (EJ at both stations is stated as
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(3-13)

Whcre thesubsclilltl 3ntl2 rcpll.-scntlhe vari:dJle faetorlial stations I anti 2, while the

othcl vnfiablcs :lre 115 mClltioned above.

EIlcrgy slJrcmls lIul al-lllg Ihe wavc front ::tnd as the length of waves increase, Ihe

cnergy per unit Il'ltllth dcrr~·a"C$. If dill WllVCS Iravel inlo shaUlIw waler lIeaf Ihe shorllline,

fIle spced ;Jntl Ileij.l11l will hc changed because of the rcduced deplh, There nrc Iwo

illll'urt;lIlt racIUl.~ Ihal callsc wavc cncfliY dissill31ioll,

l'irsl1y, wave hcight changcs due to shoaling. The walllr deplh and Ihe ',yave

height al sll,lioll I :lIlt! sl;,tioll 2 are unequal (til # d: and III # 111)' If both ob~crvcd

Slations arc loclIl!,;\1 in slmllo\\' water \' hele C.'" (gc~lJ}, it Clm be substituled in equlliion

3-23 which c:U1lhr,'1l be wrillen as

(3-24)

If one stalion is lotaled in lkocil w:ller which was identified by subscribe 0 and another

statin" is locall:'ll in shallow wllter which will ~ idc· "!ied by 110 subscribe, equation J.2J

can be wrillcll a~

(3·25)

liy using C\IIl;1Iit1l1S .1·:0 :lIld ,1-21 fur ('~, :II1J ('.' resllcclivcly, CllUlllioll 3-25 can be

n'wlillcnlls



H (C )'"_. --L .,K
8 0 2 ell ~

Where Co = wave speed in deep water

c. = wave speed in shallow water

K. = the shoaling coefficient,

(3.26)

(3·27)

Setondly, waves that travel from deep waler 10 the shore are influenced by their

angle of approach to the sea bottom contour. This effect is called refraction. R~fraclion

occurs if there is an angle between the direction of the incident waves and the bottom

contours, so waves tend to bend themselves parallel to the bottom contours. Refraction

causes a reduction of wave speed that is comparable to the difference of water depth as

5.S.. f?;
c, lid,H

In deep water, a wave propagates in a direction perpendicular 10 the wave crest.

The wave directions are indicated by lines known as orthogonal lines which change

because of refraction. An illustration of a refracted wave is shown in figure 3.9.

In figure 3.9, Cl and c.z are the wave speeds in the region with the depths are equal to

dl and ~ respectively while bl and ~ are the distances between the orthogonal lines. 81

and 81 are the angles of the wave propagation between the orthogonal lines and the x

axis. Based on this figure, geometrical relationships can be obtained as

. e C\ is, and sin6
1

'" C1 is, (3.28)smiDT 't
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Fiq.3.9 Wave Retraction••eves cre.ta, Full lines; Wave
Orthogonal., Dashed Lines with Arrow. to
indicat. Direction ot Propagation (atter Madsen,
O.B, 117')

Where ~ is the ordinate y or the two wave creslS and then

C1 C'1
sinO

I
:= sin6'1

13-29)

Equation 3-29 is commonly called Snell's Law. To evaluate the change in wave height

caused by refraction, the energy between thr. two wave crests in figure 3.9 is assumed

10 be constant. The constancy or the energy flux between the two orthogonaJs can be

presel1led as

Ej1bl " Ep b'1 =ipg H: C,Jbl =ipg Hi e" b,

45
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if station I is found in deep water, equation 3-31 can be written as

-3- 'K,(~)'"
o

And the refraction coefficient (I{,) is given by

( bO)'"K.= b

(3-32)

(3·33)

The effect of refraction can be ~hown clearly if the bottom form where the waves

pass is a submarine ridge or canyon, even though the shoreline is almost straight.

Refraction also happens within a bay with an irregular shoreline and bouom contuurs

almost parallel to the shoreline. Refraction Ft.iCeSSeS within those regions are presented

in figure 3.10.

The orthogonals within a submarine ridge (figure 3.10.a) are more closely spaced. so the

refraction coefficient will be more than 1 and th~ waves are also higher than in the

previous area. Consequently, wave energy will increase near the shoreline. The opposite

will happen if there is a submarine canyon (figure 3.IO.b). The orthogonals will diverge

and the wave energy will decrease as the waves approach the shore. In a bay, both things

may happen (figure 3.IO.c). The orthogonals will converge around the headland and

diverge within the bay.

3.4. Sediment Transport

Estuarine sediments are materials that originate from weathering and erosion
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Fiqure J.10. a.•efractioD ))y a Sw.arine Ridqa
b. Rerr.ctiaD by • 8w.aria. COyOD
o. _err.ctioD along' aD Irr.qular ShoreUne

processes. Materials are brought into the estuarine area by river discharge, by the waves

and tidal currents or by a combination. The sediments that are so significant to many

problems of estuarine studies are mineral particles. This study, therefore, concentrates

on particle grain size rather than other properties of the sediments such as chemical and

organic composition.
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3.4.1 ~oentl ClasslC"acaHon of Sediment Transport

Sediments are classified into three kinds : Bed load, suspended load and wash

load. Bed load is defined as sand or gravel rolling on the river bed by the tractive force

of water flow. Suspended load is sand or silt picked up from the river bed, moving in a

suspended condition in the water. Wash toad is very fine sand or other material supplil.'<.I

and transported always throughout the water core and not found in the river bed

materials. In sediment discharge calculations, sediment particles smaller than 0.1 10m in

diameter are dealt with as wash load. The boundaries of particle size in every

classification depend largely on the hydraulic condition of their transportation.

Sugiura, 1982 (quoted in BranlaS River Development Executing Agency, 19~9)

identified some factors which influence sediment transport. The capacity depends largely

on the hydraulic characteristics of the river which mainly produces the scouring force,

transportation of the sediment and deposition. He also made classifications of the river

based on the quantity of sediment inflow and outflow at two cross sections. If sediment

inflow passing through a certain cross section in a given time is greater than sediment

outflow at another cross section, that means the river section is affected by deposition of

sediment. On the other hand, if the sediment inflow is less than sediment outflow,

scouring occurs in the river section. Fin3Jly, if sediment inflow is equal to the sediment

outflow, this means that the river is in a balanced condition.

For field measurements, bed load samples are taken by a bed load sampler, while
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(3-34)

suspended and wash load sediment are collected by a suspended load sampler.

3.4.2 GraiD-Size l'lstributton or Sediment

Panicle grain size is commonly used to describe the differences in sediments

throughout the estuary and coastal areas. Based on grain size. sediment materials can be

divided into clay, silt. sand, gravel, pebbles, cobbles and boulders. There are two

systems of grain size classification commonly used in engineering. The first is the Unified

Soils Classification (USeS) and the second is the Wentworth· classification.

The Unified Soils Classification is based on the U.S. Standard sizes using the

American Standard of Testing Materials (ASTM) sieve sizes which are commonly

identified by mesh numbers. A mesh number refers to the total holes in one square

centimetre of the mesh. One series or set of ASTM mesh consim of ten meshes that are

arranged from number 4 for !he largest to 230 for the smallest The Wentworth

classification uses the logarithm (to the base 2) of the panicle size as a standard. For

example, a material having a particle size IAllge from 0.062 to 2 mm would have a r.mge

on the Wentwor1h classification from -4 (IofuC).062) to 1 (logz2). Krumbein (1936)

proposed a phi unit for the Wentworth classification as

Phi unit (tP) ..., - 10gl (diameter in mm)

By using the definition ofequation 3·34, the different limits between both systems

can be illustrated. This is shown in lable 3.1. The table shows that betler values are
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obtained for fine p:lrlidl:$ by Illl: \\'cllhvorth s)'siem b~enlll'l: Ihl: ':lIger numbels llIa"e il

easier \0 diITer~tllillle amllllg lhe fin!;! s:lnds. silt!l mil.! day!' IIf \'o:ry !illl:llll':lrlicle si .......• 11tl5

is very illlJXlft:mt In dislin&ui~ ('Inc seclimenl J:lIn(ll~ f,\1111 olher!'. Thtlertllc. Ille

Wentworth syslelll seems "\lIlC Ilh':IIII:tl~etIUS th.U! Ihe USC \'\'sl""I1I.

The gCIIl'l:l1 t!i':uilJutlull of seJllllell1 1I1:11edal!l c:m hI;! t1~SC:lihcJ hy \wll S\lltt'll,

well gmded, IlIl':1lI :lIId "1l'{linn di:lllleler 1\ sc\lill1el1l i!l (':,Iktl \\"dl Sill ted if II hllgo.! 11:111

of Ihe scuimcnl i~ \,r Illc S:llllC ~i1C. 'Jhc scdin'CIlI is wdl gl;ltk'd if IlIl' tlll:nllily til' the

l'Artide in IJVl'l)' l:ml~<! size i.<; altl1l\st etlll:.1 or. in nlhcr \\"llis. il" Illc l1:lIlide si"....'s 11I1'

divides the sl'dill1en\ P:lIlld\'~ iulu l\H' pailS A h:1II' weighl uf tlll' wholc ~tllllll'lli IS

Ctlars.:r Ih,lI' lhe mc,liall tlii1llletel:.lld :lIIllther 1.:llfl,all is lirn" II'an rhe IIICtlilU1 d.:uneh:l

Hl;!nee

(J-J!\)

Mean diameter (M) i~ the :lVelage di:llllClet of IIle whule SilA' tlisl.illllliull. Fulk and WII~

(1957) proposed the 11l1':m dinmeter as

.'6tq~t4tf.6
M... --3--- eJ·JIJI

Where 4l............. is Ihe 1':lIlicl~ "i7,e in phi unils lhat is cxcc...'{!cd by the sulJsclill' pcW:I11

101::11 dry \\"~ighl of Ihe s,~dill1clIl ·t1,e llIosl cOl11l11only USCtl term is Ihe median tli:Ullclcr

(d,,,)_
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Table J.I GraIn-size scales or uses and Wentworth System

USC ASTM mm sif,C PbiVallle Wentworth
System Mub System

256.0 -8.0 Boulder
Cobble

76.0 -6.25 Cobble

Coarse Gravel 64.0 -6.0

19.0 -4.2S

Fine Grr.vel 4.76 -2.25
Pebble

4.0 -2.0
Coarse Sand

to 2.0 -1.0 Gravel

18 1.0 0.0 Very CoarseSand
Medium

25 0.5 1.0 Coarse SandSand
40 0.42 1.25 Medium

60 0.25 2.0
Sand

Fine Sand
120 0.l2S 3.0 Fine Sand

200 0.074 3.75 Very

Silt 230 0.062 4.0
Fine Sand

0.0039 8.0 Silt

Clay 0.0024 12.0 Clay

Colloid

3.4.3 Stdiment Movements

Sediment can be moved by the energy of tidal currents and wave currents. The

direction of sediment movement depends on the direction of these currents. Sediment will

be moved if the force of the current flowing over it is capable of overcoming both the
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force of gravity acting on sediment grains and the friction between the grains and the

surface on which the sediment is resting. Therefore the water flow must give rise to

adequate drag and lift forces. The lower part of the flow which experiences friction is

called the boundary layer. The boundary layer in estuaries normally eXlends between 0.1

and 1.0 meters.

The frictional force that is responsible for sediment movement is the shearing

force. This causes a shear stress usually designated by T. The value of shear stress at the

bottom is TO' The value of To is related to the velocity (u) of moving water which

increases with height (z) above the bed. The shear stress is proportional to the rate of

charge of velocity with distance above the bed. The coefficient of proponionality is

known as the dynamic viscosily. Thus

ttl'" 1.1 x ~

Where /.t = dynamic viscosity and d,/d.:::: rale of change of velocity

<3.J7)

To make a relationship between velocity and bed shear stress, it is usual to

COnvert shear into a term that has the dimensions of velocity. This term is called the

shear velocity or friction velocity, u. as

u. =~ thIn t" =Pll~ <3-38)

By measurement of the actual velocity at any given depth, the value of mean velocity (dtI)

over a certain depth (dz), dQId:, can be known. When the velocity gradient was plotted

using a logarithmic on the depth scale, V-, Karman (quottd in Dyer, 1986, p.S8) found
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5.7511 .A
• d1~t

u~~
• 5.75tJ1ogl

By using eqU31ioll P-.1'l) ab .ve lI.and l"a can be dcl"rminctl. To del ermine whether or nOI
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sediment ('C<) must be lilUl1d If l"1l exceeds. 'C•• :'le sediment p:I!ticlt.-s will muve antl. Oil the
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19K6,1l,2S0) hns Illllpl'Sl'l1 nn clllintion 3S

13.4U)
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Il'si~lallce of Ihe 11cIl sediml'lIl I t,l, rm cohcsi\'c sediment::. lh~ lc';~t;mcc d..:pencls (lI1

interp:ulic1e 1101111 ~"~\lglh lalhel th:mlhe di:Ulletcl ofscdillll'1l1 pauicles The ~tH'II!\,lIl\1a)'

ResullS ur 1:loolahll)' studil'S 1.1)' Uwt'1I119"Uil. ShL'IIg :Uld l.irk II!H9). :IllU I,:t\'dle
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coast. This is called littoral drift. The amount of sediment passing through Ii certain cross

section per unit time is called the longshore traJ1sport rate.

The longshore current speed is proportional to the energy of waves, particularly

in the breaker zone and is affected by the oblique angle of their crest to the shoreline,

and also by longshore components such as bottom percolation and wave reflection.

Various formulae for estimating sediment transport by littoral drift have been

published. The rate is estimated generally using the wave power (PI) which depends on

wave energy (E) and wave group speed (el ). Both factors have been explained in section

3.3.2. Power of waves parallel to coast is given by

PI =C.ci pB'H
2
) (3.<12)

If the angle between the wave crest and the shoreline is equal to a, the wave power can

be written as

(.1-43)

Where p is the density of sea water, g is the acceleration due of gravity and C. is the

group speed of waves in shallDw water. Since cos 01 sin 01 = 1/2 sin 2a, equation 3·43

can be written as

(3-44)

If wave data is available as significant breaking heights (H.). the energy flux can be

presented as
(3-45)
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U.S Army CERe (1984). in Littoral Environmental Observation (LEO). has

introduced an energy flux factor based on Ihe collection of field dala. Using LEO data,

diffi..::ulties in measuring the angle (If the wave crest to the shoreline can be ignored. The

important faclor is the length of Ihe surf zone. The equation of energy flux is given by

P
ll

.. P8 H~. Vuo Cf

(S211.)(~)1.H

Where (VNo)u.... dimensio!'1ess longshore current based on Longuel.Higgins (1970).

<f.l<J< - 0.2 <~ - 0.714 <~ In(~

and p c fluid densily

g .. acceleration due 10 gravity

H'b .. breaking wave height

W = Width of surf zone

Vuo= average longshore current due 10 breaking waves

c. ~ friclion factor (assumed 0.01)

x '" distance to dye palch from shoreline

().47)

The LEO breaking wave height is a good approximation of the significant breaking wave

height. Definition of the significant wave height can be found in section 3.3.1.

3.4.6 Sea~.rd Limit of Sianirinnl Transporl

The seaward limit can be defined as an outer boundary at which waves should
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have neither strong nor negligible effects on the sand bottom during a typical year. This

area is called the subaqueous buffer lone. As mentioned in the previous section, sediment

motion depends largely (In the clwacteristics of the waves. Wave climate is, therefore,

a significant factor in de~rmining the seaward limit. Another important factor is the

characteristic of the sediment itself. In faci' sediment which is commonly found near Ihe

shorcline is finer and better sorted than at somc distance seaward. The seaward limit is

usually det~rmined by a certain depth at which bottom water particlc velocities for high

tide waves cannot havc a significant influence on the bottom sediment. The empirical

relationship can be expressed il\5 (U.S !'.rmy CERC, 1984, p. 4-73)

[U_ (~l:..137 = [O.03(~ - 1) g d,r

Where U..... (4) = the peak near-boltom velocity

(3-481

0,137 - period of the peak near-bottom velocity that is exceeded 12 hours per

year (0.137 % per year)

'Y. = specific weight of sediment

= specific weight of water

. g =accehml.tion due to gravity

d, = the depth of seaward limit

For quartz sand and small amplitude wave theory, equation (3-48) can be 2:pproximated

by the equation below (U,S Army CERC, 1984, p.4-73)

d, .. 2 HdO .. 12 OR
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Where d, ... the depth of seaward limit

HIYl - mean significant wave height

0Il '" standard deviation of significant wave height

Another determinltion of scaward limit depth can be Silled by an equation of iniliation

of sand motion vmich depends strongly on the median diameter (dsJ of the sedimfltl.

H&llermeier, 1981 (quoted in U.S Anny CERe, 1984, p.4-73) has introduced the equation

(J·SOl

Where J)O is telated 10 the peak ncar-bouom velocity that influences the sediment

d5Cl is median diameter of the sediment

For quartz sand and small amplitude wave theory. equation (3-$0) can be approximatcd

by the equation below (U.S Army CERC. 1984, p.••?3)

d, • H"" T, (--'---)'"'
5000 d" (J."l

Where H.,o is a significant wave height tblt can influence sediment movemenL This

significsnt wave height is approximately equal 10 H(oo-.!-OJ07 011_ Where Ow is the

standard deviation of the distribution wave height and is equal 10 0.62 Ho{.....t

3.5 Sediment Budget and Delta Formation

Sediment budget is always relaled to a cenain volume of sediment which is
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continually cycled from one part of the coast to another with small amounts of material

being added from the riven and the sea. Therefore, the sediment budget is always

evaluated using possible sources and sinks relative to a control volume.

Since the main source of the sediment deposition on a delta is riverbome, the

annual sediment outnow from the .iver is an important factor in c:dculating the sediment

budget th:lt enters the sea·zone. Within this area, sediment particles may settle as final

deposition to a sink. However, they may setUe as temporary deposition and then re-erode

as a source. In between. other particles may come from other sources and accumulate

within the same place to become a delta. The mechanism and outflow pattern of

dispersion will determine the pallem distribution of the sediment on the delta area. The

theoretical background of this process will be discussed briefly in the following section.

3.5.1 Sediment Budget

Sediment budgets have been studied by many coastal engineers. They said that in

a complete sediment budget, the difference between the sediment volume added by all

sources and the volume removed by all sinks should be zero (U.S Army CERe, 1984,

p.4·114). Hence

L ()f Sources - L of Siw • 0 (3-52)

In many cases, the estimated volume of known sources is unequal to that of

known sinks. Thc remaining volume is identified as coming from unknown sources or

sinks. Therefore
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E KlIOwn Sources -E Known Sinks., E Unknown Source( Sink )

(3-53)

Possible sources of littoral materials are rivers, erosion of shores and cliffs,

transport from offshore slope, beach replenishment and many others. On the olher hand.

the possible sink.c; are river inlets and lagoons, overwash during storms, mining and

dredging, and also many other possibilities. Summation of all factors wilhin a certain

boundary will result in the sediment budget.

3.5.2 Deita Fonnation and River Mouth Processes

In general terms, a delta can be defined as those coastal and nearshore fealures

that have been built mainly by riverbome sediments. In deltaic processes, the physical

dynamics of the ocean regime, such as wave forces and tidal action, and river discharge

regime are important factors in determining deltaic morphC'!ogy.

Based on the differences in the relative influences of fresh waler discharge, lidal

action and wave forces, Wright and Coleman (1971), and Coleman (1982) have divided

delta processes into three types: river-dominated deltas, tide dominated deltas and wave­

dominated deltas.

River-dominaled deltas are formed if the tidal currents and wave energy are weak

compared 10 river forces. Expansion and diffusion depend on outflow velocity and

determine the relative contributions of inertia, bottom friction and buoyancy. For a simple
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case, with no density difference (i.e homopycnal), the expansion depends on the velocity

of the fresh water relative to the dimension of the river mouth. Wright and Coleman

(1971) concluded that the jet structure in that condition is controlled by the ratio of

inertial to viscous forces indexed by the Reynold's number (RJ expressed as

R ."0 ([ho(bJ2)]lt1). ,
Where Uu ". the mean velocity at the river mouth (mts)

Ito == the depth of the river mouth (m)

bo == the width of the river mouth (m)

(J-S4)

1,1 "" the kinematic viscosity. In general order of magnitude, this value is 0.01

Three conditions can be identified. If Ihe velocity is low or moderate and the

estuary mouth is deep enough, density stratification will occur and buoyant expansion

prevails, Pearce, 1966, (quoted in Wright and Coleman, 1974) found that when the value

of R is less than 500 the flow will be laminar. The presence of stratification will cause

fine-grained sediments to flow out on the surface layer while coarse-grained sediment will

seltle in front of the estuary mouth. This circulation is the same as in a salt wedge

estuary. If the velocity of fresh water is high and the estuary mouth is deep enough,

turbulent mixing processes occur rather than stratification. The effect of the river

discharge is felt over an area that is longer and thinner than for the previous condition,

so the spreading angle is narrow. The value of R in this condition is about 1,500 to

2,500. The last condition occurs if the river discharge is high and enters shallow water.
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Deceleration of water flow happens immediarely and fully turbulent mixing also occurs

with the value of R being more than 3,000. The deceleration causes lateral spreading

Therefore, the spreading angle is wide and a delta bar is formed near the mouth

Sometimes the mouth is blocked lotally. Then, new bifurcating channels will be

established on the deposition area to make a form which is called a bird-fool.

In the case of stratified outflows, buoyancy effect,. depend largely on the ratio

between inertial and buoyanl forces. This ratio can be expressed as the densimetric Froude

number (FJ ) as

('-55)

Where u ICl mean outflow velocity in the upper layer (m/s)

y = density difference ratio between effluent and ambient fluids given by

y - I - (pIp,) (3-56)

PI and P. are the densities of effluent and ambient fluid (kg/m l
), respectively,

g '" acceleration due to gravity (m/s~)

ho '" the depth of the density interface (m)

Hayashi and Shuto (1967 and 1968) determined three conditions of the outflow

governed by the value of the densimetric Froude number. If it is greater than 16.1, the

outflow is fully turbulent. In the case of a homopycnal outflow, the y value will be zero

and the densimetric Froude number is infinite. If the value lies betw~en I and 16.1

varying degrees of turbulence will occur. Bales (1953) introduced his jet model and

concluded that the inertial forces are dominant if F. is high and this outflow is turbulent.
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When F. decreases, turbulence will decrease and the huoyant outflow prevails. Two types

of turbulent jet have been introduced by Bates. The first is the plane jet. It occurs if the

bollom form or the receiving basin restricts expansion of lateral movement. The turbulent

form is then called a plume. The second type is an axial jet which occurs if the depth

immediately after the outflow is deeper, allowing vertical as well as transverse expansion.

In the turbulent jet model, Bates (1953) dealt with homopycnal outflows and

proved that turbulent eddies cause exchange and mixing between effluent and ambient

fluids. Decelerated velocities and transporting capacity cause deposition of a large part

of the sediment. The concentration will :i.lso decrease seawards. Basically, Bates divided

the turbulent region into two zones; the zone of flow establishment and the lone of

established flow (see figure 3.11).

Figura 3.11 SchO. of a '1'\lrJ:)ulaDt Jat Modal (Aftar
Bates, 1953)

The zone of flow establishment is found by a distance (XJ from the river mouth

seawards to a point where the turbulent eddies within the boundary of the expansion
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penetrate to the centreline of the jet. The area from the outflow to this point is called Ihe

core region and is identified by constant velocity throughout the region. The length of Ihe

zone of flow establishment, X, for any given outlet geometry is inversely proportional to

the Tale u, :!Kpansion, e, (i.e the tangent of half the spread angle ifI), and to the similarity

integral for transverse velocity distribution. Based on an investigation by Wright and

Coleman (1974), the angle between the centreline and thejel boundary (¢I) is 12" 24' and

the value oft is equal to 0.22. Hence

, .d~)'O.22 (]-S7)

Where x is the distance from the virtual source (see figure 3.11). Stolzenbach and

Harleman, 1971 (quoted in Wright and Coleman, 1974), found that the similarity integral

(I) has a constant value of 0.316 in fully turbulenl jets.

In the zone of established flow, Ihe maximum velocity is found in the centreline

The velocity distribution decreases in longitudinal and transverse directions b.:!cause of the

ambient water forces. The form of the decelerated velocity in this zone seems 10 be a

Gaussian probability distribution as shown in figure 3.11. Progressive longitudinal

decrease of the veloci;y can be given as

(J-58)

Under non stratified conditions, friction effects between outflow water and bottom friction

should be considered. Borichansky and Mikhailov (1966) suggested that interaction

between inertial forces and bottom friction in a river mouth tends to yield a balanced
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condition between them. Therefore, the deceleration of the mean velocity (U........) at a

certain distance seaward relative II) the mean velocity at the river mouth (Uo), should have

an exponential function of the friction coefficient (K), distance (x) and mean water depth

(h.....) over the distance. These relationships can be given by

Uz_ = t -KW~-'
U,

Where K is a function of the Chezy coefficient (C) as

K· ..!..
C'

g is the acceleration due to gravity.(see also eqn 3.10)

(3-5')

(3-60)

The width of Ihe lateral expansion at a distance x from the river relative 10 the

river mouth width (b.lbo) is also influenced by Ihose faclors. The expansion width can be

expressed as

(3-61)

Another significant feature of expansion and diffusion in a river mouth is the

presence of buoyancy effects. As mentioned in equation ]-55, if the densimetric Froude

number decreases, turbulence will also decrease and buoyant expansion prevails. Bondar

(1968) assumed that the lateral expansion is caused by the hydrostatic pressure of fresh

water that is obtained from different elevations or superelevation (M) crealed by the

buoyancy of the lighter fluid. The value of MI is equal to the thickness of fresh water (h')

multiplied by the density ratio (1) which has been mentioned in equation .3-56. Hence:
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Ah =h' 'Y

This can be illustrated in figure 3.12.

ri9.3.12 Mouth M04.1 showing Ezpanaioll of Buoyant
2ttlueatll (artn Bondar, 19158)

(3·621

At any distance (x) seaward, the expansion width (bJ and depth (h'J relative to the river

mouth width (bo) and depth (hJ, respectively, are expressed as

~ "'(I t ax)2IJ
b,

Where a is the dynamic expansion coefficient which is given by

a,l[Kh;(h;J"'j
2 Q,

K represents the buoyant expansion coefficient which is presented as
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K =~ (2gy)i l-y
3 2

(3-66)

Tide-dominated deltas are formed in the regions where tidal range is more than

4.00 m. Tidal currents are, therefore, slron.1 enough 10 affect the della formation. This

process can be identified by a series of depositions generally in line with the main river

flow direction. These occur at lhe mouth of the estuary and develop in a seaward

direction. Deposition will extend above the water level and vegetation will accelerate the

delta growth.

Wave-dominated deltas can be found in the sea. region where wave propagation

can counter the strength of river discharge. The influence of waves becomes more

significant if they can propagate upstream during JtI ebbing tide and bring back a large

part of the sediment to the river mouth area. This delta can be identified by the formation

of a sand bar surrounding the river distributary mouth and running almost parallel to Ihe

wave crest,

3.5.3 Morpbolop or deltas

As mentioned in the previous section, deltas are consequences of the contli;:t

between rivers and the sea. Marine forces and river discharges are. therefore, major

factors in the morphology of deltas. In tide-dominated deltas and wave dominated deltas,

for example, marine forces are more dominant than river forces, To evaluate the relative

contribution of river and marine forces, it is possible to consider the effect of river
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discharge relative to marine power. An alternative evalualion can be based on an

investigation of different river deltas, such as the Mississippi (U.S.A), lhe Danube

(Rumania), the Ebro (Spain) and many others.

Since waves sort and redistribute sedimenlS that enter the sea zone by river

discharge, wave power is one of lhe sources of eflergy for delta formation. An

explanation of wave energy has been given in section 3.3.2, equations 3-22 and 3-23,

while shoaling and refraction processes have been described in equations 3-24 through

3-32. Wave altenuation because of refraction and shoaling has been studied b~'

Bretschneider and Reid (l9S4) who showed that the reduction of wave height because of

bottom friction over a distance (4x) is given by

13-67)

Where H' "" the wave height after refraction

f = the friction coefficient. This can be assigned of 0.02 if sediment particles

are low roughness and mainly consist of silt and clay

K, = the shoaling coefficient

T = the wave period

and ¢ is given by

64,'[ K. r+._---
381 sinh 2ff{d/L) 13-68)

Where g is acceleration due to gravity, d is the water depth and L is Ihe wave length. To
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know the degree to which wave power is reduced by the offshore slope, an attenuation

ratio (Ap) should be stated as

it, c(PoIP)K; (3-69)

Where Po is the deep water wave power per unit width, P, is the nearshore wave power

also per unit width and K,. is the refraction coefficient. If A, is equal to 1.0 there is no

reduction in wave IXlwer owing to friction. If Ap is 100, wave power is reduced by I

percent and so on,

The magnitude and frequency of wave forces should be considered in determining

the relative strength of the marine forces upon the river forces. River discharges should

be compared to the wave climate over the same time periods. If a high discharge, for

example. coincides with a high wave power, the sediment volume that is supplied by the

river may be balanced by the wave power to redistribute the material to become a spit

or barrier beach along the coast. However, if both forces are out of phase, either the

river forces or the wave forces are dominant. The river dominated delta will result in a

delta having a fairly regular and continuous growth with an irregular shoreline. A wave

dominated delta, however, will produce a regular shoreline and sand barl which are

mostly parallel 10 wave directions. In a low marine energy area, for another example, the

river may be totally dominant and an irregular delta shoreline will develop.

To evaluate the relative strength between the two forces, Wright and Coleman

(1973) did a comparison of seven deltas using a discharge effectiveness inc.'X. The

discharge effectiveness index is given by
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River Discharge! Unit Width at the Rjvtr Mouth
Waw: Powtr!Unlt Width at rhe Coast

(3.70)

The deltas studied by Wright and Coleman ranged from a fluvial-dominated delta

(Mississippi) to a wave-dominated delta (Senegal). Both fattors are talcuhued in the same

month and the average distribution of the index can be determined annually. The shape

of a longitudinal section through the seaward end of the delta can also be used for Iracinl;

fluvial and marine processes. The deltaic configuration will indicate the dominant power

that forms the morphology of the delta lOS Ions as the deltaic configuration can be

described quantitatively whether perpendicular or parallel to the shoreline. Maps of lhe

delta provide basic data for this purpose and, in order to get a comparison, lhe result

should be compared to Ihe deltas that have been observed. Wright and Coleman (197J)

have described !>Vme factors or indices that can be used to indicate the deltaic process.

The first is the protrusion index (P,), Typically. any delta has a protrusion Ihat

extends seaward from the adjacent shoreline and is spread out arOl:nd the centreline of the

river moulh. This index (~ defined as the ratio between the length of the protrusion (L.. ),

normal 10 the coast, and the maximum width of the protrusion or as it sometimes is called.

tne delta width, (W). Hence

Prorrusion ungth (L,J
Protrusion Index (P,)'" Delta Width (W)

(3.71)

This index will show the domination of Ihe river forces relative to marine power if the

delta protrusion is long relative to the delta width.

The second index is the crenulation index. It is obtained from comparisons of the
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shoreline length and lIle delta width. This index is given by

, ShordiM ungth (L)
Crenu.latlon Indtx (C,):: D~lta Wuith (W)

(3-72)

The higher the value, the greater the coastline irregularity which means that the river

forces are dominant.

The third is the degree of skewness (SJ. This factor is expressed as

S."V,JV, (3-73)

Skewness happens if there is a pronounced littoral drift that dominantly comes from one

direction. Sediment volume distribution on the left (V,) and the right side (VJ of the

protrusion Cf ,;.reline is likely to be unbalanced and the down-drift part will have the

largest volume. Typically I the distribution volume is greatest in the zone adjacent to the

protrusion axis. It decreases with increasing distance from the axis. To calculate the

distribution, the delta area is divided into several segments parallel or perpendicular to

the shoreline. The trend of the distribution wi11 be shown based on the volume in every

segment.

According to the discharge effectiveness index. mentioned in equation 3-70, the

power of the river discharge relative to the wave power will be reflected in the

configuration of the front of the delta. If wave power is more dominant than discharge,

waves will form a concave delta front. [f the deposition process is dominantly

determined by the discharge the deposition form tends to be convex.. This is the fourth

factor that can be used for examining the deltaic processes. It is called the subaqueous

hypsometric integral (HI) and is given by
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,
HI: f(~)d(3.)

-40 A, Z ()·74)

Where a. = the area between any given depth contour around the deltaic protrusion and

the shoreline

A, = the area between the basalt (40 ft) depth contour and the shoreline

z = the vertical distance of the given contour above the basalt contour

Z =Ihe IOta! vertical distance from the basalt to the shoreline

If the value of HI is more than 0,5, the form of Ihe delta front tends to be convex and

if it is less than 0.5, the form tends to be concave.

The four factors above have been calculated by Wright and Coleman (1973) (cr

seven deltas. Results are shown in table 3.2. This table can be used as a standard for

determining whether river or matine forces are dominant in Ihe Branta! delta formation.

Table 3 1 Morpbom~rie Properties or Seven Deltas

Rivers C,- P,= 5,- h"I Dominant Forces
LJW L.fW VIV,

Mississippi 5.20 0.35 0.85 0.59 River
Danube L4fi 0.30 1.13 0.51 River
Ebra 3.51 0.64 LOS 0.50 River & Marine
Niger 1.29 0.3' 1.39 0.48 River & Marine
Nile 1.22 0.23 1.21 0.37 Marine
Sao Fr(jJn..isco 1.08 0.26 0.74 0.34 Marine
Senegal 1.02 None None 0.26 Marine
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Chapter 4

Existing Data Information and Analysis

Existing data is very valuable in many ways. First, by using existing data, the

chronology of river and estuary changes can be evaluated, "..specially if the changes can

be related to men's activities. At the Brantas river, for example, a shortcut channel was

dredged al the e.~lllarine area in J977 for flushing flood discharge rapidly 10 the sea. The

physical conditions have been changing since that time. A study of the original design and

present conditions should be done to evaluate the geometrical changes in the channel,

estuary mouth and the delta growth over the years. Topographic maps are needed for

examining natural behaviour besides river discharges, tidal currents, wave climates ... ,'d

other data.

Second, by using existing data, natural phenomena can be understood. The data

are useful for supporting analysis. Wind, wavt ami tidal data, for example, are very

important for understanding the characteristic forces that influence the sediment budget

and estuarine circulation. in this chapter, all of the existing data and analysis which have

relevance to the sediment budget and circulation within the estuary will be examined. The

b,sic features of this study are presented in figure 4.1.
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Pig .... 1 Schema of the Brantas R1vermouth showing
Influential Pactors in Sediment BUdget

4.1 Waves, Wlr.d and Tidal Data

4.1.1 WlI.veDatll.

No wave data were available in the Madura Strait. For analysis, wind data were

used to predict the waves and then they were then compared to a rew wave data sets

which were taken by field observation, This is the best way of approaching the real

conditions or waves and wave climate. Wind and wave observations will be discussed in

chapter S.3.
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4.1.2 Wind Data

As mentioned above, wind data is fundMlental data in calculating the

characteristics and climate of the waves. Existing wind data were taken from Juanda

airport which is located at about 10 kilomelres north of the Porong estuary and about 3

km from the shoreline of the Madura Strait. Only mean daily windspeed data including

mean direction is available. Monthly mean windspeed and the directions is summarized

in table 4, I. This is based on the daily data during two years, 1989 and 1990.

The table shows that the n,ean daily wind-speed is about 6.5 mls and the dominant

wind direction during the dry season and rainy season are from the east (7(1'N) and from

the west (27OUN) respectively. It is important to stress that the fluctuation of windspeeds

and the changing directions are insignificant throughout each season. These changes are

caused by the tropical climate of the Brantas area. There is a marked wet season from

November to April when the prevailing wind is from the west and a mlrked dry season

for the remaining months when the prevailing wind is from the north east or south east.

Furthermore, Java island does not lie in the area regularly affected by tropical cyclones.

Therefore, the area very rarely experiences periods of prolonged storm activity as occur

in the Philippines or other tropical countries. The Brantas area has little variation in

windspeed throughout the year.

During the wet season, the wind comes from the west or the main island, so it has

no significant influence on the coastal environment and it can be ignored.

Referring to section 3.3. I it can be seen that windspeed data should be corrected

75



Tabl41 D'IM Wid d dDI ti d' T
~~

.. , ean n -spee an "" on unna wo ears

Average Average
No: Month wind Wind

speed Dirtttion Note
(m1,)
'89 '9<1 '89 '9<1

1 lanuary 6 7 W I W Dominant Dir.during

2 February 6 7 W I NE wet season is west

3 March 6 7 W I W ( 2",:,O'lN - azimuth)

4 April 5 6 E I E

5 May 6 6 E I E Dominant Dir.during dry

6 June 6 7 E I E dry season is east

7 July 7 7 E I E ( 711'N - azimuth)

8 August 8 8 E I E

9 September 8 8 E I E

10 Oclober 7 8 E I E

11 November 6 6 E I E

12 December 6 6 W I W

Average speed ; 6.8 6.4 m/s. Wind direction during the dry season
is 700N and during wet season is 27011N.

before being used for prt.dicting waves. Wind data from Juanda airport is measured 10

m above ground, so the correction factor mentioned in equation 3·13 is unnecessary. The

stability factor (Rt) (see figure 3.6) is also not needed since the temperature difference

between the water and air is small. In addition, there is a little variation in temperature

throughout the year. One of the correction factors which might have been necessary is

RL (see figure 3.7). This is the factor caused by the differences in surface roughness

between water and air. However, field observations showed that mean w;ndspccds over
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water are almost equal to windspeeds measured in luanda airport 4 km inland from sea

(see table 5.15). Therefore, conversion from the wind data to windstress factor (V.J can

be done directly using equation 3-16 and no correction factors are necessary.

Assuming that the mean daily wind blows for 24 hours and that all the correction

factors are equal to I, the wind stress factor is V... = 0.71 X6.51.1) = 7.09 m/s. Then,

from the oceanographic map (see figure 4.2), using the wind direction 7fJ> N, the fetch

length from the river mouth through the Madura Strait can be found to be 136

kilometres, Finally, the significant wave height in deep water, wave duration and wind

duration can be found by using figure 3,8. The results are stated in table 4.2.

Table 4.2 Significant Wave Height. Wave Period In the Deep Water and Wind
Duration

Significant Wave
Helgbt

(m)

1.20

4.1.3 Tidal data

Wave
DuratioD

(se<)

5.8

Wind
Duration

(bours)

11

Note ,',

Fully arisen sea

Existing tidal data was taken from the Surabaya Harbour Department. Data are

measured hourly based on a certain elevation that is called the Surabaya Harbour

Reference (SHR). Zero elevation is placed at 1.50 m below mean sea level (MSL).

The SHR is different from the provincial levelling standard which is commonly

used by projects in East-Java Province. This common standard is called the Surabaya
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Horizontal Voer Peil (SHVP) which IS 2.40 m above the Harbour Reference. To avoid the

confusion, elevation data hereafter, will be transferred to SHVP.

Tidal data in the harbour is very useful for cornparisoD with the tidal data of the

Brantas estuary which is obtained from the field measuremenls. This will be done in

chapter S. Summarized data from June 6 through July 12 is shown in table 4.3.

Some imponanl features can be identified from the table. First, the rise and fall of

the water occurs twice a day with unequal height. Every month, there are tWO spring and

two neap tides. According to the type of tides (see section 3.2.1), the tide of Surabaya

Harbour or Madura Strait is characterized as a mixed diurnal tide with bimonthly spring

and neap tides. The period of one t.Jal cycle is about 24 to 2S hours (lunar day = 24

hours and SO minutes). Consequently, the period of rise and fall moves forward

periodically. For example, if on one day the fall and rise of the tide begins at 7 a.m and

1.00 p.m respectively, in the next two or three days, the lime will change to 8.00 a.m and

2.00 p.m., and so for1h. Unfortunately, the data is recorded hourly, so details of moving

time cannot be explained in detail. Second, from table 4.3, the mean duration of the flood

and ebb tides are 6.2S and 6.13 houfs respectively (see table 4.3). The values are almost

equ:d and they tend 10 have Ihe same period of mean tidal rise and faJl and mean lidal

range.

Finally, in order to make the tidal fluctuation of Surabaya Harbour clear, data in

table 4.3 have been transformed to figure 4.3.
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Table 4.3 Tidal Data of SumlJaya Harbour

Location : Karang Kleta (07.3 South· 112.8 East)
Recording peri{;d : From June 6, 1991 to July 12,1991

D~l~ HillhWater Low Wat~r Duration RlUIg~

Time EI. Time EI. FlU Rise Fall Ris.;:
m,SHR m,SHR ,.

Jun~ 6 2.00 Il 1.40 6.0 '.0 0.60 0.20
18 UiO 24 1.00 6.0 7.0 0.60 0,<)8
7 2.20 14 1.10 7.0 '.0 0.99 O.SO

" 1.60 I 1.10 6.0 6.0 O.SO UO
7 2040 IS 0.80 '.0 '.0 1.60 0.80

" 1.60 2 1.10 6.0 6.0 O.SO 1.50

• 2.60 16 0.50 '.0 5.0 2.10 1.20
21 1.70 2 1.10 5.0 6.0 0.60 1.70

10 • 2.80 16 0.20 '.0 6.0 2.60 1.6li
22 1.80 3 1.20 5.0 6.0 0.60 1.80, 3.00 11 0.00 '.0 6.0 3.00 1.80
2l 1.80 4 1.20 5.0 5.0 0.60 1.90

12 , 3.10 11 -0.10 '.0 7.0 3.20 2.00
Il 24 1.90 4 1.20 4.0 6.0 0.70 l.'1U

10 3.\0 18 -0.20 '.0 7.0 3.30 2.20
14 I 2.00 5 1.30 4.0 6.0 0.70 1.70

" 3.00 " -0.20 8.0 6.0 3.20 2.20
IS I 2.00 6 1.30 '.0 6.0 0.70 1.60

12 2.90 " -0.10 7.0 7.0 3.00 2.10
16 2 2.00 7 lAO '.0 6.0 0.60 1.30

Il 2.10 20 0.00 7.0 6.0 2.70 2.00
11 2 2.00 • LSO 6.0 6.0 0.50 0.90

14 2.40 21 0.30 7.0 6.0 2.10 1.70
18 3 2.00 , \.50 6.0 5.0 0.50 0.70

14 2.20 22 O.SO '.0 6.0 l.70 1.50

" 4 2.00 10 1.40 6.0 5.0 0.60 0.50
IS 1.90 2l 0.70 '.0 6.0 1.20 LSO

20 5 2.20 " 1.20 6.0 6.0 1.00 0.50
J7 1.70 24 0.90 7.0 !-.O 0.80 1.40

21 5 2.30 " 0.90 6.0 7.0 I." 0.80
18 1.10 I 1.10 7.0 '.0 0.60 1.30

22 6 2.40 12 0.60 6.0 7.0 1.80 1.10

" 1.70 2 1.20 7.0 5.0 0.50 1.30
June 2l 7 2.50 Il 0.40 6.0 7.0 2.10 1.40

20 1.80 3 1.40 7.0 '.0 0040 1.20
{nUIJl·I~J
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TlIhlf.a.J (Contiauftf)

0." HipW.lt:r ..... W.... DunliOQ ""'..
Tilr¥ E1. Time E1. F.1l Rl2 'oil Rl2

llt.S~IR m.SHR hn

J.."" " • '.60 14 0.20 '.0 7.0 ,.'" 1.70

" 1.90 • I.'" 7.0 '.0 0.30 1.30
25 · ,7<1 14 0.10 '.0 7.0 '.OJ I."

" 1.90 , 1.30 '.0 '.0 0.'" 1.20

" 10 2.70 " 0.00 '.0 7.0 '70 1.90

" 1.90 · 1.50 '.0 4.0 0.'" 1.30
27 10 ,." \. 0.00 '.0 7.0 ,." I."

" 1.80 • 1.30 7.0 '.0 0.30 1.20

" " 2.70 J1 0.10 '.0 7.0 '.60 1.70

" " 1.20 • 1.50 '.0 '.0 0.30 1.20

" 2.70 J1 0.20 '.0 7.0 2.50 1.50
JO " 1.70 • 1.50 '.0 '.0 0.20 1.10

" '.60 " 0.30 7.0 7.0 2.30 1.50
Jllly I 1.80 7 1.050 '.0 '.0 0.30 1.00

!:£ 2.50 " 0.40 7.0 7.0 2.10 I.'", 1.80 7 1.40 '.0 '.0 0.'" 0.90
Il '.JO 20 0.60 7.0 '.0 1.70 1.20, I." · 1.40 '.0 '.0 0.'" 0.60

" '.00 20 0.80 '.0 7.0 1.20 1.20
3 '.00 9 \.40 '.0 '.0 0.60 0.40

" I." " 0.90 '.0 7.0 0.90 1.20
4 '10 9 1.20 '.0 7.0 0.90 0.30
16 1.30 " 1.10 '.0 '.0 0.'" 1.10· '.20 10 1.00 '.0 7.0 1.20 0.30
J1 1.30 " 1.20 '.0 '.0 0.30 1.20, '.40 10 0.60 :.0 '.0 I." 1.00

" 1.60 " 1.30 '.0 '.0 0.30 1.30

• '.60 J1 0.30 '.0 '.0 '30 1.40

" 1.70 I 1.30 '.0 '.0 0.'" \.30
7 ,." " 0.10 '.0 '.0 '70 I."
20 1.90 , 1.l0 '.0 '.0 0.60 1.60

10 .. '.90 " -0.10 '.0 '.0 3.00 2.10

" '.00 3 1.30 '.0 '.0 0.70 1.70
9 3.00 14 .0.20 '.0 '.0 3.20 '.20

" '.00 • 1.20 '.0 '.0 0." I."
Jul)' " 10 3.00 16 .0.20 '.0 3.20

"v"I'lII:~ : 2.19 0.82 '.25 6.13 1.36 1.36

"'llllIIQSHVP -0.21"1 -1.58

-)0.00 m, SHVP is equinlenllO + 0.90 m above II1C&Il Ita level (MSL). 0.00 10, SHR (Sul1Iba)'a Harbour
R&~I", ..e) i'~ at 1.50 ID Ixlow the MSL. Tbe~rore. 0.00 1Il, SHVP is cquallO -+-2.40 m. SHR.
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Tidol I'"ecol'"ds ot SUI'"oboyo HOl'"bouI'"
, f"ro,..,., Ju,.,e 6 10 July 12 199'

riqure 4.3

4.1.4 River Discharll:e

Prior to identification of fixed points along the Porong River, the Brantas River Basin

Development Executing Agency (laler called Ihe Drantas Project or Brantas Omce) has

installed concrete piles on the levee crown on bOlh banks. The distance between two piles

is 200 m. The piles are named KP which is an abbreviation of Kali Porong. Pjle numbers

are given to identify the dislance from the New Lengkong dam downwards 10 the estuary

multiplying by 200 ffi. There are 2SS piles from KP.IL (left) and KP.IR (right), at the

dam, to KP.2S5 (L and R), at the shoncut river mouth. The approximate length of the

Porong River is 51 km. Aillocalions along the river, hereafter, will be indicated by KP

and its number.

There are three water level and discharge gauge stations. The fiDI is Porong stalion

which is located al KP.l54. It is aboullO.S km downstream oflhe New Lengkong Dam

or 20.2 km upslream of the estuary moulh, The second is Permisan station which is found
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al KP.l8J (l6.60 Km downslream of the New Lengkong Dam or 14.40 Icm from the

csluary mouth). The las1 station is Tanjungsari which is found al KP.2JO. ThaI is aboul

4600 Icm downsltum of the dMl or S km from Ihe river mouth. The locations of the

three Slathlns are shown fi ure 44. Dailv water level data from 1971 throu h 1988 is

.'~

~...~ll;--,.. .

I ~

I
!

l'ig.4.4 8che.a of the Poronq R.iver and Locations of
.ater oauqinq stations

a"'3i1able (or e3ch Siallon. Monthly mean discharge 81 Parana during thai period is listed

In t3ble 4.4 and illustrated in figure 4.5.

Table.... Monthly Mean Dischal"le at Por,,"c Station (mJ/!>CC)

Yur 1M Fob Mo, A" Mo, I~ '" A", "" 0" "'" ""
t911 '" 'I) 'O, 219 60 6J " " '" "

11 "1978 m '" ''I 18. m 'I' ]]I " 'I " 1<, m
t979 '" '" J79 '" '" '" " 18 . , II IJJ
1980 Ml '" '51 '" "

, l , , ,
" '"1981 .. 4J9 '" 212 l6S .. III 18 JI " 1<, '"t912 l'l "" '" 112 J9 , . , I I ,

"1981 '" ". ." J76 '" 96 17 , ,
" I)' '""I' H' ,,,

'" 600 "' 17 l ,
" J9 17 '"19K5 '" '" H' ,.. )J '"

, ,
" JO 10 "I- 174 ." '" ss. " " " . 10 " 82 6J

1987 J7J '" ,.. " "
, 1 I I I ,

'"1988 JJJ "" '" " .. " II 17 18 " " "

8J
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rig. 4.5 Hydrograph of Monthl·\" M.an Discharge at porang
River
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According to table 4.4 and figure 4.5, lhe mean river discharge at the Porong river is 301

ml/sec in the rainy season and 63 m]/sec in the dry season. Eight high discharges have

been recorded during the period of 1977 te !·988. The instantaneous flood discharges at

the Porong station in those flood conditions were around 1,100 to 1,300 m)/sec and the

highest dischargt:: was 1,466 ml/sec. It happened on April 7 and 8. 1986.

4.2 Design of the Shortcut River Channel

The shortcut river channel was designed and constructed in 1966 by the Srantas

Project associated with Nippon Koei Consulting Engineers, Japan. The size and shape of

the channel was based on the general standard design of the Porong River improvement

but there was no speCial design of the shortcut channel. Basically, the shortcut channel

and the old or the original river branch must enable the flood discharge of 1,600 m)/sec,

50 year prob?ble flood, to flow rapidly down to the sea.

4.2.1 Hydrology

In 1966. there were three water level stations and only one run-offand water level

station. The three water level stations are those mentioned in the previous section

(Porong, Permisan and Ta..'ljungsari station) but the Permisan and Tanjungsari were

originally located on the right bank of the river. Now, they are found on the left bank.

The run-off and water level station, namely Kepajaran, is located immediately

downstream from Ihe Lengkong dam. AI this sile, the river bed changes seasonally. As

a result, the relations between water stage and discharge are different every year and a
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fixed stage-discharge rating curve cannot be obtained,

To calculate the 50 year flood (probability = 0.02) rainfall data was analyzed

from stations surrounding the Porong river. Th~ Maximum daily run-off (Q....) was

computed ty

(4-1)

Where Q.... =maximum daily run-off (ml/sec)

R.... "" maximum daily rainfall (mm) with probability of 0.02

A "" basin area in km l

11.6 '" a constant found by observation on thc Branlas river.

f '" run-off coefficient of individual flood ( f "" 0.27 is re..1sonablc for Branlas

riwrbasin)

The maximum daily rainfall R..... was obtained by the Thcissen mcthod (quotl'tJ

in Brantas River Basin Development Executing Agency. 1966, and Roberson el aI., 1988)

and was given by

~ ,. E AjR j " ALR1.A1R~."" ."\/JR!!

~ A 1+A2+"",,+An

Where R :::: average rainfall over a given area (mm)

. Ai '" area represented by each rain gauge station (Kml
)

(4-2)

R; =rainfall at each rain-gauge station (mm)

The catchment area of the Porong River is aOOuI406.7 kml . By using equation

4·2, the mean annual rainfall can be calculated. It was found I'J be 2,517 mm/year. Flood

discharge probabilities were calculated by Gumbel's method (Brantas River Basin

Development Executing Agency, 1966) and were found to be as shown in table 4,5, The
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same calculation was done also at Djabon Ifea, upper Porong river, and (he result was

I,S70 m'/see for a telum period of SO years. This was rounded 10 1,600 mJ/sec.

Table 4.5 Probability of flood Disc:harJ,e in the Porona River

Probability

Once in S yeus

Once in 10 years

Once in 2S years

Once in SO yeats

Once in 100 years

4.2.2 Sediment DischllrcfS

Poronl Station
(mJ/stc)

1,300

1,380

1,490

I,S70

1,650

No t e:

Recommended

According to section 3.4.1, sedimenlload can be classified inlo Ihree kinds: Bed

load, suspended load, and wash load. In this design calculation, a sediment grain size

below 0.1 mm is deall with as wash load.

In 1966, prior 10 commencement of the design river improvements on the Pororg

River, some observations of sediment transport were carried out al four places during Ihree

months. The annual bed load was then calculated using Sato·Kikkawa·Ashida's formula,

19S8 (quoted in Branlas River Basin Development Agency, 1966 and 1990 or Bogardi,

1978, p.2S7). The formula is expressed as
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Where £lB "" bed load per uniltime per unit width of section (ml/sec/m)

P, = density of riverbed material (kg/m' )

p "" density of water (kg/ml )

g = acceleration due to grnvity (m/secl
)

TO = shear stress on bed (N/ml
)

T. "" critical shear stress on bed (N/m1)

4J "" Sato-Kikkawa-Ashida factor which depends on the bouom friction refers 10

Manning's roughness coefficient (n). If n < 0.025, 4J = 0.623 and if n

~ 0.025, 4J = 0.623 (400)"1.J

F = function of (TolT.) which is presented in figure 4.6. For the Brantas river.

this value was taken as I, because the actual value was found 10 vary from

0.9910 I.

Although the value of .p can be taken dircctly

from the basic formula, in order 10 get the exact value,

the Brantas Projcct has corrected the value by the least

(4-41

(4-5)

(4-6)

y'" qB

a' -.!...­
(i.! -11

p

x,,~
p 9

y = ax. Where

original formula can be assumed as

squares method based on measurements of q~. The

__ 'J1,
Fig'.4.6
Relationships
betweel1 f(T./T.) "
1./T.
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If Y = a x is written in logarithmic form, the equation is Y ::: X + A, where Y = log

y, A ::: log a, and X ::: log x. The constant A can be obtained by the met!lod of least

squares as follows

A'" _y ~ x (4-7)

(4-8)

Where n is the toW of samples considered. Based on observations carried out by the

Brantas Project, the value of A was found to be -1.3182. Hence a = 0.04806 and .p

=0.09180. Sato-Kikkawa-Ashida's formula (equation 4-3) can thus be presented as

qs (.f.! -1) g
e l = 0.0918

(~)2
P

The value of the critical tractive force (1'.) can be found by Iwagaki's formula (quoted in

Brantas River Basin Development Executing Agency, 1990), as

'co" P u2
C

Whcre the value of V. l c depends on R. while

R " ((~-l) gl1 d~
• p v

Where d : median diameter of river bed material (dso)

" : kinematic viscosity of waler

If the value of R. 2.. 671 ; U.l e ::: 0.05 cp,lp·1) g d

162.7..s. R• .5.. 671 ; U.l c = {0.01505 CP,/p _1)g}Wll p.lIli dlll2l

54.2.5.. R• .5.. 162.7 ; U.l c = 0.034 (P./p -i) g d

2.i4.5.. R• ..s. 54.2 ; U.l c = {0.1235 (P,/p ·1)g)lJJll 1'7116 dum

14-9)

14-10)

and if R• ..s. 2.14 ; U.le = 0.14 (P,lp -l)gd.
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By using mean monthly water discharge (Q..) the hydraulic parameters such as

water depth (h) width of channel (b) and energy gradient (I,) can be found. Finally, Ihe

rate of the sediment discharge can be calculated.

Suspended load was measured at the same places and the same time as bed

sediments were laken. The sample obtained by the suspended load samplt!r is divided inlO

suspended load and wash load based on the particle size. As mentioned in the bt!ginning

of this section sediment with a grain size below 0.1 mm is deal! with as wash load

This suspended load is the main quantity of sediment causing deposition whether

within the estuary or in the surf zone. Comparisons among three cases were, therefore,

made to select the appropriate formula. The first case was an examination of the

relationships between friction velocity (V.) and sedimenl discharge per unit width and

time (qb) of a section. The second was to calculate 'he unknown factors of Kalinske-

formula (quoted in Brantas Riv.., Basin Development Executing Agency, 196b and

Bogardi, 1978, p,712). The equation is presented as

~.A[_U~]'
U,d!JQ "(~-l)gd.,o

Where dw = median diameter of sediment (m)

P, = density of riverbed material (kg/mIl

= density of water (kg/m l
)

A, & p = constant value

(4-11)

Using Brown's formula (quoted in Brantas River Basin Development Executing

Agency. 1966) A," 10 and P" 2. The third was to get the relationships between waler
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depth (H), square of the friction velocity (u,l), H U,1, and sediment discharge ('I.). By

plotting data and application of the least squares method, the results of the three cases

above was found as follows

q• . 1 357U~·7U

(4-12)

[ , j""q. = 4,051 __U_,__
U,dso (~-l)g d5~ (4-13)

q. :0. 6,62 X 10~2 (H U.)1.67' (4-14)

Based on an accuracy test to the three above equations by an index correlation, the last

equation (4-14) has the best approximation, Therefore, the suspended sediment rate was

calculated using equation 4-14,

The rate of wash load was calculated directly by an equation obtained from an

examination of the relationships between water discharge (q..) and sediment discharge

(q,), By the same process, the results can be presented as

(4-15>

"I:he annual sediment rate was divided into two conditions: mean annual sediment

rate before and after river improvement. The main difference between the two conditions

is the difference of the hydraulic gradient because of dredging works and shortcut channel

at the river mouth. Consequently, the sediment rate will be also changed. The final result

of both calculations is summarized in table 4,6,
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Table 4.6 Annual Sedlment Transport or tbe Poron& River

Condition Bed Suspended Wash Tola!
load load Load sediment

(mJlyear) (mJ/year) (mJ/year) (m1/year)

Before Improvement

Mean Rate 10,700 567,000 3,698,000 4,276,000

After Improvement

1·20km 11,700 1,031,000 5,8(,1,000 6,907,000
20·30km 12,000 1,070,000 6,148,000 7,2)0,000
30-41 km 11,300 1,152,000 7,308.000 8.471.000
41 ·48km 10,900 991,000 6.570,000 7,572.000
Mean Rate 11,500 1,061.000 6,472.000 7,545,000

This result shows that most of the sediment consisted of suspended :lnd wash lo.1d.

A large pan of these sediments will be flushed directly 10 the sea area and should be

considered as important for the delta growth. The total annual sediment is the main

source of sediment which will be distributed within the estuary and seawards.

From the !able, it can be seen that the annual transport of bed sediment is very small

compared to the amount of suspended and wash load sediment. This condition can he

explained easily since the bed gradient of the Porong river is very gentle. so Ihe tractive

force is relatively small. In percentage, the bed, suspended and wash sediment al)cr

improvement are 0.15%, 14,06% and 85.79 % respectively.

In fact, after the shortcut channel was completed in 1977, Ihe river bed of the

Porong River exhibited very rapid degradation up to 1989. In view of this condition, the

Brantas Project decided to rehabilitate and improve lite river by doing some constructiun

such as foot protection of the artificial levee as well as building new revetments and

groundsills which were made while re-investigation of the sediment transport was
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undertaken.

The sediment carrying capacity of the bed and suspended loads were estimated for

each river cross section using the same formula as mentioned in the previous part of this

section (see equations 4·3 to 4-11). The calculated valll'!' >rIf discharge and sediment

carrying capacity from KP.150 - KP.230 are illustrated in figure 4.7.

Annual sediment intlow (SJ for each stretch was estimated by multiplying the

sediment carrying capacity (5.)

'.
Dllohug. (q .. m::t/I)

rig".7 Relation.hips Set".en W.ter Discharge and
au.panded sedi••nt carrying Capacity of the
PoroDCJ aiver

for e<'.ch discharge with lhe duration of the discharge (0) over one year. It is, therefore,

necessary to know the distribution of water discharges or to have discharge duration

curves. Based on data from 1977 through 1988, the distribution of discharges can be

calculated. The range of the discharge duration during one year was divided into 8

SI."Ctions from 0 IllJ!S through maximum discharge 1,466 ml/sec , This curve is presented

In Iigure 4.8.

Sediment carrying capacily corresponding to the 8 scales of discharge in figure 4.8
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can be read from figure 4,7. The estimated total annual rate was estim.1ted by Ihe

following expression

leU

S, :II" ~ Sq D 86400

Results are shown in table 4.7,

Table 4 , Annual Suspended Sediment Tramport

(4-'6)

Section KP.O-30 KP.3Q-SO KP.80-ISO KPISQ-230

Annual S.
Transport 20,500 16,100 18,100 11,200
(1000 mJ)

4.2.3 Dimension of tbe Sbortcut River channel

Design of the Porong river improvement was based on the data descril>ed in sections

4.2.1 and 4.2.2. However, no detailed information was available regarding the design of

the shortcut channel and Brantas Office staff indicated that the dimension of the channel

was determined approximately based on the average discharge of the Porong riv~r at the
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last conOuence during the rainy season. This discharge ii 301 ml/sec. Typical dimensions

arc presented in figure 4.9.

4.2.4 Dredging Maintaining Work

In order 10 maintain the water-route at the estuary, the Brantas Project has organized

continuous maintenance dredging at the estuary from 1978 up to 1989. The maintenance

dredging volume each year can be found in table 4.8. Other routine dredging work was

also done along the middle reach of the Porong river from 1980 to 1987. The annual

volume of the dredging work is presented in table 4.9. The mean annual volume of the

dredging work al the estuary was about 141,000 m1/year.

Pig. fl. 9 Cro.s-Sectional Design of Shortout Channel

Table 4.8 l\lalntenance Dredging Work Along tbe Shortcut Channel
(Unit· IIYml

)

y"" 1978 1979 1980 1981 1982 1983

Volume 230 464 154 159 77 48

y"" 1984 1985 1986 1987 1988 1989

Volume 168 95 108 50 85 55
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Table 4.9 Maintenance Dredging Work in the Middle Rea(h or Porong Rivtr
(Unit: to-1 mll

Year 1980 1981 1982 1983 1984 1985 19R6 19B7

Vol. 971 1,873 1,930 1,950 1,589 1.307 1.124 507

4.3 Geometrical Measurement Data or Porong Estuary

In order to understand the physical changes of the estuary sinc~ th~ shurtcllt channel

was completed in 1977 up to now. some measurements of geometric data ar~ llSl:t1.

Funhermore, details of the geometry can be evaluated by cross and longitlltJinal sectiuns

of the channel.

4.3.1 Physical Changes in the Estuary

Figure 2.3 shows the estuary topography in 1945 and !igure 2,4 shows the plan view

and topography of the estuary in 1977 when the shoncut channel was completed. Figure

2.5 and figure 2.6 show the plan view of the delta and an aerial photo taken in 1985. The

difference between them can be made clear if the three figures (figures 2.:1, 2.4 and 2.5)

with the same scale are put on a tracing paper.

The estuary continues to grow offshore with sediment transponed from upstream as

the main resource. Growth is especially remarkable on the right bank of the shoncut

mouth. On the basis of the three figures above, general features of

the delta growth is presented in figure 4.10.

This figure shows that from 1945 to 1977 significant delta growth happened in the
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area surrounding the original rivcr mouth. This ocx:umd in !he northern and southern

pans or the mOluh but the deposition in the southern part was more dominant than that

in the northern pan. Since the shortcut channel W1S completed in 1977, delta Growth has

bI..-en changing to the area around the shortcut mouth or the southern part of the original

river mouth. To know thc present geometric condition of the delta area, the Branw

Project carried out topographic measurements in 1989 at the area in front of the shortcut



river mouth (see appendix B. figures 8.5-1 to B.5-9). The area covered 3,25 km from

the estuary mouth seawards and about 3.00 km of the shoreline length with the centre

placed at the axis of the shortcut river mouth. Based on this topographical measurement,

the mean gradient of the delta area was found to be 0.00112. This was taken from the

mean gradient ')f 5 lines on the area seawards with 750 m distance between the lines. The

result is illustrated in figure 4,11.

.. ---
Dtl'ance (km)

Fiq. 4.11 M.an Gradiant on tb. Delta Area

Along the shortcut channel, the downstream halfof the channel is now mostly buried

with sediment particularly at the right side (facing downstream), so the water-route tends

to go to the left side, making a meander, between the middle reach and the shortcut

mouth. This process will be more clear by doing some comparisons of cross and

longitudinal sections of the shortcut channel including the estuary. The comparisons will

be discussed in the following section.
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4.3.2 Cross and Longitudinal Sections

Some cross sectional surveys carried out on the Drantas river show that. in general,

the width of .he river sections have not changed considerable except for the cross sections

along the shortcut channeL Cross sectional comparisons of the shortcut channel between

Ihe original design (1977) and the present condition (1990) as well as the measurements

carried out in the dry season 1991 are presented in figure 4.12.

In longitudinal section, the river bed fluctuation from 1977 to 1988 was analyzed on

the basis of a cross sectional survey with around 200 m intervals beginning from the

Lengkong Dam (KP.O) to KP.2J7. about 45 km downstream from the dam. This study has

been done by the Branlas Project. As a result, the degradation of the deepest riverbed

along the water route has been found to vary between +0.221 m/year (from 1977 through

1986) and -0.034 m/year. Detailed drawings of the riverbed fluctuation are shown in figure

4.13 and the average amount '1f the degradation in every river section is shown in table

4.10

Table 4.10 Avtl'ftge Rivnbed Degradation

Dura­
lion

River Stretch (KP.No) Average

O· SO 50-100 100-150 150-200 200 - 237 All per Stretch

y..'

1977- 2,41 1,91
1986

1986- 0.04 0.03
1988

1,90

-0.07

1,78

-0.02

1,97

-0.31

1,99

-0.07

0,22

-0.03

Degradation happened continuously from 1977 through 1986. Slight deposition has
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been occurring since then. The effect of a sediment trap by the: dam constructed in the

upsueam area and manual sand mining by people may be considered as conceivable

causes of the degradation. However, regardless of the degradation of the channel, the

deposition in the area surrounding the shortcut mouth happens continuously. Another

possible reason is, therefore, that the hydraulic condition enables sediment to be. flushed

directly to the surf zone. Detailed discussions will be presented in chapter 6.
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Chapter 5

Field Measurement Data and Analysis

Field measurements of the Brantas Estuary were carried out during the dry season

of 1991. Data such as duration of flood and ebb tides, tidal ranges, tidal currents during

tidal cycles. sediments, salinity and temperature distributions within longitudinal and cross

sections of the estuary have been taken, Observation of waves, wind and longshore

currents were also observed. Data and analysis will be presented in this chapler.

5.1 Tidal Measurement Data

According to the recorded tide dala at Surabaya harbour (see chapter 4,1.3), Ihe

typical tide at Surabaya harbour is mixed diurnal with bimonthly spring and neap tides.

The f100d and ebb tides occur twice per day with different ranges at high and low water.

The spring and neap tides happen twice a month. In order to determine tidal penetration

within the estuary, tidal measuremenl5 were taken within the e~tuarine regions.

~.1.1 Tidal Musurement

Tidal waler levels were measured using the simplest tidal gauge or peil schaal. a

simple staff graduated in meters and read manually by an observer. The tidal gauges were
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installed on the right bank of the river and the zero elevations of the gauges were placed

below the low low water le\'d (LLWL). The main reason for this was so that the water

level could be identified continuously even in the neap tidal condition.

Five tidal .auies were installed. The slations were plaCf'd to measure the different

tidal ranges, their periods and mean tidal elevations. Location of the stations is sho",ll in

ligure 5.1.

The first slation was located I km upstream from Ihe shortcut channd mouth

(KP.2S01
). The second station was placed 2.6 km from the mouth. Both stations are in

the shortcut channel. Tidal data obtained from both stations were used for analyzing the

tidal behaviour along the channel. A branch between the old riller or original river and the

shortcut channel is found at KP.238. The third station was located 400 m upslream from

the branch (KP.236). This means that the station was placed J.8 km from the shortcut

mouth or about 6.2 km from the original river mouth. Data obtained from this station were

used for determining wnether the tidal innuence comes from the shortcut cl1annel or from

the original river. The fourth station was placed on the original river about 0.75 km

downstream from the tributary or 5.0 km from the original river mouth. The abbreviation

of Sembilangan River is. 58, which is talcen from one name of an original branch river

before the original river reaches the sea. Observations at this station were used for

analyzing the tidal influence that comes through the original river. The last tidal station

was placed IS km upstream from the shortcut channel mouth. These data

were useful for analyzing the limit of the tidal penetration.

l "KP" is abbreviation of "Kali Porong". See section 4.1.4
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Data were recorded hourly from June 6to July 12, 1991. Rccorded data relilting

to water levels at KP.2S0 are presented in table S.I, while data for (JI.hu stations il~

given in appendix A, Iablc.s A.I-l to A.I-4. The tidal fluctuations at the five statioos

during field observations will be clearer if they are also compared 10 the tidal data

recorded at Surabaya Harbour (see table 4.3) which is located about 25 km nonhwanlllf

the river mouth. This comparison is presented in figure 5.2.

The tables (table S.I and appendix A, table A.I-Ithrough table A.I-4) show lhat

the mean durations of the tidal rise and fall among the stations are different. Generally,

the ebb or falling tide has a longer period than the rising or flood tide at every st<llion.

The difference becomes significant at the upper station (KP.IBO) where the ebb period

is much looger than the flood period. At KP.242. KP.236 and SB.S, the rise and fall

happen a1mo~1 in the same time. This is because there is little distance between them.

One significant factor which should be noted is that the ebb period at those stations is

shoner than that of the upstream station but the flood period is longer than that of tnc

upstream station. In addition, the ebb and noed p.~riods at the most downstream station

(KP.250) are almost equal.

The mean tidal ranges at the slations are all dirfertnl. The upper slations have less

mean tidal range than the lower stations. Tidal range at KP.180, for example, is smaller

than that of KP.236, but it is still larger than the tidal range at KP.242. The

tidal range decreases gradually landward. This is caused by the reduction in energy of

the tide because of the estuary bottom friction and other geometric raetors. This condition

will be discussed in greater detail in chapler 6. The mean tidal periods and ranges are
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TId .., .......... d'" at Su..oboyo Ho .. b .. u ..

KI'>.250 (1 KrT'I Upwo.. d fr-orT'l River- Mouth)

KP.242 (2.6 KrT'I Upwo.. d frorT'l Rlv ..,. Moufh)

Piq.5.2 Reoorded Tidal data at surabaya Barbour and Pive
stations along' tbe aatuary during' June 6, 1991
to July 12, 1991
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Fiq.S.2 Continued .tor 8D.S, ItP.236 and ItP.180
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summarired in table 5.2

Table 5.2 Mean Tidal Period and Range along the Estuary

SlaU(lJl
Number

MeaaTidaJ
Period

Mea.nTidal..... Remarks

Ebb Flood Ebb Flood
~") (hn) em) (m)

KP.2S0 6.34 6.04 1.09 1.09 SbortcutRiver mouth

KP.242 6.93 '.46 0.95 0.9S Downstream of the shortcut branch

KP.236 6.93 5.46 0.86 0.86 Upstream of the shortcutbl1Ulch

SB.S 6.93 S.46 0.97 0.% Ori,illalriver

KP.180 8.68 3.71 0.65 0.6S 15 kmupper from the river moulh

5.1.2 Tidal Limit

Based on the above tidal data, ~,He extreme limit of the tidal rise can be determined

using two methods. The first is obtained from the mean high water elevation at every

station. The mean water elevation at one station is connected to the other stations and

then the average waler surface slope along the esluary can be found. The point of

intersection between the mean surface water slope and the mean river bed slope is

assumed to be the extreme limit of the tidal rise. The significant limit of tidal rise must

be identified in the spring tide and neap tide condition. Referring to da~ in table S.l and

appendix A, tables A.l~l to A.I-4, the calculation is presented in table 5.3.
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Table S.3 Tidal Limit

Station Mean Dist~nce Me~n Slope Mean
High from o(Wller RiverBed

Waler O) KP.250 Surface Slope
(m,SHVP) (Km) (10) (IJ

,I) (2) (J) l4)-(42)f(J) (5)·")

KP.250 -0.01
KP.242 0,245 \.60 0.00016 0.00029
KP.236 0.487 2.80 0.00018
KP.180 1.316 I·too 0.00009

Ave r a lle· 0,00014 0.00029

KP.250 Date Time Waler Re(eren~.,

level Poinl o,,)

HHWL June 13 10.00 0.716 -1.415
LHWL June 21 18.00 -0.385

Upper Di~lanl,;e from KP.250 HI(I.-I~)

Sprin8 Tide (HHWL) • (1.415 + 0.716) I (0.00013)" 27 54 km

Neap Tide (LHWl.) - (3.415 - 0.385) I (0.00015)" 20,20 km

0) Soec taole J. an ~ppendix A, I~Oles A.l-Ilo A.I-4
00)Soeefigure5.3

o'O)llle deepest poinlat KP250 blIsedon field melSuremenldala in tile dry season of 1991.

The second method to determine the extreme limit of tidal rise uses the

fundamental understanding that the tidal amplitude varies in a landward direction because

of friction and constricticn. By using water elevalions al the moulh (KP.2S0) in the spring

tide (HHWL) and Ihen connecting to the water elevalion al the olher stations al the same

time, the water surface curve can be obtained by exponential regression. The break point

belween Ihe water surface curve and the mean river bed slope is assumed to be the

ext' ,1e limit of the tidal rise. The water elevation at that time is shown in lable 5.4 and

the tidallimil is presented in figure S.J.
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Fig. 5.3 Lonq! tucUnal Section and Surface Water Profile
tor Determining the Tidal Lillit.

Table 5.4 HI2h Waler Elevation of Sprina: and Neap Tide

Tide Condi Date Time Waler Elevation (m, SHVP)
tior.

KP.2S0 KP.242 KP.236 KP.180

Spring HHWL June 13 10,00 0.716 1.002 USI 1.626

Neap lHWL Junell 18.00 -0.385 0.000 0.251 0.926

The result shows that the extreme limit of the tidal rise is 26.8 km from the

shortcut mouth on the Spring tide and 25.2 km on the neap tide. Estimates using the first

method were 27.5 km and 20.2 km, respectively. Therefore. determination'of the tidal

limit 27.50 km and 25.2 km from the shortcut mouth are reasonable.
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5.1.3 Observations at Partkular Points

Observations at particular points were carried out in order to examine the

characteristics of tidal currents, sediment transport, temperature and salinity distributions

during tidal cycles. Devises used in these observations were current meter. bed load

sampler, suspended sediment sampler, and salinometer (see appendix B, figures 8.4·1

through B.44). This observation is needed because these factors have a close rclatiollship

to the circulation type within the estuary. Two basic observations have been made: cross

sectional or lateral survey anti longitudinal survey along the estuary.

The cross sectional survey was taken at the same four stations where tidal data were

observed (KP.250, KP.242, KP.236, S8.5). However, no observations were made at

KP.l80 because the tidal effects at this point seem insignificant except for the influence

of the tidal water level.

Regardless of the salinity distribution, the relationships between current velocity,

water discharge and sediment discharge will be examined by the cross :;cctional survey.

The records were made during a tidal cycle and were taken at the middle and two quarter

points across the estuary at the stations. Velocity measurement and suspended sediment

load measurements were taken every one sixth of the water depth if the depth was more

than 2.00 m and taken every one fourth if the depth was less than 2.00 m. Water

discharge can be estimated by r.1ultiplication between the mean velocity, represented by

the three points above, and the cross section area in that water level condition. Suspended

discharges were calculated by mean sediment content multiplied by
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the water discharge. The calculations are summarized in table 5.5-1 through 5.5-4.

The tables show that there are certain relationships between hydraulic conditions

and suspended sediment discharges. If the mean velocity in every measurement is used

as a basic reference, it can be seen that there is no obvious relationship between velocity

and sediment discharge. AI KP.250. for example, mean velocity and suspended sediment

discharge during the rising tide are not directly related to the velocity, particularly near

Table 5.5-1 Cross Sectional Survey Data - Relationships Between Hydraulic and
Suspended Sediment Discharges at KP 250

Date , June 15,1991
Location , Porong river mouth
Station KP.250

N. Time Water Melin DiJl:harlle Note
Elevation Yd.

(m,SHVP) mi. Water Suspended
m31. 'Ii'

I 06:00 -0.896 0.00 0.00 0.00 Rising
2 06:30 .(1.886 0.11 45.94 8.07 tide
3 01:00 ".846 0.13 55.27 9.80
4 01:30 -0.766 0.33 142.44 24.Sl
5 08:00 ".406 0.40 209.l7 34.02, 08:30 -0.276 0.46 256.62 42.96
1 09:00 -0.036 0.44 275.04 63.18
8 09:30 0.284 0.40 285.22 76.06

• 10:00 0.554 0.20 161.09 65.06 Falling
\0 11:00 0.564 0.12 97.04 40.03 tide

" 11:30 0.704 0.07 59.83 20.32
12 liAS 0.704 0.00 0.00 0.00
Il 12.00 0.644 0.11 91.84 8.04
14 12.30 0.574 0.19 154.27 12.11

" 14:00 0.106 0.35 233.29 26.55

"
14:30 -0.156 0.33 195.04 27.50

11 15:30 ".256 0.29 163.37 23.26
18 16:10 -0.406 0.25 130.73 20.49
19 16:50 .(1.526 0.19 93.41 14.26
20 19:00 -1.216 0.00 0.00 0.00

114



f
I
f
;

Table 5 5-2 • at KP 242

Dm JIl1leII. t99\

""'"= upper Shortcut Owlnel
SlIIiOll 1tP.242

" TI~ Wlu,ElevOlioa Moon Di"'h.... ,'W
(m,SKVJ') Vd

WW,w. ........". k,l•

I 04:00 -C.722 0.00 0.00 0.00 RiJinll
2 04:30 .0.682 0.11 28.94 1.0S ti""
3 05:00 .0.642 0.13 34.69 8.39, 06:00 -C.S62 0.32 85.83 20.94
S 07:00 -0.072 0.45 ISl.37 31.41, 08:00 0.488 0." 165,21 67.S1 F.lling
7 06:30 0.758 0.14 64,84 48.59 lidtl
8 09:00 0.828 0.00 0.00 0.00, 09:30 0.478 0,30 124.74 9.61

to 10:00 -0.012 0.41 140.78 11.05

" 11:00 -0.502 0.25 69.20 8.34
12 12:00 -0.582 0.19 50.64 6.01

II 13:30 ..0.622 0.12 l\.J7 4.504
14 14:30 ·0.762 0.11 26.83 4.01
IS 18:00 -0.922 0.00 0.00 0.00

Table 5.5·3 : at KP.236

D•• : July I, 1991
Location : PoroDlriver
Sl&Iioo : KP.236 (3.8 tal Upwud (rolll tbe Shorkul Mouth)

w.le. Mo. DiocUfJ"
E......on{m.SIfV Vel.

" W. WW, Suspended.". k,l.

I 08:00 -0.231 0.00 0.00 0.00 Ri,inll
2 08:15 -0.071 0.08 25.28 0.41 lide
3 09:25 0.199 0.\6 60.19 0.89, 10:00 0.339 0.20 BO.44 1.50
S 11:00 0." 0.24 109.14 259, Il:SO 0.679 0.13 60." 2.49
7 12:30 0.731 0.08 38.36 1.58 Filling
8 13:00 0.761 0.00 0.00 0.00 tide

9 14:00 0.601 0.23 104.23 2.76

10 15:20 0.321 0.37 146.37 3.67
II 16:00 0.131 0.33 120.07 3.95

12 11:00 ~.029 0.20 67.11 3.IS
13 18:00 ~."" 0.16 51.76 2.46

" 21;00 ~.376 0.00 0.00 0.00
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Table 5.5·4 . al 58 5

Do.. : July 3,1991
Location : Original River
Stalion : sa.' (7S0 mdownstream or tribUlary)

No. Time W~, M.... Disch... N~

Elnlliotl Vel.
(rn.SHVPI ~

w_, Su.pcn&<d
ml/• ",.

1 09:00 .(1.825 0.00 0.00 0.00 Rising
2 09:30 -0.705 0.12 2.26 0.06 tide
J 10:00 -0.54' 0.14 3043 0.10, 10:30 -O.40~ 0.17 ~.08 0.16, 11:00 -0.)6' 0.20 6.l1 0.23

• 11:30 .(I.m 0.23 8.32 0.27
7 12:00 .(I,m 0.24 9.52 OJ2

• 12:30 -0.115 0.23 7.7~ OJ3
9 13:00 ·0,085 0.14 6.13 0.28

10 14:00 ·0,015 0.Q7 3.10 0,13

11 15:00 .(I.OB 0.00 0.00 0.00 Falling
12 15:30 ·0.065 0.07 2.91 0.06 Tide
1J 16:00 ·0.182 0.28 11m 0.22
14 17:00 -0.375 0,27 8.40 0.24

" 17:30 -OASS 0,24 6.70 0.20

"
18:00 -O.SIS 0.22 5.64 0.16

17 21:00 ·O.80~ 0.00 0.00 0.00

the high water. The velocity decreases bUI the sediment load increases. Table 5.5 may

be used to average the mean values of velocity and suspended sediment discharge over

Ihe flood and ebb tides. During the flood tide, the average of the mean velocities is 0.24

mlsec while the average of the suspended sediment discharge is 35.40 kg/sec. The tidal

range is 1.91 m, During the ebb tide the corresponding values are 0.30 mlsec and 9.63

kg/sec. Comparisons of flood and ebb values show no correlation between velocity and

sediment discharge. This is true at all four stations and means that measurements of mean

velocity cannot be directly used for calculation of sediment discharge. The durations and

ranges of any flood or ebb tide among the stations are also different (see chapler 5.1.1).

Therefore, the best way of evaluating s~dimen discharge is to evaluate Ihe tidal volume
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which is correlated to the tidal range, mean waler discharge and suspended sediment

discharge at every slation, This case will b~ discussed in more delail in following sections

(5.2.1 and 5.2.2),

In longitudinal observations, the main concern is with distributions of salinity,

velocity and temperature along the eSlUary for nood and ebb tides. These measurements

were begun at the river mouth (KP.250) and continued upstream to 15 km from the river

mouth (KP.180) durin~ a flood tide and beginning ffom KP.180 downstream to KP,250

in an ebb tide. Observations were done twice during flood :LI\d ebb tides.

As in the cross sectional surveys discussed above, salinity, velocity, and

temperature were measured every one sixth of Ihe depth for two meter depths and more,

and every one fourth of the depth for depths less than two meters. The distance between

two observed poinls was I km and the observed points were located along the axis of the

river. One section of the data is presented in table 5.6. This includes calculation of density

and density index using equation J-J and 3-4

Table 5.6 Longitudinal Observed Data: Salinity. Velocity and Temper.ture
Distribution Including Calculation or Densit)' and Denlity Indu.
(Durine a Flood Tide. First Observation)

Date June 2S, 1991
Location Porong River, From the Shortcut Mouth to IS Km upward
Survey Station: KP.2S0 to KP.180_. ..~ -~.~, _.... .-'

.~ OIU ,.. ,.. 101_9 ,.. I ... ' ......n Olll ,.. ,.. 101_9 ". ,.~". Oll1 ,n '" 10150 '"'" "N ,.. ,.. 10111 '"'" ~"O ", '" 10m

'",~ OJ91 ,,, ". 101M
no .~ ,n ,,, 10lQ '"

111



T.blcl.6c_

, m~ Kl'.24' ••OO 0,416 n.' 21.2 1.111" LUo. m 0.426 n.' .., L,lll" LU
2.20 ... O.ll 0.4~ n. ., L.1Il(6 LU

L.lO '''' ., 26.0 1.014& LU
1.41 0.491 ., ... 1,01'0 U.O
loU 0.416 ., ... 1.0152 LS.2,." ..~ •.. n.' 1.111H LH

, 117.45 ICP.240 •.OO o.m n., •.. 1.0134 '"I,•. O.H 0.387 n.' 1604 1.01'" 'M
,~. 1.1) '.m n.' 16.4 1.D1l7 1).7

,." 0.260 n.' 11.2 LOU' L).•
2.22 o.m n.• 1'.(1 1.0139 LU
2.1) .,., n.' 1U 1.1114(1 L4.0
UO MOO n.' 15.6 1.0140 L4.0

".. ".m .oo .m L'.7 16.7 I.009L ..,.. '" 0.1)7 L'.7 16.7 1.0091 ..,
2,1Il ... .." 0,266 17.1 16.7 '''"' ...

1.35 0.269 II.J 16.5 l.OllM 10.4
,.~ 0.228 19.1 16.4 1.11111 H.I
2,15 0.212 M.' 16.4 1.11117 11.7
2.111 .~ '" ,U 1.11120 12.0

, ~,IO KI'.210 •.OO '.m IU n.o ,.., ., nolillc is.. lUI 0.lL9 '" n.' loOOIL .., IliJrioina
J.~S '" I.U 0.2\12 16.0 l •.' 1.0016 ..

L.71 '.m 16.4 .., ,... u,." O.lS6 1'.7 ".7 1.0091 ..,
l.1I O.lJ.6 11.0 ".7 ,- "'" .~ 17.• 16.7 ,... ...

· ".. KP.'U] .OO O.'Uf 1),1 n.. 1,(1067 ..,.. •.W 0.221 IU n.' 1,0067 ..,
l.4O .. ..~ 0.2" IU n.' ,.", ...,." 0.176 If.] n.> ,= ,.,

,." 0.215 10 n.' 1.0015 ...
,.OO 1l.149 IU n.' '''''' u,w .~ IU n.' um6 u

, W.ll IU'.'UO ,.OO 0.160 12.0 n.' 1.!Xll] D A":'l<~b.... ,~ 0.170 12,0 n.· 1.!Xll) u
US ... 1.12 0.1" 12,0 n.' 1.!Xll) D

1.61 0.130 125 n.' 1.!Xll7 ,.,
2.23 0.11,1 1),0 n.' "." ..,
'.n 0.151 lJ.' n., ,.- M
U, ..~ !J.6 n.' ,.- ...

· ".., D.1U .'" ,.~ u ,U 1.0021 U Ilicbwol<r
~. ." ,.~ U 'U 1.00':11 ,.,

'" 1.13 ,.~ M 21.0 ....m u
1.70 ,.~ .., n.• ,.~ D
'.n ,.~ .., n.' 1.00'J] "HJ ,.~ 10.4 n.' ,."'" ...,w ..~ 10.7 n.' 1.000l u

· ~.. KP.l10 SIo<kwdu
I,ll.

0 ""
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r
All other calculations are giucn in appendix A, table A.2·1 10 IIble A.2·3.

m order to clarify salinity, \'elociry and temperature distributions. d311 W3S

transfe"ed into figure 5,4-1 to figure 5.4-4. They show that salinity distributions were

slightly stratified at the mouth region and up 10 8 km upslre:lm (KP.2I$l. Aner Ih:lI

region, the water is homogeneous and the density is almost equal to 1.0 g1cm' The salinity

difference between bollom and surface layer was less than 10 %. In other words local

salinity distributions vary linle from surface to bottom over the entire intrusion length.

According to Ippen (1966), sec section 3.1.2, a well mixed estuary can be identified by

salinity differences between bottom and surface layer less than ISto 2S Oft. Therefore, (he

estuarine mixing process at that time was classified as a well-mixed type. The yertic.:.1

salinity gradient found during the observation can be categorized lIS an embryo interface

thai always moves during the tidal process up 10 the slack water period, high or low tide

(figures 5.4-2, 5.4·J and 5.4.4). In the high tide condition (figure 5.4.1) • this is 3n

important requirement for a reliable observation· the vertical salinity gradient is less than

that of the progressing tide (figure 5.4-2). In lblt condition Ihe salinity difference ;It the

river mouth (KP.2S0) was .;:bout 7.5 .".

Another supporting reason thai the estuary type It mat time was well miKed, is Ihe

velocity distribution. Undistorted velocity profiles at all depths were found along the

eSluary. Tho currents at a.1I depths were predominantly landward during flood tides and

seaward during ebb tides. The riyer discharge Oil that time was relatiyely low and Ihe

Lengkong dam gates for flushing waler 10 the Porong riyer were closed. The fresh wlter

discharge came mainly from the Porong basin itself including discharge from the Sadlr
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and Kambing rivers (see figure 4.4). Under these conditions, the water level was below

the zero elevation of the Porong water level recorder. Since the zero of the recorder

corresponded to 25 mJ/sec, it is possible only to say that the flow at that time was less

than 25 m1/sec. Funher discussion about discharge limits of circulation pattern within the

Porong River will be explained in chapter 6.

5.1.4 Directions of Surface Tidal Currtnls

As mentioned in chapter 5.1.3, observations at particular points are impon.ant to

know how the behaviour of tidal currents relates to the sediment load and salinity

distribution. However, it is also imponant to understand the changing current directions

during a tidal cycle. These will contribute to the sedimentation process in the estuary.

The direction of currents can be observed by using a current-meter and floats. At

the river mouth (KP.250), for example, the current directions always change considerably

during a tidal cycle. At the beginning of a flood tide, the tidal currents tend to go to the

left side of the channel (if viewers look upstream from the sea), Then, with increasing

velocity, the current direction moves slowly to the right side and becomes paralJ..t to the

chann~l line. Near the end of Ihe flooding period, i.e at slack water, thl;'! surface currents

decrease gradually and switch their direction from parallel to the right side of the

channel. Then, beginning from the right side, the ebl1tide currents show up and move

gradually leftward and go straight 10 the sea. This process is illustrated in figure 5.5. The

same phenomena can be seen clearly along the shoncut channel and for short distances

upstream of the branch between the shortcut channel and the original river. In the upper
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location, the influence of tidal currents is not significant relative to the influence of

nuctuating water levels.

5.1.5 Fstimation of Tidal Volume

Tidal volume is always related to the water volume contained in the estuary for

the various tidal conditions. The volumes obtained in this way refer to the volume of

water that must pas:; into or out of the estuary or through a section in the estuary.

Estimation of tidal volume and mean velocity can be made from tidal data which have

been obtained at the five stations from June 6 to July 12, 1991 (see chapter 5.1.1). There

are two important factors which must be considered: tidal range and tidal period. Since

these factors are different in every tidal cycle, the sequence ofcalculation of tidal volume

and mean velocity should follow the process below.

Firstly, the relationships between water elevation and cross section area can be

defined using measured data that have been obtained during the field observations at the

stations. These relationship.> can be found by regression or by elevation-cross section area

curves. Tne best approximate equation was found :0 be a polynomial of second degree.

The resulting curves are shown in figure 5.6.

Secondly, tidal ranges and water elevations at every station in the same cycle and

lime can be oblained from the dala discussed in section 5.1.1. Therefore, the tidal area

or area between flood tide and ebb tide consecutively in cycles can be calculated. One

sample of the calculation is presented in table 5.7 and the others can be found in

appendix A, tables A.3-1 to A.34.
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riq.5.6 Water Blevation an4 Croll II Area curve. at the
Obllerv&l4 stations Inoluding Tbeir Equations

Thirdly, tidal volume can be calculated simply by taking the average of tidal area

between two stations and multiplying by the distance between lhe two stations.

calculation of tidal volume between KP.250 and KP.242 is presented in table 5.8 and

other calculations for KP,242, KP,236 and SO forth are shown in appendix A, tables A,4·

An important note should be made regarding lhe calculation of the tidal volum\

between KP.l80 and the tidal limit (see appendix A, table A.4-). The distance of the

tidal limit from the station changes with the difference of Ute tidal range. This case is

approaclled by using an assumption that the tidal volume is a prism, The distance between

KP.180 and the tidal limit depends on the tidal height at KP.180. It may be calculated

from the tidal range (R) divided by the difference of the mean water surface slope
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TableS.7

Calculation of Tidal Area at KP.250

,.,~ 0 .. ".HWl LWL HWl LWL '''' Rise
m,SHVP m,SHVP m2 m2 m2 m2

June • ·0.396 -0.936 525.58 391.31 134.28 105.46
-0.506 ·1.126 496.77 346.34 148.43 279.63
-0.026 -1.136 627.97 346.1. 281.83 150.63
-0.506 -1.066 496.77 361.67 135.10 290.14
0.056 -1.186 651.80 335.23 318.57 164.13

-0.496 -1.106 499.36 352.7. 146.60 365.04
0.276 -1.245 717.80 322.56 395.24 179.39

·0.486 -1.116 501.95 350.54 151.41 410.81
10 0.416 -1.246 761.35 322.3. 439.00 197.94

·0.416 -1.106 520.29 352.76 167.53 469.63
11 0.606 ·1.296 822.39 311.78 510.61 232.52

·0.326 ·1.096 544.30 354.97 189.33 497.11
12 0.696 ·1.306 852.08 309.69 542.39 234.62
13 -0.326 -1.086 544.30 357.20 187.10 501.55

0.716 -1.326 858.75 305.52 563.23 268.82

"
-0.216 -1.026 574.34 370,68 203.66 488.07
0.716 -1.245 858.75 322.56 536.18 257.32

15 -0.196 -0.896 579.88 400.63 179.24 454.78
0.706 ·1.216 8SS.41 328.76 526.65 290.59

1. -0.056 -0.926 619.35 393.63 225.72 396.36
0.506 ·1.166 789.99 339.58 450.41 271.21

17 -0.086 -0.825 610.79 417.44 193.35 346.75
0.425 -1.125 754.19 346.56 415.63 291.28

1. 0.015 -0.805 639.83 4.22.23 217.61 280.01
0.225 -1.085 702.23 357.42 344.81 294.09

1. O.OSS ·0.635 651.51 415.05 "'13.4. 162.33
·0.205 ·1.005 5n.aa 375.44 201.94 270.22-

20 0.035 -0.855 645.66 410.30 235.36 136.97
·0.315 -0.985 547.27 380.01 167.26 286.23

21 0.105 ·0.995 666.24 3n.72 288.52 150.78
·0.385 ·0.935 528.50 391.54 136.97 307.66

22 0.215 ·1.205 699.20 331.13 368.07 213.44
·0.325 -0.925 544.57 393.88 150.71 326.70

'" 0.285 -1.285 7211.56 314.09 406.47 235.89
-0.305 -0.905 5049.98 398.53 151.45 334.38

J,oe 2. 0.325 -1.285 73:<'.90 314.09 418.81 235.89
·0.305 ·0.925 54998 393.86 156.12 357.74

next page
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Table 5. 7 Continued

". levallon ross Area T1dalArea
HWL LWl HWL LWl Fall Rise

m,SHVP m.SHVP m2 m2 m2 m2

""' 25 0.385 ·1.305 751.60 3)9.90 441.7\ 256.45
25 -0.245 -0.905 566.35 :l98.S3 167.82 368.83

0.435 -1.315 761.35 307.81 459.55 258.54
27 .0.245 -0.915 566.35 396.19 170.15 393.47

0.505 -1.315 789.67 307.81 481.86 261.29
2. .0.235 -0.935 569.10 391.54 1n.56 375.82

0.435 -1.285 767.35 314.09 453.26 249.51
29 .0.255 .0.965 563.60 384.60 179.00 354.51

0.345 -1.285 739.11 314.09 425.02 241.32
3<l -0.285 -0.965 555.41 384.60 170.81 345.21

0.315 ·1.235 729.81 324.69 405.12 217.19

J"" , .0.335 -0.965 541.88 384.60 157.28 311.57
0.205 -1.205 696.17 331.13 365.05 194.72

2 .0.395 -0.945 525.85 389.22 136.63 247.71
0.005 -1.115 636.93 350.n 286.17 169.79

3 .0.415 -0.935 520.55 391.54 129.01 185.84
-0.205 -1.005 5IT-38 375.44 201.94 193.65

4 -0.235 -0.925 569.10 393.86 175.23 124.05
-0.425 -0.955 517.91 386.91 131.00 212.84

5 -0.125 -0.925 599.75 393.86 205.88 150.71
.0.325 -1.055 544.57 364.13 180.44 267.01

6 -0.015 -1.205 631.14 331.13 300.01 192.07
.0.405 -1.015 523.20 373.17 150.03 284.22

7 0.075 -1.275 657.38 316.20 341.18 222.99
-o.a45 -1.035 539.19 368." 170.55 327.53

• 0.20S -1.345 696.17 301.58 31>4.60 232.25
-0.365 -1.035 533.83 368." 165.20 345.79

9 0.265 -1.345 714.43 301.58 412.85 237.62
-0.345 -1.035 539.19 368.64 170.55 382.96

10 0.385 -1.365 751.60 297.45 454.15 236.38
.a.365 -1.065 533.83 361.89 171.94 427.n

11 0.505 -1.375 789.67 295.40 494.28 241.11

J""
-0.355 -1.015 536.51 373.17 163.34 458.73

12 0.635 -1.365 831.90 297.45 534.45
verage: -0.010 -1.095 636.67 355.92 280.76 281.51
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r.. :5.8

Calculation of TIdal Volume ( KP.250 - KP.242 )
f&.~-::'.- r-:J~~'!-- ~.:...~ ~;~
~~:,';..:i.~~'::.;,c._ : ,--,,-.*-:~~

0", TodaJAr.. _v"","",
KP.'" KP.242 KP.... >KP.242,.. .... ,.. .... ,.. ....

m2 m2 m2 m2 m3 m3
J_ · 134.28 105.46 6395 3016 158,581 124,500

148.43 279.63 65." ".,. 170,957 324,746, 281.83 150.63 '''72 n .. ""... 178,652
135.10 290.14 ..." 139,65 160,294 343,831· 318.57 164.13 151.97 n... 374,831 193,365
146.60 385." 64.02 165.70 168,497 424,595· 395.24 179.39 lU.S4 88,00 465,418 213,915
151.41 410.81 64.67 181,84 172,864 474,120

10 "'.00 197.94 2Q8.78 91.74 518,224 231.145
161.53 469.63 68.55 m.30 188,866 553.546

" 510.61 ">5' 246.69 106.23 .,,'" 271,001
189.33 497.11 81.84 231.02 218,937 587,300

" '<>,. ,,4.6,
""" 109.23 •.,083 ">OSO

" 187.10 ~l.s.5 ..... 249.t19 217,521 llOO,991
553.23 ...." """ 105.41 653,181 299,381.. 203." ....07 95.57 241.15 239,387 ""'"536.16 257.32 258.26 113.24 635,552 .......

15 119.24 45008 8UB 217.89 ,...,.. 536.'"526." 290.59 242.n 119.69 615,533 328,'21

" 225.72 39<" 92.27 199.10 254,392 416,369
450.41 271.21 214.21 113.15 531,694 301,493

17 193.35 346.75 .m 156.74 232.101 <0<797
415.63 ,91.2, '64.35 114.59 ..."" 324,~

16 217.61 290.01 ,5<. ''''70 250407 320.566
344,81 ".... 134.83 ,22." 383,714 333,539

" ".... '62,33 ,.." &3.47 287,762 196,641
201.94 270.22 101.68 109.03 242.892 303,400

'" 235.36 " ..., 99.2\ 6305 267.656 160,018
161.26 286.23 76,71 120.20 195,178 325,211

21 288.52 lSO.78 120,80 SO.31 327,455 1&4.896
136.91 307.66 67.47 135.14 163,549 354,239

22 368,07 213.44 153.85 83.06 417,534 237,203
lSO.11 326.70 75.43 149.29 180,911 380,194

" 406.47 235.89 170.67 95." 481,709 26S,471l
151.45 334.36 73.31 151.29 179,8lJ6 393,~132

J_ ,. 418.81 235." 187.32 110.44 "',"" 2n,060
156.12 357.74 8551 ,..." """" 421,092

........ 1
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(T bI saC... onllnued)
Date Tidal Area Tld81Volume

KP.250 KP.242 KP.250·> KP.242
Fall Rise Felt Rise Fait Ris8

m2 m2 m2 m2 m3 m3

'"' 2S 441.71 255.45 203.25 124.43 515,963 304.700
26 167.82 368.83 83.42 168.51 200,988 429,870

459.55 258.54 208.32 128.98 534.290 310,013

27 170.15 393.47 95.83 188.83 213,585 465,841

461.86 261.29 223.38 134.21 564,192 316.450
28 1n.S6 375.82 97.18 179.93 219,768 444,601

453.26 249.51 219.43 128.02 538,149 302.025

28 179.00 354.51 98.64 177.46 222,110 425.575
425.02 241,32 206.64 117.48 505,489 287,035

30 170.81 345.21 90.60 170.63 209,123 412,667

405.12 217.19 191.50 111.47 417,295 262,926

," 1 157.28 311.57 68.09 USUS 196,296 378,618

365.05 194.72 166.95 79.05 425,594 219,016

2 136.63 247.71 65.22 119.86 161,479 294,058

286.17 169.79 133.69 83.24 335,887 202,420

3 129.01 185.64 61.74 100.39 152,601 226,990

201.94 193.65 100.39 98.93 241,865 23a.06<i
4 175.23 124.05 91.17 56.78 213,126 144,666

131.00 212.84 54.54 103.33 156,435 252,933

5 205.88 150.71 103.33 74.42 247,371 180,109

160.44 287.Q1 92.18 129.95 216,098 317.567

5 300.01 192.07 142,34 105.00 353,883 237,653

150.03 284.22 79.97 132.28 184,000 333,199

7 341.16 222.99 160.98 106.67 401,730 265,328

170.55 327.53 81.25 141.13 201,441 374,934

• 394.60 232.26 174.ij~ 112.89 455,375 276,119

165.20 345.79 80.67 153.12 196,696 399,123

9 412.85 237.62 187.74 112.47 480.473 280,066

170.55 382.96 79.11 162.11 199,732 436,057

10 454.15 236.38 197.86 112.04 521,609 278,742

171.94 427.n 72.47 194.61 195,535 497,906

" 494.26 241.11 242.50 100.89 589,412 273,599

J,"
163.34 458.73 56.81 209.74 176,124 534,776

12 534.45 244.29 622.994

verse: 280.76 281.51 130.74 131.16 329,197 330,138
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between tidal fall (II) and tidal rise (lZ>. Hence, X ""R/(II-I:J and the prism volume is

equal to the value of X multiplied by the difference in area between tidal rise and fall

consecutively. The mean slope of the water surface of the flood and ebb tides is taken

from the water level relation between KP,250 and the other stations at high water and

low water during the observations, The estimation is presented in table 5.9,

Table 5.9 Mean water surface slope

SwiOIII M_ M'm DillaDce Mean Slope ofWaUr
Hjab Low (rolD Surface

WHler Water KP,2S0
Aood Eb'(m,SHVP) (Ill.SHVP) Om)
0" (I.)

KP.2SQ -0.01 ·1.095
KP,242 0.245 -0.705 1.60 0,OOOt6 0.00024
KP,236 0.487 -0.376 2.80 0.00018 0.00026
KP,I80 1.316 0.666 14.00 0.00009 O,()()()l)

Average: 0,OOOt4 0.00021

Finally, from data which were recorded continuously from June 6 to July 12,1991.

the relationships between various tidal ranges and tidal volumes can be determined (see

table 5.10),

By using Ihe relationships between tidal range and tidal volume, the average

discharge during the tide was calculated by dividing the tidal volume 10 the duration of

the tide (see table 5.11). An additional result is the average velocity during the tidal

cycle. In the estimation of the tidal volume, the most important thing is to know the

relationship between the tidal range and tidal discharge. These factors are important for

examining the quantity of the sediment discharge.

In summary, the distribution of sediment within the Brantas Estuary, calculated
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TIIbI SIO"Relationship!! ...-
Tidal Range Ilnd Tidal Volume" KP.250

R.cordln riod: FromJuM6,1991 10 July 12,1991
Oatt Hi hWater Low OM ~"k"

, , ums'
T~ EI. T_ El. Fon ... Fell Ris. Fan ~..

m.SHVP m,SHVP "" "" m m m3 m3

'" 6 · -0.396 " ·0.936 6.0 '.0 0." 0." 948.~8 638,9\1

" -0.506 1 -\.126 7.0 6.0 0.62 1.10 776,792 1,101,717
7 7 -0.026 " ·1.136 7.0 '.0 1.11 0.63 1,785,020 863,624

19 ~.506 1 -1.066 '.0 7.0 '56 1.12 740,855 1,965,185. • 0.056 15 ·1.186 7.0 '.0 1.24 '69 2,198,224 ....509

" -0.496 , ·1.\06 '.0 60 '51 1.33 769.084 2,389,551, · 0.276 15 ·1.245 7.0 7.0 1.52 0.76 2,15D,3~ 1,\32,528

" -0.466 3 .1.116 '.0 '.0 0.63 1.53 857,131 2,903,664

" • 0.416 " -1.246 '.0 7.0 1.66 0.63 3,343,453 1,303,010

" -0.416 · ·1.l06 '.0 '.0 0.69 1.71 948,222 3,479.241
11 , 0.606 17 ·1.296 '.0 6.0 1.90 0,91 3,990,709 1,441,412

" -0.326 · ·\.096 '.0 '.0 '77 1.79 1,048,&09 3,693,903

"
, 0.696 18 -1.306 '0 6.0 '.00 0.98 4,262,450 1.541,145

13 " ~.'" · .1.086 '.0 '0 0.76 1.80 1,121,065 3,195,144

" 0.116 18 ·1.326 00 7.0 ,.'" 1.11 4,328,661 1,594.852

" 1 -0.216 , ·\.026 '.0 ., 0.81 1.7-4 1,161,019 3,643,591
11 0.116 19 ·1.245 '.0 6.0 1.96 1.05 4,063.750 1.600,423

15 1 -0.196 6 -0.896 '.0 ., 0.70 '.60 1,141,325 3,315,514

" 0.706 19 -1.216 '.0 7.0 1.92 1.16 3,779,008 1,651,597
18 ,

~.056 • -0.926 6.0 '.0 '87 .... 1,176,9011 2,756,298
12 0.506 " ·1.166 '.0 ., 1.67 1.09 3,198,318 1,672,310

17 ,
~.086 7 -0.825 '.0 7.0 0.74 1.25 1,159,875 2.12o.s21

" 0.425 " ·1.125 7.0 ., 1.55 1.14 2.5&4.020 1,6901,762

" 3 0.015 • ~.'" '.0 7.0 0.92 1.03 1,315,145 1,765,192
15 0.225 " ·1.085 7.0 ., ,,, 1.14 2,062,373 1,833,744

19 · 0.055 · ~.'" '.0 7.0 0.89 0.63 t,530,4~ 1,123,531
16 ·0.205 " .1.005 7.0 ., 0.80 1.'" 1,311,793 1,737,047

" · 0.035 " -0.855 5.0 '.0 0.89 0." 1,601,113 969,291
16 ·0.315 " ~.965 6.0 ., 0.67 .." 1,003,151 1,684,3&4

" · 0.105 " -0.995 6.0 7.0 1.10 0.61 1,801,863 1,001,667

" -0,385 , -0.935 7.0 5.0 0,55 US 980,010 2.163,285

" 6 0.215 12 ·1.205 ., 7.0 1." 0." 2.326,934 1,162,226

" -0.325 , -0.925 7.0 '.0 0.60 1.21 8$4,924 2,187,035

" 7 0.285 " ·1.285 6.0 7.0 1.57 0." 2.786,169 1,384,792

~un. " ~.305 3 -0.905 7.0 5.0 0.60 '.Zl 973,248 2,681,976

" • 0.325 " ·1.285 6.0 7.0 1,61 0.98 3,264,110 1,425,915

" -0.305 · ·0.925 7.0 5.0 0.62 1.31 987,078 2,1142.203
n.ItIPItQ.
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(T8bI 510Conti d)~." 'h .. owW.ter unltJon ,.. .~.

Time EI. T~ EI. F., ROo Fd ROo F., ~..
","<'IP m,SHVP h" h. m m m3 m3

~, 25 • O.38~ 15 -1.;;:)5 "
., .." ..06 04,200.908 1,891,136

" " -0.245 · -0,905 ,., ,., ,... 1." 1,235,309 3,616,309

10 0.435 15 -1.315 5.' ,., 1.75 1.07 4,420,017 1,919.722

" " ,(),245 5 -0,915 ,., ,., ,." 1.42 1,274,873 3,910,301

" 0,505 16 ·1.315 5.' ,., .." ..08 4,136,486 2,042,927
28 2J -0.235 5 ~.935

., ,., 0.70 1.37 1.316.275 3,616,751

" '''' " ·1.265 ,., ,., U, .... 4,420,001 1,853,406
29 24 -0.255 , -0.965 ,., 5.a 0.71 1.31 t,nS,9n 3,255,696

" 0.345 16 .1.285 '.a '.a 1." ..00 3,855,745 1,752,021

30 24 -0.285 ,
~.'" '.a 5.0 a." 1.28 1,235,979 3,055,395

" 0.315 " ·1.235 '.a '.0 .." a.90 3,544,306 1,&65,823

"' 1 I -0.335 ,
~'" '.a 5.a a." 1.17 1,186,921 2,646,881

13 0.205 " -1.205 '" '.a 1.41 0.81 2,!J42,797 1,314,038, , .0.395 , -0,945 6.a '.a a." 0.95 957,309 1,997,961
14 0.005 " ·1.115 '.a 5.0 1.12 0.70 2,326.740 1,257,307, , ·0.415 • -0,935 '.a 6.a a.52 a." 920,230 1,696.780
15 ·0.205 " .1.005 '.a 6.0 a.OJ a.n 1,811,847 1,459,729. ,

~.'" 10 ~'" '" 5.a a." a.50 1,320,387 964,742
15 -0.425 " -0,955 ,., '.0 a." a." 1,\57,436 1,811,870

5 · ·0.125 10 ~.'"
,., '.a a.OJ a.60 1,845,055 1,184,495

" .0.325 " ·1.055 6.' '.a a." "04 1,341,703 2,396,345, · ·O.ol5 " ·1,~ ,., '.a 1.19 a.60 2,630,191 1,489,164

" -0.405 23 -1.0\5 " '.a 0.61 ..09 1.170,826 2,606,315, • 0.015 " ·1.215 '.a an 1.35 a." 3,049,727 1,682,060

" ·0,345 24 ·1.035 '.a '.a a." 1.24 1,367,691 3,262,311, , 0,205 " ·1.345 '.a '.a 1,55 a." 3,745,204 1,879,633

" ·0.365 I -1.035 6.a '" 0.61 1.30 1,360.153 3,353,70?

• • 0.265 " -1.345 '.a •.a 1.61 1.00 3,960,158 1,866,6.24

" ·0.345 , ·1.035 '.a '.a O.U 1.42 1,272,206 3,523,990

" • 0.385 15 ·1.365 '.a •.a l.75 1.00 4,265,528 1.864,511
21 ·0.365 , ·1.065 '.a '.a 0.10 1.51 1,340,676 4,01e.o59

" 10 0.505 " ·1.315 '.a an 1.60 1.02 4,155,041 t.835,918

"""
" ·0.355 · -1.015 '.a '.a ." ..65 1,166,398 4,175,161

" 11 0.635 " -1.365 '.a '00 5,040,122
A,. " ·.1 ·1. 5 1. I. 1 1

'j A$sumed 10 %oIlhetotalvolumetlowslhroughtheshorteulehanneland3D,.ftowslhroughlheorlglnallr.-...
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from tidal currents, was examined using a correlation between distribution of tidal rnnge

and mean water discharge rather than distribution of velocity. The main reason for this

was that the effect of resuspension and redeposition of sediment in the estuary whIch

creates the distribution of the sediment during the tidal process is not correlated to the

velocity. This case is shown in table 5.5 and will be evaluated in dClaii in section 5.2.2.

5.2 Sediment Measurement Data

Sediment data were measured at many places within the estuarine and nearshore

area under various current conditions. Suspended transport was measured by a suspended

sediment sampler while bed load transports were rnC<:lSured by bed l.)ad samplers. Photos

of both devices can be seen in appendix B, figure 8.4-1 and figure 8.4-2. Scdimellt

concentration found in the suspended sediment sampler can be classified into suspended

and wash load sediment. In the case of sediment load influenced by tidal currents, both

classifications are identified as suspended sediment.

Bed sediment samples were also taken. The samples were derived from the upper

station (KP.180) to the shortcut river mouth station with 3 km distance between two

points. Some samples were also taken at some points along the shoreline. Two points

were located in the sea area about 4 and 6 km from the river mouth and some points

were located along the original river and its mouth. This data is useful for evaluating the

difference in the sediment characteristics from the upper region of the estuary to the river

mouth and the surf zone.
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5.2.1 Suspended Sediment Trallspol"

Capacity of suspended sediment transport is m03tly determined by hydraulic

conditions and sediment characteristics. During the rainy season, for example, the

sediment discharge rate in the Brantas estuary is mainly determined by the outflow

velocity of the fresh water discharge. On the other hand, during the dry season when the

fresh water discharge is low or may be zero, the sediment inflow to the estuary is

determined by tidal currents.

Measurement of sediment was referred to in section 5,1.3. Data showing the

correlation between hydraulic conditions and suspended sediment are given in table 5.5.

If the water discharge and suspended sediment discharge are plonel.O, an approximate

water·sediment discharge curve can be oblained. Four curves are presented in figures S. 7·1

and 5,7·2. These are the curves for KP.2S0, KP.242, KP.236 and 5B.S.

In general, those four curves show that the sediment and water discharges will

increase continuously from beginning 10 end of the duration of a flood tide. Occasionally,

before high waler, both discharges will decrease gradually to become zero. Alternatively,

before the zero point is reached, the discharge may increase again due 10 the ebb currents.

The same behaviour will occur during the ebb tide. The discharges will increase rapidly

during the ebb period and decrease gradually in the slack period and so forth.

Preliminary predictions can be obtained from the differences among the .four curves

discussed above. The increment rates of Ihe sediment discharge during Ihe flood and ebb

tide are different at each slalion. Sedimenr discharge al KP.250 and KP.242 during ebb
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tide is much IOWl"r than durins Ihe flood fide. lliis means lhat the mc:m vdocit)' of the

ebb currelll~ lin' I.-ss 111:111 lhuse uf Ihe nuud CIJII."ms. An illr.'II~m·c c:m h... lh:lwn 111:11. :II

bolh Slaliull~, Ihl" net ~edim"'rll Ul"poSiliulI is 1l4.)$ili\"l~ Selhllll"1l1 IlIntlW h)' Ihl4.1d IlIll'

currenls is Iar~er Ill:ln s...diment Olltl10W b)' ehh lide ClIrH'nls ("llU5.'I\II".lItl)'. Ih ... Ilt.'p....Slt

of sediment p:Hlic1.:s will occur cll11tirruulIsly in the rel\iun hetwel'll Ih ... tWII sl,uillll~

Thos!:! plrelllllllcn~ IlIC ~urnplctdy differerLt flum Ih,1! Sh\IWn III "I' 2.1h Thel .... Ihe

ebb lide sedilllelll t1isch~l!;:e is higlrel lhan 111lI1 Ilf the l1und litlc ·llwldillc. lire rlll'all

velocil)' during a Ouuu lidc is luwl'r th.U\ thai Ilf 311 chI> litl.'. lJegradaliulI willuct:tll 111

lhis region.

Al 505, the \\'aler-SI",t1imcnl discharge CUf\'C is almnSI 1111: So''''e a.. :n "I' 1.J2 hut

scdiment dischar~edurin!:; Ihe lltllld lill... ~"Cms unly a lillie hi!~lci than Ihal t1l11inl\ Ihe dill

tide. DCl)Osition lUay alsu UCClll in tilt·; rc~illl1 amI alllrrg Ihe tlllwrrsirearll dmllnd fWIl1 lhrs

Sllllion. This is une fl",I.Slltl wh)' till) nrigimrl river is III ways slmlhl\\"t.'f y"'lIr hy year

A quantil:llive eslil11:lIioll shuult1 be obl:linctl frlllll th~ liu:11 :IllU Ih ... ~CUl1llelll J,ll;!
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of sedimenl shows significant features near the slack period. The suspended sediment

concentrations as a function of velocity are nonlinear. Normally, concentration of sediment

will decrease with decreasing velocity. But in fact, measurements show that the sediment

concentrations incr.:'3se for some time after the velocity goes down (see figure 5.8).

0.80~
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'iq. 5.8 Current and Seai.ent Dilltribution During a Tidal
Cycle at P;P.2S0

Based on this figure. the sediment concentration is still increasing for about half

an hour after the velocity maximum is reached. This condition is a very important

consideration in ca[cJ1ating the distribution of sediment inflow to the estuary,

It was previously mentioned (see section 5.2.1, figure 5.7 and figure 5.8), that

sediment discharge is correlated with the water discharge rather than with the velocity

distribution, Therefore, the suspended discharge to the Porong estuary will be calculated

based on its distribution pattern in the flood or ebb process using the mean water
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discharge calculated from lhe tidal volume

5,2.3 Bed Sediment TI'ansporc

Bed sediment transport was also measured at the four stations previously described

The measurement used the bed load sampler. Similar to the measurement of suspended

sediment load, bed load samples were taken during a tidal cycle at I hour intervals. For

every measurement, the bed sampler was pUl in the river bed for 5 minuteq md Ihe

concentralion of bed sediment was evalualed in the Brantas laboratory. Therefore, 10

calculale the bed sediment discharge per second, the sedimenl concentration obtained from

lhe laboratory mUSl be divided by the duration of me3.suremenl (lOO seconds). Then. the

result must be multiplied by lhe river width and divided by lhe widlh (20 cm) of Ihe

sediment sampler. One of the results, for KP.250, is presented in lable 5.12.

The lable shows that bed load transporl is much smaller than that of suspended

sediment (compared to table 5.5). If the me3.n percentage is laken as 3.l\ appro~;matlon,

the bed load discharge would be about 10 % of suspended load.

The most impOrtanl feature oblained from the table is that the concentration of bed

sediment has a certain correlation to the currents. Like suspended load, the bed sediment

loads depends on the current velocity. However, since lhe quantity represenlS an

insignificant contribution to lhe sediment budget within the estuary. Ihe percentage of bed

sediment load to suspended sediment is reasonable
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Table 5.12 Cross Sectional Survey - Relationships Between Hydraulic Condition
and Bed Load Sediment

D.~ : June IS, 1991
Location : Porong river mouth
Station : KP.25D

No Time Water M.u Diso:b:u~e Nole
Elevation Vel.

Wiler(lll.SHVP) mi. Bed Loadk&!1
m'll

I 06:00 -0.896 0.00 0.00 0.000 Risioa, 06:lO -0.886 0.11 45.94 1.465 tide
) 01:00 -0.846 0.13 55,27 1.815
4 0,:30 -o.16fJ 0.33 142.44 2.680, 08:00 -0.406 0.40 209.17 3.100
6 08:30 -0.276 0.46 256.62 6.327
7 09:00 -0.036 0.44 275,04 11.073

• 09:30 0,284 0.40 285,22 '.m, 10:00 O,5S4 0.20 161.09 2.911
10 11:00 0.564 0,12 97.04 0.698

" 11:30 0.104 0.07 59.83 0.612

" 11.45 0.104 0.00 0.00 0.000

" 12.00 0 ..... 0.11 91.84 0.911 Filling

" 12.30 0.514 0.19 154.27 0.929 tide
IS 14:00 0.106 0.35 233.29 2.699

" 14:30 -0.156 0.33 195.04 1.627
17 15:30 -0.2$6 0,29 163.37 0.934
18 16:10 -0.406 0.25 130.13 0.910

" 16:50 -0.526 0.19 93.41 0.164
20 19:00 -1.216 0.00 0.00 0.000

5.2,4 Sieve Analysis

As mentioned in the introduction of this sub-chapter, bed sediment samples

were Iaken along the estuary from KP.180 to KP.25U every 3 km distance. Some

sample~ were also taken at near shore points, 4 and 6 km from the river mouth, and

at some points localed along the original river including its mouth. The observed

locations are shown in figure 5,9.
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The purpose of this sampling was to determine the differences of the grain size

characteristics or their distributions between one and the other places. The samplcs

were analyzed by sieving using the ASTM system. Eleven ASTM meshes were

arranged from 0.063 mm to 6.3 mm in diameter. The largest diameter of mesh (6.3

mm) was put on the top and they were arranged consecutively to the smallest diameter

(0.063 mm) on the bottom. The weight of retained sediment in each mesh was

converted to a percentage of the total weight of the sediment used in the analysis.

Data were then presented in a graphical form with diameter of mesh as the horizontal

axis and commutative percentage as the venical axis. One sample of graphs is shown

in figure 5.10. It shows that the percentages of gravel, sand, silt and clay arc 1.9K,

96.96, 1.02 and 0.04 'Xi, respectively. However, the sediment is classified as sand,

Besides those specifications. the median and mean diameter are also important for

identifying sediment characteristics within the estuary and the surf zone, The rc£ults

are presented in table 5.13. It shows that in all points. the percentages of silt and clay

are generally low. The highest content of silt and clay is about 5.66% to 6.05% and

the locations are found nearby the shoreline, KN.I, KN.2 and KN.3 - see figure 5.9.

According to the longitudinal survey of salinity intrusion (see table 5.6, appendiK

A tables A.2-l through A.2-) and figures 5.4-1 to 5.4-4), the tip of salinity intrusion

is located around KP,210 to KP.220. On the basis of the median diameter (table

5.13), the greatest median diameter along the estuary (from KP.I80 to KP,25.co:} was

found to be 0.56 mm at KP.21O. It then decreases gradually to the river mouth: 0.31

at KP.255 left or 0.35 at KP.255 right. If the circulation type in the estuary is sail
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wedge (see section 3. L I), the coarse sediments of the fresh water entering the estuary

will be transported as bed~load malerialto the tip of the salinity intrusion, where they

will be deposited since the bottom currents between fresh and .'ia!l water become equal

at that place. This agrees with the measured sediment distribution along the Brantas

estuary. The median diameter decreases gradually down to the estuary mouth

(KP.255). Another fact to strengthen this case is the percentage of the medium sand.

It was found to be 62.21 % af KP.210. This is also the largest value of the medium

sand along the estuary. On the other hand, the highest content of the line sediment

was located at KP.195. This means that the fine sediment p;;rticlcs which seu1c

through the saline (KP.250 - KP.255l, landward-flowing lower layer, get transportcll

up the estuary as far as KP.19S. If KP.180, KP.21O and KP.2S0 represent the upper

estuary, the tip of the wedge and the lower estuary respectively, a figure showing fhe

difference of the diameter distribution can be presented in figure 5. II.

The explanation above seems to be contrary to the results of the longitudinal

field observations which have shown that lhe salinity distributions tended to be of the

well mixed type. This case should be referred to the determinant factors that innuenee

the form of the salinity distribution (see section 3.1.1). The stratificatiun depends

dominantly on the relative magnitude of the contribution between tidal action and

fresh water inflow. In fact, during Ihe observations, the fresh water discharges were

very low and therefore, the tidal actions were more dominant than the fresh watcr

inflow. The water discharge came only from the Porong drainage basin. while watCr

from the Drantas river was totally divened to the Surabaya river branch for municipal
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and indusuial water purposes facililated by the New Lengkong dam. As a result. the

water discharge to the Porong river varies gready throughout the year particularly
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during the dry season. The variable discharges of the Porong river during that time

depend strongly on the available discharge of the Surabaya river which derives from

the drainage basin itself. AdditiOf1al discharges also come from the upper area of the

New Lengkong dam. If the discharge of the Surabaya river is sufficient for fulfilment

of the Surabaya metropolitan water requirement, the excessive water then will be

discharged to the Porong River. Consequently, the variability of the water discharges

will alternate the stratification forms within the estuary. A discharge limit that will

change the highly stratified condition into a partly stratified or well mixed estuary for

the Porong river will be discussed in section 6.1.1.

If variations in sediment characteristics between the shoreline and tile surf-woe

are evaluated. the significant difference between them seems unclear using only the

results of the sieve analyses, together with median or mean diameters. Additional

work is needed to verify their characteristics. This can be obtained by a decantation

test to determine washed material percentages.

Briefly, the procedure of the decantation test can be explained as follow. A

certain amount of a dry observed sediment, for example 200 grams, is put in the

ASTM mesh no. 200 (size = 0.074 mm). Then, the sediment is washed until the

water coming out from the mesh is quite clear. Arter the remaining sediment is dried

by an oven, the weight of the sediment is compared to its original weight before

testing. The difference in weight gives the weight of the material washed. The results

of the tests for shoreline and surf zone materials are presented in table 5.14.

As shown in table 5.14, the highest content of material washed is on the
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locations near the shoreline (K:-.l.l, KN.2, KN.3), Then, the conlent decreases gradually

seaward. This condition may be valid only during the dry season and Ihe opposite may

happen in lhe wet season where Ihe fine sediment which is brought by the river is

nushed directly to the surf·zone rather than to the shoreline. Furthermore, Ihe dominant

Wind during Ihe wet season is the west·monsoon which comes from the mainland and

causes calm waves. Unfortunately, no decantation teSI data during the weI season are

available, so the condition cannot be proved

Table 5,14 Deuntation Test Data of Sr.diment near the shoreline and Ihe Surf­
Zone

1F_= '9"'__.-_....__....-:.(Weill:hl in grams)

SEC T [0 N t.:N I KN.Z KN.J n.. l

BEFORE TI!STING

WelllhlorS~mplc+CoJnlalllcr :89 ~ :150 274.9 2894 269 ~

WCllI-hlofContalncr 1 7~ 0 ",. 1l9,~ 69.5

Wcill-htorSample :000 zoo.o 2000 200.0 200.0

AFTER TESTING

Welghl "rSOlmplc +conl~lncr 104.0 79Z 79' 122.8 1187

WCll!hl"rCOnlalnCr '" 75O '" 69.5

Well!lllofSample '" " " lH '"
DECREASED AMOUNT ISS ~ 195,8 19~,7 150.8

PERCENTAGE lOA) 92.7 97,9 97.8 liD 75.4

A significant feature of sediment characteristics can also be found along the

original river from the branch of the shortcut channel, SB.6L and SB.6R, to Ihe

original river mouth, SB.O (see figure 5.9). The median diameter of the sediment
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decreases gradually downward. In contrast, the content of fine sediment increases,

also in that diretlion, This trend means that sediment panicles are brought

continuously by flood tidal currents upward from the original river mouth 10 the

branch (58.6) and part of Ihem are brought back by ebb tidal currents seaward. Flood

currents are higher than ebb currents (see explanation in sectiun 5.2.1 and ligure 5.7-2

for S8.5). Therefore, only certain diameters of the fine sediment will be brought

backward by the el>b currents while the larger diameters will be lefl. This is Ihe main

reason why the median diameter decreases while the content of fine .sediment increases

downward from the tributary to the original river mouth.

5,3 Waves And Longshore Currents

This section deals with the littoral processes and sediment motion in the surf­

zone, nearshore and along the shoreline. Wind, waves and longshore currents arc the

main environmental factors for determining the littoral processes. Therefore, the field

observations are very useful 10 compensate for the unavailability of wave dala in this

area. Moreover, the observations will be uSC(! for determining a seaward limit of the

significant transport and an approximation of the longshore transport rate.
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5.3.1 Wind, Waves And Currents Aloog tbe Shoreline

Wind, waves and currents were observed at the shoreline and surf zone points

where the bottom materials were taken. There were seven points: KN.l. KN.2, KN.3,

KI>.355R, KP.355L, 'fL. I and TL.2 (see figure 5.9). Equipment used in this

observation included a point gauge, current meIer, anemometer and compass.

Observations coped with three major factors of the marine forces particularly within

the surf zone: wind, waves and currents. At each point. several kinds of the

measurements were carried out such as, water depth. velocity and direction of the

longshore currents, wave height, walle period, and wave direction, wind speed and its

direction. The results of the observed data are presented in table 5.15.

Table 5.15-1 Currents, Walles and Wind observation near the shoreline

DIU :JWle29.1991
E<jwpmoul ; POWI G,ule. Cumoat meter, AnelllOlDIIt&r and Co...,.a;
Location : KN.I, ShoreliM (I km soulhwatdofthe Sbortl:utRi~Mouth)
Time : IO.101.m(1Ou:tinu\£!Il)

W,IIU W'""
V~I. M~ Wille M_ S....

D,p<h Dislri Di"",tion Heigh!. Period
billion (ON) (mi.) ("N)

1m) (mi.) ('110) 1m, ''''')
0.00 0.24 I. 0.30 E (90" 4.S ENE
0.11 0.22 (Com,.... 0.25 Compus nO'
0.34 0.20 azimuth) 0.20 IZimulh) Comp....
0.51 0.11 0.15 1Zi1llU1b)
0.68 0.1-1
0.8S 0.00

A\'X·' 0.23
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(CoDtinued)

Table 5.15-2: at KN.1

Dal<: ; 1ulle29, 1991
Equipmcl1t ; Poillt aauge. Currall meIer. ,4onelDOlIll:tcr Uld Co~
l.ocalion ; KN.2, Shorelil1e ( 2 kID southward of the Shortellt River Mouth)
Time ; II.20a.rn(20rMIUleli)

CUrt~1I1 Wave Wino.!

Waler Vel. M~ Wllve M~ Directiun S,"", Dir«li"n
D<p~ Dislri DiRlCtion H~ighl P~riod

bUliun
(m) (m1s) rN) 'm) ("") ("N) Imlsl rN)

0.00 0.14 '0" 0.35 ESE(lIO" S.S I:NE
0.20 0.10 (Compau 0.20 Cumpa.... (W
0.40 0.16 azimuth) 0. .'0 azimulh) Cum(llL...
0.60 0.12 0.25 MzimuthJ
0.80 0.11
1.00 0.11

Avg.: 0.12 'O"N 0.28 «O"N '.S 7S"N

Table S.I5-J: at KN.J

Date : J1lltC 29, 1991
Equipment: PolO! a.up. Currenl _lcr, AnclOOlDI:tcr ano.! Cnmpass
Location : KN.3, Shoreli.rle ( 3 km !lOlIIItwud of the Shol1cut River Mouth)
Time : 11.50 LID (2Omi!1UIC$)

CUl'TelllS Wav" Wino.!

Waler Vel. M~ Wave M~ Dirl:lCtioll S,"", Dindi,m
D",~ Discri Direction Height Period

bul;Oll
(m) (mls) (ON) (m) ("") ('N) (mlsl ("N)

0.00 0.16 '0" 0.30 ESE (100' '.S ENE
0.22 0.13 (Compa55 0.25 Compass "0"
0.44 0.11 azimuth) 0.20 azimulh) Cumpali!!
0.66 0.09 O.IS azimuth)
0.88 0.08
1.10 0.08

Avg.: 0.11 '0"' 0.23 (OO"N '.S 'O"N
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Continued

Tablt 5.15-4: at KP.355R

Dale : Junc29,1991
EquipllltDt: Puint Oaull~. Cl,URIItlDC1cJ", AnclDO~ aDd Compass
l..ocatioa : KP.3SSR, Sborcline (Rigbt side oftbe Sbof1Cllt River Mouth)
Time . 13.10 p.lIl (20 mioULeo;)

Current Wave Wind

Water Vel. M~ Wave M~ Direction SI""! Direction
Depth Distri DirectiUfl Height Period

bUlion
,m) (mls) ,"N) (m' ,Soo, (ON) (mls) (ON)

0.00 0.39 (00' 0.20 ENE(W 75 ENE
0.38 0.29 (Compa.~ 0.20 Compass ('0-
0.76 0.27 azimuth) 0.105 IlLImulh) Comp&Sll
1.14 0.205 0.105 azimuth)
1.52 0.205
<'90 0.00

AVE·: 0.24 (OO'N 0.11 .OON '.5 ,o-N

Table 5.13-5' at KP.35SL

Dlle : June 29. 1991
Equipmeat: Point GaUlle, CUlTCClllDeCo:T, AMlDOmctcr Illd Compass
l...ocalioa : KP.3SSL. Sboreline(Left side oftbe Sbort.cut River Moutb)
Time : 14.tlO p.lD (20 miautes)

CUfTCnts W.v~ WiDd

Wlter Vel. M~ w.~ M~ Direction SI""! Direclion

""'''
Dislri Direction HciShl Period
bution

(m' (mls) ("N' ,m) (Sec) (ON) (mls) ("N)

0.00 0.51 (10" 0.105 ENE (805' 7.5 ENE
026 0.13 (Compus O.IS Comp&Sll ('0"
0.052 0.\1 azimuth) 0.15 azimuth) Comp&S5
0.78 0.04 O.IS azimuth)
(.04 0,03
1.30 0.00

AVi·: 0.14 (lOON 0.105 8soN ,., BOON
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Tables 5.13-llhrough 5.13-5 above show thai the windspetds were about 4.5

to 7.5 m/sec and the dominant wind direction was from the east-northeast (ENE).

between 7C1' and 80" from the north. This data is almost the same as cxisting data

taken fcom the Juanda International Airport. Surabaya. Indonesia (menlioned in table

4.\ ~" section 4.1.2). The average wind speed was about 6.5 m/s throughout the year

and the wind directions during the dry and wet season were about 7(f and 27rJ' froln

the north, respectivcly. It is important to note thai the dominant din.'Ctions of the

longshore current represented by stations KN.1. KN.2 and KN ..\ are \0 thc south (in

those tables. the direction means from). This movcment was identified lllorC e1c<lTly

by releasing some noats at area near the shoreline.

An estimation of longshore transport rates based on field data can be made

using equation 3-41 and the Littoral Environmental Observations (LEO) method.

Actually, several methods were available for calculation or prediction of the longshore

transport rate but since this method is more related to results of the field data sueh as

the distribution of the longshore currents, the high crest of the nearest breaking waves

from the shoreline so, the estimation will be belter. The result is shown in table 5.16.

The longshore transport rate along the southern part of the shortcut mouth (KN.I,

KN.2,·KN.3) is 150.812 m' per annum while thai within the surrounding area of Ihe

shortcut mouth itself is about 150,245 m' per annum.

5.3.2 Wind and Waves 10 the Surf~zone

Like the observations of 'Hind and waves near the shoreline, observations in the
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Table 5.16 F.&timltioa or Mun Annual Lonesbore Tn.nsport Rale

ObKI' M,u H. W X [V1V.Ju. P, t.oq,b...... ""'0· w.w Wldtllof DiA. .....-. '""" T""".
Paillll -, /'kilill 5l.<rf·zo..., .... HigillS 'h.. ...

ClIrfCOI IbonliDl! ",w
(mfs) (m) (m) (m) NI, mJ/ycar

KN.' 0.16 0.23 '00 50 O,lS 136 17.5.766
KN.2 0.12 0.28 100 50 0,]5 123 161,319
KN.3 0.11 0.23 '00 50 0.35 " 115,690

KP,2S5

"J 0,24 0.18 '00 50 0.35 151 202,959
KP.2S5,L, 0,14 0.1S '00 50 0,35 76 97,533

Note: (VlVoh.H is the dimensionless longshore current based on Longuet - HiUins
(1910). The approximate value of this factor is OAO. Based on field
observations, the mean width of the surf·zone CW) is about 100 m and the
mean distance of the nearest breaking waves from the shoreline is about 50 m,
so the Longuet·Higgins factor is 0.35 (see section 3.4.5).

surf zone were done at twO main points: TL.! and TL.2 which are located at about 4

km and 6 km. respectively, from the shoreline. Measurements of wind and waves

were done hourly and the dur:ation of every measurement is 20 minutes. This data is

shown in table 5.17.

The seaward limit of significant transport within the surf zone can be

detennined from wave and sediment data at those points. The seaward limit or

subaqueous buffcif zone is a critical parameter in the calculation of sedimentation

within the region. By using the limits, the sediment volume within the active zone can

be determined and, based on the geometric historical maps, the volume of sediment

during certain years can be examined.
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To locate the subaqueous buffer zone, some imponant factors must be known,

such as mean significant wave height (Ho.)O)' standard deviation of significant wave

height (uti), average significant wave period (T, ''l) and mean diameter (d.\O). The main

factor to be obtained fronl this calculation is the water depth at the seaward limit. It

can be approximated by twO methods mentioned in section J.4.S. Using the wave

characteristic (equation 3-44) and sediment characteristic (equation )-46), thc

calculation can be presented as follows.

Table 5.17-1 Wave and Wind Observation Dala in the Surf-Zune al TL.I

Date : June 30,1991
Equipment ; Point gauge, Current meter, Anemometer and Compass
Location : 4 km eastward from th~ shoreline

No. Time Water Wave Wind
depth

Ht:ight Period Directi Wind Dirccti(d)=m
(Hs) (T) 00 ,peed 00
(m) (=) CON) m/scc (ON)

I 08.20 0.10 0.20 8.0 8l 4.5 70
2 09.20 1.10 0.20 1.5 79 '.0 7l
1 10.20 1.80 0.40 ••0 " 6.5 17
4 11.20 2.40 0.45 6.5 87 7.0 "5 12.10 2.80 0.~5 '.5 9l 7.5 BO
6 13.20 2.40 0.35 5.5 81 7.5 74
7 14.20 2.00 0.40 6.0 90 6.5 ..
8 15.20 1.90 0.30 6.0 " 6.0 ..
9 16.20 1.40 0.35 7.0 80 6.0 "10 11.00 \.20 0.30 7.0 82 '.0 72
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Table 5.17-2 : at TL.2

Dale : July 1,1991
Equipment : Point gauge, Current meter, Anel11Qmeter and Compass
Location : 6 km eastward from the shoreline

No. Time Water Wave Wind
depth

Height Period Directi Wind Directi(d)=m
IH,) (T) 00 ""'" 0'
1m) lsec) (oN) m/sec fN)

I 08.50 0.85 0.4<1 7.0 52 4.' "2 09.50 1.15 0.35 '.0 " S.O 7], 10.50 1.80 0.4<1 '.0 8S '.0 72
4 ILSO 2.SO 0.50 S.O .. 7.0 7S
S 12.40 2.70 0.55 S.O 8S 7.S 74

• \).50 2.10 '.60 4.' 81 7.S 70
7 14.50 2.110 0.65 S.O 8S 7.0 72, IS.50 1.80 0.60 S.O 80 '.S 72, 16,50 1.50 O.SO S.O " '.S 70

10 IUO I.SO 0.40 '.0 8S '.0 70

(a) Based on wave characteristic,

From table 5.15, H.... is 0.42 m, T.... = 5,98 sec. and

H.~ = H.." . 0.307 aH where aH = 0.62 H, .., . Hence,

1111 = (0.62) (0.42) = 0.26 m and

H,<oj "" 0.42 - (0.307)(0.26) = 0.34 m. Therefore,

d, = 2 (0.34) + 12 (0.26) = 3.80 m

From figure 4.11, the mean gradiel~t of the surf-zone is 0.00112. Thus the

seaward limit of significant transport, which is located at L5 dh is equal to

(1,5)(3.80) I 0.00112 = 5.09 km. from Low Water Level. Since LWL is found

at 2.25 km from the shoreline, the seaward limit is thus given by 5.09 + 2.25

km = 7.34 km from the shoreline,
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(b) Based on sediment cha.racteristic.

d. "(H~ (T,,.J W(5000 d~)u . Where dJO is taken from table 5.13 and is

equal to 0.25 rom. Hence,

d. = (0.34) (5.98) (9.811 (5000· O.'!5)f·J - 5.06 km. Thus (he seaward limit

is located at 5.06 + 2.25 kin = 7.31 kIn.

Both methods are approximate and lhc longer length. rounded to 7.15 km was

taken as the seaward limit for significant sediment transport.
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Chapter 6

Results and Discussions

The newly measured and existing field data obtained within the BranlaS rivcr

estuary have been explained and discussed brieO)' in chapters 4 and 5. Rcti:rring lolhosc

chapters and the theoretical background, chapter 3, a number of results that are applicable

to the Brantas river, or even lO any river delta, may be obtained. These discussions will

be presented in this chapter.

The explanation in Ihis chapter deals with three basic discussions. First, the

discussion of circulation and sedimentation in the estuary, particularly in the shortcut

channel and the original river. Second, the discussion of circulation in the estuary and

in the surf zone from the shoreline to the seaward limit of significant sediment transport.

Finally, from both discussions, interconnections can be sought 10 provide a pattern of the

sediment budget within the entire estuary.

6.1 The circulation pattern in the estuary

The circulation in the estuary depends strongly on the fresh water discharge from

the river. As mentioned in section 4.1.4 river discharges entering the Porong river arc

regulated by the New Lengkong dam 50 kIn upstream in the estuary. During the dry

162



season, the Porong river discharges are generally low because the river water will be

diverted to the Surabaya river branch for municipal and industrial purposes within the

Surabaya Metropolitan area. The mean and maximum daily discharge released to the

Surabaya branch from the Lcngkong dam's gate arc 30 m'/s and 115 ml/sec, respectively.

The discharge depends on the water level on the Surabaya river derived from its drainage

basin. As a result, the discharge of the Porong river durmg the dry season is relatively

low compared to that r!uring the rainy season where the excessive water "f the Drantas

river will be nushed euntinuously to the Porong river. Varying river discharges cause the

salinity, circulation and sedimentation within the Drantas estuary to vary considerably

between the two seasons.

M"M discharges of the Porong river during the rainy season and the dry season

are 301 ml/sec and 63 m'/sec, respectively. The hydrograph of the monthly mean

discha:ges during 19TI - 1988 (see section 4.2.1, figure 4.5 and table 4.4), shows that

the maximum monthly mean discha'f"'; occurred in February 1984. It was about 798

ml/sec and, from the discharge records, the highest discharge was 1,466 m)/s on April

7 and 8, 1986.

Field measurements of salinity distribution, earned out along the estuary in thl;. dry

season of 1991 (see table 5.6 figure 5.4 and explanation in section 5.1.3), showed that

the salinity distributions were generally weli mixed during those measurements because

the fresh water inflow was relatively low at that time. To have confidence in discussions

regarding the likely circulation patterns in the Brantas estuary, it is necessary to know

the limiting discharges that alter the circulation of the estuary. The distribution discharge
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of the Po:rong river during the whole year, mentioned in section 4.1.4. can be evaluatoo

based on those discharge limits.

6.1.1 Pattern orw.ter Circulation in Dry Season

Mean water discharge during the dry season is 63 m)/s but sometimes Ihe daily

discharge released from the New Lengkong dam to the Porllng river branch will be zero

because all watel discharges coming from the Brantas river are diverted into the Surabay:l

river branch. In this cc.1dition, the effect of discharge water derived from the Pomng

drainage basin, including Lwo tributary rivers, the Sadar and Kambing rivers, is lower

than the erf~t of the tide. Mean flood tidal current measurements carried out during June

6 to July 12, 1991, covered two tidal springs and neaps, allhe shortcut mouth (KP.2S0).

These were found to be about 0.58 mls during the spring tide, and 0.11 m/s during the

neap tide (see table 5.11. on June II). On June 25. 1991 when the longitudinal salinity

distribution survey was done, the velocity of the mean flood tidal current Wali 0.28 mls.

Fresh water c'.i.scharge at that time was very low and the water level was below the zero

elevation of the water level recorder of the Porong station. Thus, at that time, the waler

discharge was less than 25 m)/scc. By using the approximate equation of the estuarine

number. E" (equation 3-1) suggested by Pickard (1975). the fresh water dischar&e during

that time can be estimated as follows

E• • ~Jo~ or Or '" ~)E~ (3-1)

Where U is the mean tidal current during the flood tide (-0.28 mls). b is the width of
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the eswary (at KP.~50 the width is equal 10 256.00 m), g is the accell!ration dl'e to

gravity (= 9.81 m/sec1) and the valu~ of E, is 0.03 or 0.3 depending on wh~ther the

estuary is well mix.ed or slightly stratified, As a result, the fresh \'. lter discharge (Q,)is

equal to 19,1 mIls for a slightly stratified estuary or 1,9 m'/s for a well mixed cstuary,

If the mean spring tidal current (0.58 m/s) is used in the estimation above, the

estuarine circulation will apparently be well mixed. The valuc of E, is then about 0.:'1.

The fresh water discharge will be equal to 17.0 m'/s. Another approximation can be

taken by using the degree of mixing (K) that was introduced by Schultz and Simmons,

1957 (quoted in Allen, 1962 and Silvester, 1974) mentioned in equation 3-2 as

K .. Vol, Fresh Water fer Tidal Cycle
Vol, Salt Water During Flood Tide (3-21

The volume of the salt water during the "vorl tide can be takcn from the tiual volume

calculation that has been summarized in table 5.11. On June 25, 1991, the tidal volume

was found to be 4,200,908 m1• If the factor K is taken as 0,1, the volumc of fresh water

discharge should be about 420,090 mI. In fact that the tidal cycle period at that day was

12 Hours. Hence, the fresh water discnarge was found to be 9.72 mJ/s.

On the basis of the all the above estimations. an inference can bc drawn that thc

Branta~ estuary will be well of the mixed or slightly stratified type, when the fresh water

inflow is less than about 20 m)/s. Table 6.1 shows the results of the calculation for

Pickard's estuarine number using a flow of 63 m1/sec (mean discharge during the dry

season) and different river widths measured during the field work. It was found that the

that the value of the mean estuarine number is less than 0,03. Thi~ implies that the

Brantas estuarine type is generally highly stratified during the dry season but will be
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slighlly stratified or well miked when the flow drops below 20 rrlJJstt:..

If the estuary is highly stratified wilh a salt wedge, the bed sediment

chara'w1eristics must be such as to agree with the circulating system of Ibis type. This case

has been discussed in detail in section 5.2.4 and an inference was drawn that the Bran!:lS

river estuary during the dry~n is usually highly stratified. The maximum dis.'anc:e

of the tip wedge was found to be 9 km from the .\hortcut mouth. It is located atOUl.d

KP.210. Bed load sediment, which mu\'es along the river boctom, will be deposited in

the tip of the salt wedge (KP.210) while suspended sediment can flow through the surface

layer of the water seawards. Part of the sediment Ihal has settled on the bottom of the

lower part of the estuary will move upward through the bottom layer as far as the tip of

the salt wedge. KP.210 can be identified as a place of active sedimentation.

The discussion above seems to agree with tI'e observations of the stratification that

have been built up by systtmatic measurement ow:r two flood and ebb tides (refer to

figures 5.4-110 5.4-4). Even though the estuary at that time tended to be well mixed, the

intrusion of S"Jt water reached KP.2IS in the two Oood tide observations (figure 5.4-1

and figure 5.4·2). lbis means thai the inuusion length was found to be about 8 Ion from

the shortcut mouth. Apparently, the intrusion IOlgth is not stalionary. It will oscillate

backwards and forwards with the tide. In the spring tide condition, for example, the tip

may be found upstream from KP.21O. On the other hand, it may be found below KP.215

in the ncap tide condition. However based on the two measurements above, the intrusion

will, on average, reach KP.210 and KP,2IS.
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Table 6.1 Estimation of Estuarine Number

Date : June 25, 1991 & June 27, 1991
Mean Discharge : 63 ml/sec.(during dry season)

Section U(m/sec) B
Current distrib. River

OJ OOj \lIidth
(m)

KP.250 0.426 0.219 2.>J
KP.24S 0.392 0.286 183
KP.240 0.270 0.227 13'
KP.23S 0.226 0.248 "I
KP.230 0.163 0.306 123
KP.22S 0.176 0.30S 168
KP.220 0.126 0.272 123
KP.21$ 0.288 II'
)(P.210 0.308 12.>
KP.20S 0.319 IOJ
KP.200 0.324 I2J
KP.19S 0.391 '"KP.190 0.401 ".
KP.18S 0.414 186
KP.180 0.390 127

AverJIge :

S.
Estuarine number

OJ OOj

0.031605 0.00430
0.01784 0.00b93
0.()()'(27 0.00254
0.00282 0.00373
0.00086 0.000570
0.00148 0.00771
0.00040 0.00400

0.00448
0.000591
0.00541
0.00677
0.010538
0.01607
0.0206
~.01219

0.00847 0.00lI16

Note:.) first oMerv.tiOli lUll" 25,1991
")SecQndobeervationJlllle27.1991

Another fact found from the longitudinal survey is that water and sedimenl

movement during low fresh water inflow is dominated by the rise and fall of the Madura

Strait at the river mouth. The normal vertical velocity profiles of the ebb and nood
currents in the estuary were undistorted by the density stratification. TIle forms of the

velocity distribution were typically parabolic. This means that the velocity throughout the

depth is dominantly in an upstream direction during the flood tides and downstream

during the ebb tides.
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Temperature profiles are also gi'/en in figure 5.4. They show that during the flood

or ebb tide the tempera,ure distribution is insignificant. The verticallemperature difference

is less than zoe as is the longitudinal temperature difference along 15 km upstream from

the shortcut mouth, In addition, there is tiule variation in temperature throughout Ihe year.

Mean temperature is 26"C and mean daily maximum and minimum temperatures are 30·C

and 22"C, respectively. the density difference influenced by changing temperature,

therefore, can be ignored

6.1,2 PaUN'" of Watel' Cil'culation Ourine Rainy Season

from discussion of the previous section It is apparent that Ihe Brantas eSlUary is

highly stratified with a sail wedge during the rainy season. However. during this season,

fresh water discharge is much larger than that during the dry season. The mean discharge

during the rainy season is 301 m'/sec (section 4.1.4) while the discharge limit that alters

salinity distribution from well mixed to stratified category was found to be 20 mIls.

Hence, the fresh water discharge will be much more dominant than tidal action and the

estuary will be highly stratified during the whole of the rainy season. The tip of the salt

wedge, which is located around KP.210 to KP.2lS during the dry season, will be pushed

down as far as the shf'Jrtcut mouth or even behind it.

Since there are no measurements of the length of the saline wedge, the approximate

location of the saline wedge during the rainy season will be estimated by Keulegan's

empirical formula (see equation 3.5). The sequential calculation was made as follows. On

the basis of figure 5.6, the relationships between water elevation and cross sectional area
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r
! at KP.2S0, the rivel mouth, were found. In order 10 get Ihe mean lenglh of the saline

wedge. the mean discharge during the rainy season was evaluated under various tide

conditions: spring tide, mean flcod tide, and neap liJe. In table 5.1, the water elev:l.tion

at the three conditions above are given as +0.385..0,010, and ·0,385 m,SHVP.

respectively. Waler depth (d) and cross ~ectional area were obtained from figure 5.6. Then,

by using equations ]·6 10 and 3·8, the length of Ihe wedge was found. Resuhs are

presented in '.able 6.2.

Table 6,2 Eslimation the Length of the Saline Wedge

Data:
River discharge ')01 m'/sec
Meantempualurc 29"C
Salinity Of$(B walcr :Hppl
Density of sail Wiler (p,) : 1020 kg/ml

Density of fresh waltriP,) : 1000 kg/m)
lip - P,-Pf' 20 kg/Ill'
Averilleden!ity -(p.·pJl2" 1010 kg/ml

Tide condilion

Elcvation(m,SHVP)
Waterdeplh(ml
Crossarutm'j
Fresh w,\'elocllytV,"m/s)
rknsimelric \'eL(V."mlsl
rknsimelTic FToude number tF," V/VJ
Densimclric Reynolds number (R,"
Vplv)
lntrusionlenSlhl
Wiler depth (LAid)
Intrusion length {L....mj

Spring Tide Mean Tide

+{U8~ -0.010
3 98~ JJ90
1516 6l1.6
f).400 f),416

OHII f),113
O,4~1 O.~12

42684\~ 2649112

JJ2 181
1321 123

NeepTide

-03115
Ul5
528 ~

0,510
0.19
0.124

3093111

"lB.

KP.250 is located I km from lhe actual river mOUlh, so lhe mean of Ihe intrusion

length should be located between IA 10 2.3 km upstream from Ihe river mouth. Two

imponant things should be noled. The tip of the wedge may be moved seawards from the
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rivcr mouth to reach an equilibrium length if thc fresh water discharge is highr'r than 301

mils. Also, Keulegan's formula was derived originally from extensive laboratory

measurements on straight recr.angular channels. However, natural forms of llJe channel,

as well as meanders, will reduce the velocity of both river and tidal current. That should

be considered to be a correction factor but more field measurements are r...eded to get an

cxact formula. Ozturk (1970), as quoted in Silvester, R.(l974), h<\S derived an empirical

relationship based on KeuJegan's formula (i966) (or an estuary in Norway and on the

Mississippi Rivcr where tidal action is negligible. The formulae are given by

For the Mississippi River (6-1)

For an estuary in Norway (6-2)

Keulegan's formula is likely to be suitable for the Brantas river if the densimetric

Froude number (FJ is higher than 0.16 or the fresh discharge is higher than 105 ml/s.

Determination of these factors were based on the measurements taken during the dry

season of 1991 as mentioned in section 6.1.1, It was found that the mean inl:'Usion length

(LA) reaches about 9 km from the river mouth on the mean river discharge of63 ntJ/s and

the circulation is still highly stratified. Therefore, the formula should be applicable to thai

condition. Attempts were made to fit the Brantas river to the fonn of t';~ formulae shown

in tables 6.2 and 6.3. Calculations hased on measured discharges (105 and 63 m'/sec) and

associated measured elevation are shown in table 6,3. Cross sectional areas were
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calculated from figure 5.6 and various constants in Keulegan's formula were tried in an

atlenlpt to obtain agreement between mea~ured and calculated values of the intrusion

length. The best appreximation gave the formula as

This formula is suitable for the Brantas River if the densimetric Froude number (F~l <:

0.16 and fresh water discharge (Qr) lies between 63 and 105 mJ/s

Table 6.3 Estimation of the Length of the Salinl~ Wed&e for Determination or
Suitable Limits or Densimetric Froude Number and Dlscharee, and
Keulelan's Factor

Data :
Condition : MCilnHig!JWaler
Elevltion -0.010 m,SHVP
Mcanlempcrllurc 29"C
Salinityofscawater J2ppt
Density of s.alt wlter {pJ 1020 kg/m'
Density of fruh water {pJ : 1000 kg/m'
~p _ ~..P~ 20 kg/m'
A"erage density -(p,-p,)/2 - IOI0kg/m'

Discharge

Wlterdepth(m)
Cross area (m')
Fruhw.velocity(V,-m/s)
Dcnsimetrie vel.(V.-m/s)
Dcnsimelric FToude number (F.- VIVJ
Densimetric Reynolds number lR.- V.dlv)
tnlrusionlenglhl
wlterdeplhCL/d)
InlrusionlenglhCL.....m)
L... fTomlheRiverMou!h

10S.OO 63.00

3.S90 J.j9Q

612.6 632.6
0.166 0.120
0.83 0.83
0.200 0,120
3649772 3649772

2524 2234

'''' 8020
10062 9020

The general inference can be drawn that the different factors in the Keulegan

formula represent the difference of the relative force between tidal and river currents
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including all variables involved, such as geometry, density, velocity and friction. For

variOUJ; water discharges during the rainy season, especially if the fresh wafer discharge

is higher than 301 mlls, the intrusion will be located at a .;ertaill pseudo mouth seawards

from the river mouth with varying degrees of turbulent development. This case will

discussed in a following section (6.2.4).

6.2 The &~imentation Pattern in the Estuary

As mentioned in the theoretical background and the previous section, sediment

patterns in the estuary are mostly determined by the circulation pattern in the estuary. In

this section, the estimated qur..ntity of the sediment and river mouth processes and their

effects will be presented.

6.2.1 Effeets of Fresh Water Sediment (nnow

Sedimentation during the rainy season is mainly determined by the river discharge

velocity distribution within the estuary. Part of the sediment will settle along the estuary,

along the shortcut channel and the original river as well. Another part will be flushed

directly \0 the sea-surf zone. The Brantas Project measured the annual sediment transport

entering the estuary on two occasions (see section 4.2.2).

In 1966, the tiI:;t observation was done. The measured sediment inflows before

and after river improvements are shown in table 4.6. This showed that, after the river

was improved, the rate of sediment discharge increased. This trend was apparent since
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the energy gradient became steeper after the shortcut channel was completed. The

dominant sediment inflow is suspended and wash load. Annual sedim~nt inflow to the

lower part of the river (41 through -18 Ir:m downstream from the New Lengkong Dam or

3 km upstream from the stlortcut river mouttl) is about 7,572,000 m\ It consists of bed

load around 0.14 %, suspended load 13.09~, and wash load (diameter panicles less than

0.1 mm) 86.77% .

In 1989, another investigation was carried out, also by the Brantas Project. This

investigation was concerned only with the rate of the suspended sediment which mainly

contributed to the depositional process within the eSluary. The measurement showed Ihat

the annual suspended sediment transport was much larger than lhat of the previous

investigation. The rate was found in table 4.6. The table showed that the volume of the

suspended sediment passing KP.230 was 11.20 million m1/year. This is at a location 46

km downstream from the New lengkong dam or 5 km upstream from the mouth. The

value means that the suspended sediment discharge rate is about 11.3 times the value of

that which was estimated in 1966. If percentages of bed. suspended and wash load are

taken in the same manner as the previous observation, the results can be summarized in

table 6.4.

The total sediment transport indicated in table 6.4 was Itsetl as a fundamental
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inflow budget of the sediment to the estuary mouth and surf zone. Another result of

sediment behaviour can be taken from table 4.7. Referring to Sugiura's opinion (see

section 141), the scouring and deposilional processes can be traced along the Porong

river In lhe upper section, lhe suspended sediment inflow is about 10.5 million m1/year.

The sediment wilt settle between KP.JO and KP.80 in the amount of 4.1 million ml/year,

so the sediment particles passing KP.80 is about 16.1 million m1/year. From KP.80 to KP

150. scouring happens and Ihe sediment amount increases to 18.1 million mJ/year that is

delivered 10 KP.150. Still, a pari of ,h~ sediment is deposited along the estuary between

KP.150 and KP,2JO, Finally, sediment that flows through KP.2JO. 5 km upstream from

the river mouth is 11.2 million mJ/year. In summary, the percentage of the sedimenl

settled nlong the estuary is about 45.36 % of lhe sedimenl inflow to the Porong River.

6.1.2 Dominant OJ.·charge

During Ihe rainy season, there is considerable fluctuation of water discharge

through Ihe Porong river. This fluctuation depends on the distribulion of rain and on waler

management along the middle and upper reaches. As mention~d in chapter 2, part of the

excessive discharge in the middle reach is flushed to the Indian ocean through the South

Tulungagung channel (see figure 1.2) and the remaining flood discharge flows to the

Porons River. The Porong River discharge varies from an average of 63.0 m1/sec during

the dry season to 1,466.0 mJ/sec in the maximum flood condition. This happened on April

7.1986.
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Dominant discharge in this case mearu the river discharge that provides the

highest contribution to the annual sediment inflow. This can be obtained by the

relationshi~ between v:uiations of water discharges and suspendOO sediment carrying

capacity (see figure 4.7). The variation of water discharges must be evaluated throughout

the year based on a sufficiently long record. Considering discharge data from 19n

through 1988 the duration curve can be found. This was illustrated in fil:Jr~ 4.8. The

annual sediment rate can then be calculated by mulliplying the sediment carrying capacity

(Sq) and the duration of the di.~harge (D).

Dominant discharge CRn Ix obtained from two methods. The first uses the

intersection between lhe duration CUNe and the sediment carrying capacity cUNe and then

combines the result with tile annual sediment curve as mentioned above. The process is

illustrated in figure 6.1. The second method uses the following reb.tionships

a • I:{Q S.l
l:S.

Where, Q = dominant discharge (mJ/sec)

Q "" discharge (ml/sec)

S. = annual sediment transport correspondinn to each discharge (ml
)

The estimation of the dominant discharge is presented in table 6.5.

(~)

The dominant discharge is 711.62 mJ/sec and the duration is about 33 days per yeaI.
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Tabl, 6.5 Estimation of the Dominant Discharte

Water euratiollper
Dil.Chlrl~ Y~lr

o In
~O 99

250 79
~~O 44
850 19
10~0 6.167
1350 0.625
1466 0.208

S~diment

Carryinll
Capacity
S....ml/.

o
0.01
0.25
O.?}
!.H
3.27
5.42
6.45

Annual
SedimenllSJ
S.-S.xD

(m'l

o
115,536

1.706,400
}JH.4811
}.677.18~

1,869.488
292.68U
115.914

TOlal: l65 11.282.690

Dammanl Disehargc(m%cc): 71 •

6.2.3 Effect of Tide and Its Cunen!s

In the previous chapter discussion indicated that tidal currents causes the

transponation of substantial quantities of estuarine sediments (see chapter 5), This is one

maner that must be accounted for in a sediment budget within the Brantas estuary. Here.

sediments are affected by the bidirectional flow of the tidal currents caused by the rise and

fall of the water level. so the l:sfimation of the budget should also consider the movement

of sedimenl back and fonh relative to any particular place. In section 5.2.1. the predicted

net quantity of the suspended sediment al every observed station was discussed. Now. the

actual sedimer,~ luantity during the flood and ebb tides will be calculated separately.

The quantity will be estimated by using a melhod developed for this thesis 2JId

called the integration method in a unit tidal range. This means that every slage during the
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rise and fall of the tide is considered with regard to accumulation of the sediment. The

calculation is based on the results of the field observations (see figure 5.7 and table 5.5)

which show that the accumulation of the sediment during tidal rise and fall was the same

at every measuring station. If a tidal r.mge is used as a unit of the accumulation, either

nood or ebb tidal r.mge, the sediment discharges (QJ can be assumed to be a function

of the tidal range (T,) instead of the time period, hence Q ... F (T,). This is primarily

because the tidal range is related to the mean water discharge and mean current velocity

(sec table 5.11). Higher tidal ranges will produce higher mean water discharges and

velocities. Both factors are also related to the quamity of the sediment discharge,

Therefore, the integration method in unit tidal range is reasonable a'id appropriate.

The behaviour of thc sediment discharge can be described as follows, In the

beginning of a nood tide the sediment discharge increases gradually up to nearly one fifth

of the tidal range. Then, from one fifth to one haJr of the tidal range, the concentr.a.tion

of sediment seems leu than that in the previous stage. After that, around the one half

stage, it increases markedly up to 80 JO or 85 ~ of the tidal stage. Finally, the sediment

C(tnccntration decttases during the remaining stage and throughout the slack water period.

The behaviour is different during ebb tide. In the beginning of the ebb tide, the sediment

discharge increases markedly and continuously up to about 30 " and 35 " of the tidal

range, Then, it decreases gradually up to the ebb slack water period, Both conditions

were observed at all stations so the magnitude is assumed to be valid for any flood or ebb

tide.

The above explanation indicates that suspended sediment concentration is not
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always linearly related to increasing velocity. To obtain a better understanding of this

trend, the flood tide period is di.... ided by four stages. The first stage represents the

starting time up to one fifth of a tlood tide period. Tne current velocity creates a bottom

shear stress (rJ which exceeds the critical shear stress (T.) of the botlom material and

erosion takes place from the surface of the bed. In the next stage, between 20 % through

50 % of the flood tide period, the current velocity increases gradually but thc incrense

of concentration is less than during the first stage. This is because the cohesion of the sub

surface layer of bottom material is higher than that of the surface layer, so a higher

velocity is necessary to erode the particles below the top of the bed than the previous

velocity needed to pick up unconsolidaled material in the surface layer. Another

possibility is that the diameter of the remaining particles is larger than that of the upper

layer, so the critical shear stress in this layer (7".) is larger than that of the surface layer.

A time delay will occur before the particles are actually suspended in the water. This

delay is called scour lag. In the third stage, from one half to :thout 85% of the nrod tide

period, the velocity still increases and the bottom shear slre.is becomes much larger than

the critical stress of the bottom material. Therefore, the shear slress can break the

interparticle bond strength of the cohesive sediments and the sediment concentration

increases gradually during this stage. In the last stage, from 85 % 10 Ihe end of the nood

period, the current velocity decreases continuously and the sediment concentl1ltion also

decreases.

One important thing to be noted is that the sediment concentration is still rising

for a short period after the current velocity begins to fall (see section 5.2.2). This
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indicates that, when the minimum transport velocity is reached, the settling process is not

fully establishe<!. The particles nre moving as individual particles rather than groups of

panicles bonded together on the river bed. They stay in an equilibrium condition for a

short period before the settling process is begun. This period is called settling lag.

In the ebb tide process, the current velocity increases rapidly after the starting period and

continues 10 increase up to 25 or 30 % of the. period. Then. the current will decrease

gradually to the end of the ebb period. Unlike the .~iment discharges during the flood

tide. the sediment concentration seems to be proportional to the velocity distribution,

except that settling lag also occurs during the time of decreasing current velocity. The

sediment that just settled on the tum of the tide at high water will be resuspended easily

by the ebb ;urrent. The sediment concentration will increase gradually up to a certain

period after the current velocity begins to decrease and later the settling particles will be

established.

Equation 3-41 indicates that the rate of emsion (E) will increase linearly with

excess bottom shear stress ('I'J given by E = M (1"~ - rJ. where M is the constant of the

erosion rate. Based on the previous explanation, it can be inferred that the difference in

critical shear stress ('1'<) between the surface and lower layers enables scour lag to occur

and this coincides with the increasing bottom shear stress due to increasing current

velocity. In addition, various factors may innuence the erosion rate. These include,

sediment composition and texture, temperature, salinity, bed structure. consolidation rate

and many other factors. The three factors in equation 3-41 vary temporally and spatially.

To simplify the calculation, the quantity of sediment will be calculated on the
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basis of the entire sediment behaviour during a tidal cycle separately for rising or falling

tide. The best approximate equation of the tide is a polynomial of Ihe founh Jegree (see

figure 6.2). This equation was determined for every observed station by curve fitting. One

of the samples is presented in figure t:i.2 and the others can be found in appendix B figure

B.l·1 to 8.1·3. The integration of the equation represents the sediment discharge inflow

and outflow due to lidal currents through the cross sectional area within a certain tidal

range. Hence

s=fY d(x)

Where Y :instantaneous sediment discharge

: time represents the tidal process

6-5

Using the equation given for the flood tide cycle in figure 6.2. as an example, this leads

to the sediment discharge within the flood tidal range
,

S={ (4.0887 ...248, S05Sx-B60 1546xl n662 0104XL 1047, 5285x4 ) dJI

5 .. 47.62 kg/sec; for tidal range = 1.60 m. Then, Ihe sediment volume can be found by

multiplication between the sediment discharge (5) and the duration of the tide (D). Hence

V= S xD 6-6

Similar methods can be used for calculating sediment volume within the ebb tide. Thus,

for any tidal range, the quantity can be estimated by doing a direct comparison with the

unit quantity. This is an appropriate method for calculating the net sediment enlering the
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estuarine area without considering the detail of various factors involved. Howeyer field

observations are required to gel a proper curve.

Table 6.6 shows the calculation of sediment volume lhrough KP.250 using the

above calculation. Volumes were calculated for every day, June 6 to July 12 1991

together with total and mean sediment inflow and also the mean bulk volume of Ihe

sediment. Similar tables for other stations can be found in appendix A, tablc A.5·llo

A.5-3.

As a final result, in figure 6.3, valuable curves can be produced based on table 6.6.

10 show the rf.lationship between tidal range, sediment discharge and mean water

discharge within the tidal volume. Thestcurves are very useful for quickly cstimating the

quanlity of net sediment entering the estuary on the tidal currents. On the Branlas

estuary, this method can be made easily since the tidal type is a mixed diurnal havinf

bimonthly spring and neap tides with approximately equal height (see figure 4.3). Similar

curves at other locations not covered in this thesis can be developed using a short and

inexpensive observation. This will permit sediment calculation to be made easily and will,

therefore, provide guidance regarding channel maintenance.

Mean bulk volume of sediment presented in table 6.6 and appendix A, table A.S-I

through table'" 5·3, will be used in the calculation of deposition or erosion of sediment

along the shortcut channel throughout the year, so the general tendency for geometric

changes along the channel can be known. This estimation will be explained in the

following paragraph. II is important to note that this calculation is valid only if the fresh

water discharge is lower than 20 m'/sec where the circulation within the estuary is slightly
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Table 11.11

ICRIITWlKJI1l;lf~imenl:ranspoft

R~~~om~:r:l~&,~~:~e- - - -- -- -,. - ~ ~ ,. - ~ - -. . M M - - ~ ~ ~

~. G 0.54 0.43 ... .., 43.90 ".31 1ll2,'" 184,290 81,424
0.62 1.10 7.' .. 30.63 7a" 137,789 707,159 ....370

7 1.11 '.63 7.' ., 70.63 47.98 248,687 337,508 90.020
0." 1.12 ... 7.' 34.30 n... 106,676 641,519 734....

• 1.24 0.69 7.' 5.' 67." 54." 276,023 369,651 93.628
0.61 1.38 ..• .., 35.61 110.63 116,200 888,449 n2,249

• 1.52 0.76 7.' 7.' 109.14 ..... 338,028 569,263 231,235
0.63 1.53 5.' 5.' 47.65 161.31 100,008 820,733 720,725

10 1.66 '.83 ... 7.' 116.09 51.71 422,131 622,514 200,384
0.69 1.71 5. 5' 52.68 193.29 109,533 917,164 807,631

11 1.90 0.97 ... .., 138.57 66.73 463,088 623,586 140,4~8

o.n 1.79 5.' 5.' ".27 205.22 122,232 ....022 837,790
12 2.00 0.98 ... a, 131.56 71.35 572,048 630,015 57,967
13 0.76 1.80 ..• ... n,B5 175.70 96,518 1,158,455 1,061,939

2." 1.11 ... 7.' 150.30 6329 518,847 832,519 313,873
14 0.81 1.74 ..• M 60.63 168.69 1ll2,'" 1,119,883 1,017,017

I." 1.05 a. M 141.10 74.09 498,074 674,373 176,299
15 0.70 1.60 5.' .., 63.41 153.50 111,120 1.ll29,8S1 918,761

1.92 1.16 7.' 7.' 149.96 6'54 427,147 810,020 442,873

" 0.67 1.43 ... 4.' 54.49 191.41 '65,728 613,728 448,000
1.67 1.08 ... a• 111.05 77.42 424,671 694.302 269,631

17 0,74 1.25 5.' 7.' 54." 84.15 117,311 037.522 820,210
1.55 1.14 7.' a. 101.15 78.46 344,473 732,674 388,401

" 0.62 1.03 5. 7.' 73.06 70.05 130,170 712.518 54~346

1.31 1.14 7.' a. 81.64 64.90 291,136 132.874 441,739

" 0." '.63 5.' 7.' 85." ".56 141,282 472,511 331,229
0.60 I." 7.' ... 52.29 80.42 1n,793 ....587 490.794

20 0.89 '.54 5.' •.. ".95 33." 141,282 462668 321,586
0.61 I." ... 5.' 46.44 93.56 127,630 563,942 456,312

21 1.10 0.61 ... 7.' 83.42 39.75 209,541 457,511 247,969
0.55 1.15 7.' 5.' 38.89 120.18 122,232 618,086 493,853

22 1.42 .... .., 7.' 107,73 46,12 210,499 660,015 389,516
0.60 1.21 7.' 5.' 33.93 121.50 133,345 648,229 514,885

23 1,51 0.98 ... 7.' 128.99 54.95 299,073 735,017 435,944

'.60 1.23 7.' 5.' 38.62 149.00 133,345 ........ 525,599
June 24 1.61 0.98 ... 7.' 151.12 56.56 306,692 735,017 428,325

'.62 1.31 7.' 5.' 39.17 157.90 137,789 701,802 564,013........
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Tabl.6.6Conrlntl~J- - - _.- --- ~,. - ,. - ,. - ,. - -M M - - . ~ ~

un. 25 1.69 1.00 6.0 6.0 194.49 87.55 321,932 681,444 359,513
26 0.66 1." 7.0 6.0 49.02 167.42 146,679 861.4049 714,770

1.7e 1.07 .0 7.0 24"~ 76.18 277,801 802.519 524.718
27 0.67 1.42 7.0 6.0 SO.59 181.03 148,901 9\2,878 763.977

1.62 1.06 5.0 7.0 263.14 81.07 288.913 810.019 521.106
26 0.10 1.37 6.0 6.0 61.03 167.44 \33,345 880,735 747,390

1.72 1.03 6.0 7.0 204.03 73.55 327.647 772,518 444,871
29 0.71 1.31 6.0 5.0 59.07 180.87 135,249 701,802 588,553

1.63 1.00 7.0 6.0 153.01 81.11 362,253 642,872 280,619
30 0.68 1.:18 7.0 5.0 49.05 169.74 151,124 685,730 534,606

1.55 0.90 7.0 6.0 140.65 77.12 344,473 578S85 234.111'. 1 0.63 1.17 7.0 5.0 47.10 147.05 140,012 62>j,800 486,788
1.41 0.81 7.0 6.0 118.78 60.64 313,360 520,726 201,357

2 0.55 0.95 6.0 5.0 ".32 92.50 104,171 610,128 505,958
1.12 0.70 7.0 5.0 ,,,, 69.85 24a,910 375,009 126.099, 0.52 0.13 7.0 6.0 36.52 18.55 115,565 469.291 353.131
0.60 o.n 6.0 6.0 84.16 67.58 152,394 495,011 342,818

4 0.69 0.50 7.0 5.0 S2.40 54.71 153,346 267,863 114,517
0.53 0.83 7.0 6.0 45.93 66." 117,788 533.... 415,196, 0.80 O.GD 6.0 6.0 8:5.42 53.91 152,394 385,723 233,329
D.73 1.M 6.0 6.0 62,39 110.94 139,059 668,587 ti29,528

6 1.19 0.8D 7.0 6.0 104,37 66.94 264.467 514.29(1 249,831
0.61 1.09 6.0 7.0 5420 103.43 116,200 811,519 101,319

7 1.35 0.93 6.0 6.0 141.19 77.81 251,164 597.871 340,707
0.69 1.24 5.0 7.' 5332 129.46 131,440 930,022 798,582

6 1.55 '.96 6.0 6.0 173,39 87.03 295,263 630,Dl:5 334,752
0.67 1.30 6.0 7.0 63.00 13'10' 127,630 975,023 841,3~, 1.61 1.00 6.' 6.' 183.37 86.42 306,692 642,872 336,180
0.69 1.42 '.0 7.' 5a,90 139.64 131,440 1,065,025 933,585

10 1.15 1.00 6.0 6.' 197.48 66.32 333,381 642,872 309,511
.10 1.57 6.0 7.' 62,07 161.83 133,345 1,117,527 1,044,183

" 1.8e 1.02 6.' 6.' 220,14 85.00 358,125 655,729 297,604
0." 1.65 6.' 7.' 5400 165.68 125,725 1.237.529 1,111,804

Jul\t12 '00 6.' 233,37 380,984.."'----DrmIg•• ...,.flgj
~';~::~.anS8dlm.nllnflow{day (kgfdey)

p.sificGraYlty =2,BOOkgfmJ
"'~Ium. of Sadiment inflow (m3{day) 327
~~Ik Volumfl • Volum. of Pltlk:ln {(l·Porolity)

orolity .. 0.4
Bu"'Volume rn3lday) 545
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stratified through well mixed and the tidal action is dominant.

Mean monthly discharges of the Porong river were prescnted in table 4.4. The data

showed that mean discharges less than 20 mJ/sec commonly occur from June through

November. From lH events of monthly mean discharges inspection shows that 42 cvents

are equal 10 or less than 20 mJ/sec. Thus, the probability of frcsh water discharge being

less than 20 mJfsec is about 29.17 %. The result has been summarized in table 6.7.

Table 6.7 Probability Discharge on the Porong River

Discharge Events Provability Days per year
(mJ/sec) (%)

I -20 42 29.11 '00
20 - '0 11 tl.81 4l
so - '00 " 13.19 ..
100 -200 10 6.94 2S
200 ·300 14 9.12 "> '00 42 29.11 '00

Using bulk volume of sediment found in table 6.6, and appendix A, table A.5-1

through A.5-3, the scouring and deposition per annum within the shortcut channel can

be estimated. The result is presented in table 6.8 and the region of deposition is presented

in figure 6.4.

TaMe 6.8 Deposition and Erosion within the Shorttut Channel and the Original
River

Station Suspended Sediment Bcd Sediment Total

mJ/day ml/yr m'/day m'/yr m'/day m'/yr

KP_250 +545 +57750 +54.5 +S775 +600 +63525
KP.242 +451 +47806 +45.1 +4781 +496 +52587
KP.236 -3' -3604 -3.4 - 360 -37 -3964
58.5 ·1.3 - 133 - 0.1 I' • 1.4 - 147
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6.2.4 Deposition within the Delta Area

Brief discussions about the Brantas-Delta growth have been presented in section

4.3.1. However, it is also important 10 know the actual quantity of sediment that has

settled on the delta area. In order to obtain the real quantity I the best approximation is

[0 make a comparison of geometric data of the delta between 1977, when the shortcut

channel was made, and the recent geometric data. At the end vf 1989, the Branlas Project
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carried out a topographic measurement on the delta. Unfortunately, since the budg~t was

limited, the measurement covered only 3.25 x 3.00 km. This area wa:s located atlhe a."l:is

of the shortcut river mouth. 3.00 km parnllelto the shoreline and 3.25 km perpendicular

to lhe shoreline. The location is shown in figure 6.5. and the original copy of this

measurement can be found in appendix 8, figure B.5·llhrough B.5-9. The area isdivitlcd

Pig-.6.5 xDva.tiqate4 Ara. of napo81Uonal Prooa.. withiD
tha Brant.. nalta

into 5 lines that are perpendicular to the shoreline and 6 lines paraJlello the shoreline.

The arrangement is shown in figure 6.5. l.:mgitudinaJ direction of Jines arc: identified by

L and transverse or parallel lines to the shoreline are identified by T. The elevations

along every line in 1989 are compared to elevations measured in 1977 (see figure 2.6).

The different elevations are illustrated in figure 6.6, for line I·L and 2·L, and the
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remaining lines can be found in appendix B. figure B.2. Based on the deposition within

the investigaled area (3.25 x 3.00 km), the toI1I volume can be found. Deposition per

km1 can be determined easily by the total volumedividcd by Ihe area under investigation.

Finally, the mean increment of the delta in front of the shortcut mouth can be estimated

by the mean deposition per area divided by time (1m to 1989). The result is 23.7

em/year (see table 6.9).

Table 6.9 Estimation or Mean annual DepositioD on the Brantas Delta

Line ,.\realm') ....vcraic(m~ Distaocc(m) Volumc(m')

,., 9492.89
142j;.61 750 6lJln07.5

H 1358.33
9810.<t6 750 73S784t.3

H t2262.S8
11047.30 750 8~7S.0

H 9832.01
7670.05 750 '752533.8

H 5508.07

TotaIvolulMoftbedcpolitioa :2nIS0S7.SuJ
VolIIalo per _ : 284ll7O.0 ralUl'
AlIDII&I YOI_ or the doIpoaita 236810.1 rsitur/r-
M_IAIWII~.lbedcka: 2J.7ceJ'feIt

To determine the volume of active sediment within the surf zone during these

yean, longitudinal and lateral limits of the subaqueous burfer zone are required.

According to section 5.3.2, the seaward limit of significant U'ansport was about 5.10 km

from the low water level (lWL) or 7.35 km from the shore. The lateral limits were

estimated by evaluating topographic and aero-photo maps. The limit was found 10 be

about 9.3 kIn ; 3.6 km at the south side and 5.7 kin at the north side of the shortcut

centtal axis. The area of the active delta is calculated by taking the mean distance from
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Fiq.6.6-1 LObgitudinal Deposition of the Brant•• Delta
(1977-15189), Line 1-1,
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Fiq.6.6-2 Longitudinal De::,osition on the Dr.nta. Delta
(1977-151891, LiD. 2-L

the sea limit 10 the shoreline along the transverse width with about 0,5 km distance

between two lines and then multiplying by the transverse distance. The estimation is

illustrated in figure 6,7 where the mean distance from the sea limit to the shoreline was

about 7.08 km. Hence the area of active sediment is 65,84 km1.

If the deposilion is assumed to be distributed evenly over the area, the mean

deposilion found in table 6.9 (0.237 m/year) can be applied. Finally, the total volume of
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Pig. f.' E8ti.atioD of Aotive SecSi.eDt Area for
D.teniaiDg x.an AnDual Depo8itioa OD the Delta

the deposition within the suhactuoous buffer zone will be 15,605,000 rrr'/yeaT. This

amount is a valuablo= factor of the sediment budget within the estuary.

6.2.5 Rinr Mouth Protts5es aDd Shorelioe Georodry

This sectk>n deals with the dislribution of sediment within the area surrounding

the shortcut mouth. #\0 evaluation of shoreline geometry is made related to the relative

strengths of fluvial and marine forces. As mentioned in section 3.5.3 sediment

distribution and shoreline cNlfiguration can be expected to reflect morphologic pauems

and dominant forces that primarily determine the delta formation.

192



To evaluate the effluent mech2nism of the fresh. water discharge, the nature of the

flow (i.e laminar, turbulent, transition) for any given discharge within the mouth should

be known. In section 6.2.2, it was shown that the most significant contribution of

sediment to deposition within the estuary and the delta is obtained mainly from the

dominant discharge (712 mJ/~). Thus, the condition of the now will be examined under

that discharge. A critical condition of the fresh water flow at the entrance occurs if the

densimetric Froude number is equal to one (FG = I). A calculation similar to Ihal

mentioned in section 6, 1.2 can be made, However. in thiscasc. the fresh waterdischargc

is obtained by trial and error using discharges for which F. ·'IiJI be equal to I. The

inlerface height Chol is calculated by equation 3-9. Based on the three conditions of t1~cs:

spring, mean and neap tide. the discharges were found to be 685.5.526.0 and 416.0

m'ls, respectively (see table 6.10). Two important things should be pointed out from the

table: when the fresh water velocity is equal to the densimetric velocity (given by eq. 3­

7). the height of interface from the bed (hJ is very small relative to the water depth (d),

It can, therefore, be neglected and it can be assumed that the fresh water depth is

dominant within the entire depth and no density contrast (homopycnal) occurs. 11Ie

second thing is that Ihe three discharges were found 10 be less than the dominant

discharge (712 mJ/sec) for which the flow is turbulent. This condition (Le turbulent flow

at dominant discharge) will be examined by using the Reynolds number in the following

paragraph.
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Table 6,10 Estimation of Fresh Water discharee for Densimetrit .'roude Number =I

Data :
Fresh water discharge : various
Mean temperature : 29"C
Salinity of sea water : 32 ppt
Density of salt water (PJ : 1020 kg/mJ

Density of fresh water (PI): 1000 kgImJ

lip =p,-p,. 20 kg/ml

Average density =:-,(p,-p/)/2= 1010 kg/ml

Tide condition Spring Mean Tide Neap Tide
Tide

Elevation (m,SHVP) +0.385 ·0.010 ·0.385
Walerdepth (rn) 3.985 3.590 3.215
Cross area (ml ) 751.6 632.6 528.5
Freshw.discharge(ml/s) 658.5 526.0 416.0
Fresh w.velocity(V,=m/s) 0.876 0.832 0.787
Densimclric vel.(Vd=m/s) 0.88 0.83 0.79
Densimetric Froude number (Fd=

V/V. 1.000 1.000 1.000
Height of in:erfaceJ Iwater depth
(h,ld) 0.003 0.003 0.003
ho(from the river bed = In) 0.011 0.011 0.010

As mentioned in the explanation of equation 3-54, the jet structure will be

controlled by the ratio of inertial to viscous forces indexed by the Reynulds number. In

order to check the value of Reynolds number with respect 10 the dominant discharge, the

mean velocity of fresh water at the entrance (KP.250) should De estimated. Since the

dominant discharge is higher than that for the critical condition of the flow, the mean

velocity in such a condition is influenced purely by the fresh water discharge regardless

of the tidal elevations. The calculation can be made as follows.

The first step is lhat the relationship between water elevation (h) and the waler
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area (A) (or KP .250 shouLd be expanded by the relationships between water elevation and

hydraulic radius (R) given by the ratio o( area (A) to wetted perimeter (P). The resull is

presented in tigure 6.8.

W.t•••I U"n,C''' ndHyd II''
".dl... O tl "I M I ..(K~.I.OI

Fig.6.S Relationships Between water Elevation. Cross
Area and HYdraulic Radius at I:P.250

The second step is that other hydraulic factors at the station should be known.

Those are lIle width of the channel (b), mean gradient of the river bed (Su) and the

Manning's roughness coefficient (n). The width of the channel and the mean gradient can

be taken directly from the previous data, see table 6.1 and table 5.3. They were 253 m

and 0.00029 respectively. The roughness factor In) was observed by the Dramas expens

in 1966 and 1990 (Design Calculations on the Kali Porong Project, 1966, and Porong

River Rehabilitation Project, Design Repon, 1990). They calculated n on the basis of

water level data at two stations, Permisan and Porong station shown in figure 4.4. The

calculation was started from the Permisan station by using gradually varied now theory

and the result was then compared to the actual water level of the Porong station at the

same time. The resull showed that the best approximate value of n was 0.025.
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The final step is to calculate the velocity at the dominant discharge by using the

Manning equation (Chadwick and Morfet, 1986). It can be given by

V"" lin RVlSoln

Where V "" velocity (m/sec)

(6-7)

R "" hydraulic radius (m)

So"" bottom gradient of the channel

Since the known factors are the dominant discharge (Q "" 712 ml/sec) and So =

0.00029 (see table 5.3), so a graphic showing relationship between water depth (y) and

K, given by Q/S,}n, can be mllde by using data in figure 6.8. The graph is presented in

ligurc 6.9. For a value of K "" 41,810 ,the water elevalion will be -0.086 m, SHVP.

The results are summarized as follows:

W.terElnUlonIllldI<
.lth.AI'IMYoutll{KfI'·2501

I.I .,..

!
~

•.-----------------

k .. Q/....

Fig. 6. 9 Graphic Relationship Between water Elevation and
It at ItP.2S0

• Water elevation (h)

-Water depth (d)

·0.086 m,SHVP

3.51 m
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- Hydraulic radius (R) : 2.24 m (using fig.6oS)

- Cross section area (A): 610.79 m'(using fig.6-S)

- Velocity (V) 1.11 m/sec

- Reynolds number (R,J: 30,048,129 (using equation 3-54) This shows that the

Reynolds number of 3,000 is greatly ekceeded, so the now condition in that discharge

will be fully turbulent.

To evaluate the condition of the flow (i.e laminar or turbulcnt or transitional,

downstream from KP.250, an evaluation should be made for each of Ihe liked scctillns

that have been shown in figure 6.5. Along the river section between KP.250 and KP.2~5.

the lateral expansion of the turbulent flow is examined based on the geometry. This

indicates that the funnel shape of the channel is established by the turbulent flow alllng

the region which is dominated by the velocity of the fresh water discharge. There are two

imponant geometric factors to be recognized; Ihe width of the channel and the form of

the cross sections (see figures 6.10-1 & 6.10-4). The width of the channel at KP.250and

KP.255 is about 253 m and 940.8 m, respectively. This is the largest difrerence in

channel width over only 1 km distance and significant sediment deposilion was found

around KP.255. Without any maintenance work the depositional process seems to be

continuous throughout the year. The different width along Ihe channel represents the rale

of jet expansion (E) which is equal to d(b/2)/d" (see eq. 3-51), where II, represents the

distance between KP.2S0 and KP.255 (I km). The variation in half width of the channels

can be found in figure 6.11. The value of E at the Brantas river mouth is given by
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DI.lane. (km)

Figure 6.10-4 LonqitucHnal Section of the Brant&lII River
Kouth frolll ItP.250 to 4.25 Ita Seaward

Fig-.Ci.ll Variation in Half "idth of the River Mouth

e = d(b/2ll
dx

(940.8-253) /2
e • 1000

Hence, the value of E shall be 0.344. This means that lheangle of separation between the

centreline and thejel boundary will be approximately 19"14'.

Referring to equation 3-58, the maximum (U...J velocity within a turbulent now

will experience a progressive longitudinal decrease inversely proportional to E. Maximum

velocity is also influenced by the integral of the similarity functiGll for transverse velocity
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distribution (I). eates (19.53) suggested a value of 0.316. The distance x in equation J-58

may be taken as 1000 m. The maximum velocity at KP.25S will be about 1.36 m/s. It is

a little bit higher than the mean velocity ofKP.2S0 (1.17 m/s) but on average, the velocity

along the section can be assumed to be equal and it is recognized as a zone of flow

establishment. Turbulent eddies may be developed around KP.2SS and a longitudinal

diminished velocity occurs in the downstream area of this section. In such a condition,

friction effects should normally be considered. However since the area of KP.2SS is still

dominated by fresh water and there is no density stratitication, the latter factor can be

neglected. By using the result of the previous section, the lateral expansion of the Brantas

mouth under the dominant discharge will now be estimated.

The following paragraph discusses the condition of the flow, especially the lateral

expansion of the flow within the area downstream of KP.2S5. This area is a zone of

established flow and is divided into tive main sections: KP.2SS+250 m, KP.2SS+1 km,

KP.255+1.7S km, KP.2SS+2.S km and KP.2S5+3.2S km (see figure 6.10.a). The estimation

of KP.25S+250 m is presented in table 6.11. The table shows that the velocity decreases

markedly between KP.255 and KP.25S+250 m. It will influence the tractive force upon

the sediment. Coarse particles begin to settle in this region. The table also shows that the

densimetric Froude number (F.) is almost equal to 1. This infers that the turbulent flow

decreases and buoyant expansion prevails. Therefore, beginning from

KP.2S5+2S0 m seaward the evaluation will be applied to the buoyant principal as
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Table 6.11 ~timation of Condition and Lateral Expansion of Flow within KP.2.55
and 2.50 m Seaward

Section : KP.2SS·> KP.2SS + 158 m
D...
River discbugc (Q) - 712 "l/,
River mouth width. KP.155, (bo) _ 940.80 m
Meandepthattbcmoutb(du) - 1.10 m
Velocity al the mouth (u.) <s 1.36 mls
Cbc:cycocfficicnl(C) _ 45.76 mGJls
K - a:1~ .. 0.048 mil
Averagcdeplhalooilbisseclion - 0.92 m
Th~deplbofKP.2S5+250m _ 0.51 m

~riplion Eslimation

Vel.al th~ moulb/Vel.1 KP.2SS+2S0 m (U,IU.,) 0.29
Ve1.al KP.255+2S0m (U, .. mls) 0.40
Densimelric Froude- number.1 KP.255+2SO m
(F,) 1.10
RoIte of c~pansion (f) 0.344
Width.l KP.2SS+250 (b... 2 ~ bo It 250 ll. !) rn2 \'113

Remllrk

Eq.l-54

Eq.3-SO
Previouspllnlgrapll

Table 6.12 Estimation of EJlpansion Lateral Between KP.255+250 m 10
KP.2.5S+3.25 km Using Buoyant Principal

Sed.ion : From KP.15S to boundaries slated below
D.ta :
Width of the moutb (bo) - 940.8 m
W.terdiscbatgc(Q) -712 m'ls
W.deptb.1 KP.250+2S0 m .. 0.51 m

DC5CripliOll KP.25S+ KP.255+1. KP.2SS+2. KP.25S+J.2S Remarks
Il:m 1Skm Skm km

B, 0.41 0.41 0.41 .0.41 Eq.3-61. O.OOOJ 0.0003 0.0003 0.0003 E'l.l-60
h,'Ih,,' 0.83 0.75 0.68 0.63 Eq.l-S9
b'(m) 0.43 0.38 0.35 0.32
b,lb" 1.2 1.34 1.47 11.60 Eq.J·58
b.{m) t,129 1,260 1,384 1,504

mentioned in section 3.5.2. The result is given in table 6. t I.

Reference is now made to the investigations which have been done by Wright and

Coleman (1971), namely that the configurations of shoreline and geometric form can

reflect the morphological process of the delta regarding the relative Importance of marine

and river forces. On the basis of the results, the configuration of the shoreline and the
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delta geometry of the Brantas will be examine(!,

The first factor to be examined is the crenulation index (CJ which is a ratio of the

shoreline length (LJ to delta width (W) i.e C1 = L/W (see equation 3-72). The width

of the delta was obtained from figure 6.7 and is equal to 9.3 kIn. The shoreline length

can be found by a measurement on a topographic map made by the Brantas Office in

1989 on the basis of an aerial photo map made in 1985, The result was 15.9 kin and

hence, the crenulation index is 1.67.

The second factor of the shoreline configuration is the protrusion index (Pil as

mentioned in equation 3-71. It is the ratio of the protrusion length (t..J which is normal

to the shoreline and the delta width (W). The protrusion length can be taken also from

the topographical map. A schematic map has been introduced in figure 6.7 and the value

of L", was shown to be 2.7 km and the width (W) was 9.3 Km. Hence, the value of Pi

is 0,29.

The next two factors to be examined are factors that deal with the geometry of the

deposition within the delta. They are called the skewness index: (SJ and subaqueous

hypsometric integral (HI). A detailed eltplanation of these factors can be found in section

3,5,3, l:quation 3-73 and 3-74. Basically, the skewness index: will represent the

distribution of sediment either to the right or left hand side of the river mouth. It will

also reflect a dominant direction and influence of the longshore drift. The subaqueous

hypsometric integral (HI) indicates the relative strength between marine and river forces.

If the marine forces are dominant, the form of deposition of the delta front will be

concave but if river forces are dominant, the delta front will be convex. The main reason

for this is fhat the volume of sediment inflow to the delta area is large relative to the
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I
available marine forces to rework lhe particles, and therefore, Ihe accumulation of

sediment will happen mainly on the delta front area 10 buill a convell form

Based on the topographical map of the delta aTca mentioned in appendilt B. figure

8.S-\ through figure B.5·9, both forces will be evaluated. Since Ihc subaqueous

hypsomelric integral is focused on the delta front, the estimation is made only for certain

boundaries that can reneet the configuration of the delta front. The boundnries :lTe

illustrated in figure 6, 12 and a copy of the original contour map can be found in appendix

B. figures 5-110 5-9.

Fiq.15.12 Are. Under Consideration tor Deter.iDing'
subaquaous Hypeo••trio Integral of tba BraDt••
Dalta

The estimation is made based on the different volume of deposition in every 0.25

m increment beginning from elevation -4.50 m to -0.50. The volume in every layer

represents a contribution to the entire form of the deposition and the total contribution will

indicate the form of the delta fronl. If the value of the hypsomelric integral, HI, is more

than 0.5 the form is dominantly convex and if it is less than 0.5 Ihe form is concave. In

fact. the resull is 0.642 (see table 6.13) and an inference can be drawn that
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the river forces are more dominant than the marine forces through OUt the year.

For an evaluation of the skewness index, the volume of sediment within the area

considered will be calculated on the basic reference of the different elevations between

1977 and 1989. To get an accurate estimation, the area is divided into segments, see

figure 6.5, on longitudinal and transverse directions. Drawings of the longitudinal

Fiq.I5.13 Transversal Sections of the Brantas Delta
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Table 6.13

Estimation of Subaqueous Hvosometric Intearal HI)
No. - Me A....... V"''''' "

1m."""'" e.-~
N" ""'one

1m3}
WA.Z

m2l z_m)
<1.50 127,750

308,1'127 0.25 n.157 0.003
<1.75 489,493

716,703 0.25 179,176 0.006
-1.00 943,913

1.361.305 0.25 340,326 0.012
·1.25 1.778,697

2,178,537 0.25 544,634 0,019

·1.50 2,578,377
2,967,161 0.25 741,790 0.026

-1.75 3,355,945
3,661,305 0.25 915,325 0.032

·'00 3,966,665
4,258,137 0.25 1,064,534 0.037

·.25 4,549,609
4,806,185 0.25 1.201.546 0.042

·.50 5,062.781
5,336,041 0.25 1,334,010 0.047

10 -2.75 5,609,321
5,889,257 .25 1,472,314 0.052

11 -3.00 6,169,193
6,460,409 0.25 1,815,102 0.057

12 -3.25 6,751,625
6,858,437 0.25 1,714,609 0.060

13 -3.50 8,965.248
6,986,848 02' 1,746.712 0.062,. -3.75 7,008.448
7,023,248 02' 1,755,812 0.062

15 4.00 7,038,048
7,062,528 0.25 1,765,632 0.062

16 4.25 7,087,008
7,093,728 0.25 1,773,432 0.062

17 4.50 7,100,448
A. 7,100,448 : 4.00m and OlBI a.zJA. . 0.642

HI_ 0.642 -> More than 0.5 -> Riverine forcBS are dominant
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directions have been given in figure 6.6 and two of the six transverse drawings are

presented in figure 6.13 while the others can be found in appendix B, figure 8.3. The

tol.a.l volume of sediment with respect to the left and right central axis of the river mouth

will illustrate the skewness distribution of the sediment outflow from the river mouth.
e,mrtl Axil 0' the Alv,' Mouth

IV1,",S,IIIl,IUm' t IV1·12,04f,m.,a
(.....1 KP.255L (0,<01)

I -;~~--r;!oi:-~-- ~~~-er~;!!'---1:·m1.T
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iii i I
i--i1OiAiiii--1--aiiifrtii--l-iiitMd---1-I00i.r;n;---!L1nI3.T
j iii i
I ,.-n...· i 1,1)1....,... I t..... I -_... !15om, cu..) : lo.oJl) ~ 1 (OMI) !

'1'5Km l L L L j Uno 4-T! 1101.77" i 2111.10'" 11'11.7'l1l'i ! 1101.11'" I
I ',41I,a..' I 1"M,7.III' i I,M,"." I I....,.... i710 m
i (OM) 1 (.....) I (0.1*) lo.oIOl I
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!--ltU:iiftjl--1--il0M'Mi-- rl.Ol;.---+-•.,.-..--1L1nt !j·T
I i I I i
!IJOUIlI""! ""1'."1' ,....... II ......... Ii (0.017) l lUll) 1'.1MJ (OMI) 171O~

! 1....,0011' : ....,... '1041.7'" i ........ !L1n.e·T
tJnI;~-7io-m~~~-TeOm--~;~-7iO-;.,--u:;.;--7iO;-;J1.L
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MADURA STRAIT

Fig. 6.14 Diagram showing the SkeYDe.. Diatribution at
Sediment Outflow fro. the River Kauth
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As a result, a diagram can be made as in figure 6.14.

The result shows that the sediment volume on the ri.~ht side of the axis mouth is

higher than that on the left side, 53 % is in the right side and 47 % is in the left side.

Hence, the skewness index is 1.15. If a similar evaluation is made for other distances

from the river mouth or made {or every section, the result may be differenl. This case

means that the distribution of the sediment on the both sides of the central axis is unequal

from place 10 place.

An estimation of dominant rates of deposition through out the year can be made

from the surveys carried out in 1m and 1989. The differences between transverse

profiles (i.e at rightangles centraJ aKis of the river mouth, see figure 6.13) in Ihese years

give lotal deposition between 1977 and 1987. The percentages of deposition to the len

and to the right of the central axis were calculated and were shown in figure 6.13 and

appendix B, figure B.3 while the widths of the eKpansion flow at the lilled sections

caused by dominant discharge were given in table 6.11 and 6.12. I(thest percentages and

the widths of the upansion flow are assumed as dominant distribution of the water ::'ild

the sediment throughout the year, the direction of flow and its sediment distribution arc

illustrated in figure 6.15.

Another significant case to be considered is the direction of flow at the river mouth

area when the discharge is equal to or less than the mean discharge of the dry season

(equal to or less than 62 mJ/sec). Under the discharges, the flow seems totally to go the

right side of the central axis of the river mouth. This condition can be lraced directly

from the topographic map (see original copy of the map in appendix B, figure B.5-1
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through 8.5-9) or from aschematic map showing rough conlour.~ of this area is illustrated

in figure 6.16.

OI.tMoe (~m)

Fi9.'.~5 Direction of Flow and. Sedi••at DiatributioQ
within the Brant.1I River Kouth at the Dominant
Disobarg. (112 .3/S)

An inference can De drawn from the estimations of shoreline configurations and
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Directional Plow at the Bunta. River Mouth at
a Low Discharg. (1... than 63 .3,.)

delta geometry of the Brantas River when compared to the morphomelry of seven river

deltas (see table 3.2). Table 6.14 compares the geometry of the Brantas to seven other

river deltas and shows obviously that the Brantas delta may be categorized as a river

delta.

Table Ii 14 Morphometry ur Seven Deltas & the Brantas Delta

Rivers C1= P,= 5,= HI Dominant Forces
L/W L,,/W V/V1

Mississippi '.20 0.35 0.85 0.'9 River
Danube 1.46 0.30 1.13 051 River
Ebr. 351 0.64 1.0' 050 River & Marine
Niger 1.29 0.34 1.39 0.48 River & Marine
Nile 1.22 0.23 1.21 0.37 Marine
Sao Francisco 1.08 0.26 0.74 0.34 Marine
Senegal 1.02 None None 0.26 Marine
Bnntas 1.67 0.29 J.I! 0.64 River
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6.3 Pattern or Sediment BudeU on Ihe Branlas ESluary

Unfortunately, there is no recent geometric data of the original river that can be used

to estimate the distribution of the sediment inflow through the original and the shortcut

channeL However, based on the field survey carried out in the dry season of 1991, an

estimate that 30 % of the sediment enters the original river seems to be reasonable.

In the rainy season, when the river discharge is greater than the mean discharge (301

m1/sec), the suspended sediment inflow will be greater than 2.2 million mJ/yr for about

70 days duration (see figure 6.1). Corresponding values for the dominant discharge are

712 m1/sec water discharge and 4.0 million ml/yr for only about 30 days duration. The

water flows directly to the surf zone with deposition of about 47 % and 53 % to the left

and right hand side of the cenlral axis respectively. A large amount of the wash load

sediment floats continuously within the sea area which is considered to be a marine sink.

Dredging works are also considered :IS another sink because the works have been done

routinely since 1978. Even though the dredging volume seems to be insignificant

compared to total amount of sediment inflow, however, the work is necessary for

maintaining the shortcut channel from deposition by tidal currents during the dry season.

This phenomenon is illustrated in figure 6.17.

In the dry season, when water discharge is relatively low, the river flow coming out

from the upper area will flow dominantly to the shortcut channel ralher. than to the

original river. It is important to note under this condition that the flow atlhe river mouth
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(KP.255) tends to go to tlIe right hand side and by combination with the longshore

currents and wave energy, a revolving stage of currents will be established. Based on the

velocity estimation mentioned in table 6.3 and field observation in table 5.l5.d, t~e mean

velocity of the river flow and the mean longshore currents were 0.12 and 0.14 mis,

respectively. Therefore, both currents arc almost balanced. An eddy may occur and the

deposition will focus on the right hand side of the shoncut ccnlral axis. This case can be

presented in figure 6.18. In addition, if the river discharge is less than 20 ml/scc, the

tidal action is dominant. This induces the fine grained sediment to flow to the estuarinc

area. Deposition also occurs mainly on the right side of the channel as illustrated in

figure 6.19.

A general patlem of the sediment budget throughout lIIe year is presented in figure

6.20 and summarized in table 6.15. A prediction of changing geometry caused by the

depositionaJ process on the delta and the shortcut channel can be made (see figure 6.21),

Since the deposition on the right side is larger than that of on the left side, the flow will

bend gradually to the left side. It will scour the left bank and finally, without any

maintenance work, the aIignmem of the shortcut channel will bend to the left hand side

and tend to go back to the original river. This phenomenon means that a manmade

channel will change back slowly to a natural form similar to the original river.
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Pattern of Sediaent Buget neD River Di.cbarge
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'1q.'.21 PrelUction of Cbanging Aligllllent ot the Sbortcut
CbaM.l and Deposition OD tbe Delta

Table 6.15 Summary of the Sediment Budcct

Sources mJ/year

Brantas River 85.57 x loa
Ocean
Longshore drift 0.15 x loa
Tidal Currents 0.07, 10'

Total 85.57, 10'

Sinks m]/year

Deposition 4.72 x 1()6
5.12 x 10"
5.nx106

Dredging work 0.14 x loa
Marine sink 69.82, 10'

Total 85.57, 10'
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Low energy
Reworks of the main source
Reworks of the main source

In front of the o:g.mouths Northern
shortcut mouth Southern shortcut
mouth

Mainly wash load
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Chapter 7

Conclusions and Recommendations

7.1 General Conclusions

Sooiment entering the Brantas Estuary from the fresh water river system

constitutes a main source of the delta formation. During the dry season, when the fresh

waler discharge is low, fine sediment is brought by tidal currents to the estuarine region

and settles mainly along the shortcut channel and the original river. However. total

sediment from the river water discharge is significant in the total deposition either on the

Brantas Estuary and its delta. The quantity of dredged material at the shortcut channel

is small relative to the total annual deposition bul dredging work is needed to maintain

the channel from decreasing iu capacity 10 accommodate flood discharge rapidly to the

sea.

According to Davis and Hayes (qooted in Kennish, M.l. 1986, see section 3.1.1)

an estuary is classified as a microtidal estuary if the average tidal range is less than 2.00

m. The BranlaS Estuary is. therefore, classified as a microtidal estuary since the average

tidal range at the shoncut river mouth is only about 1.09 m (see table 5.2). According

to Rusnak (quoted in Kennish, M.J, 1986), the Brantas Estuary is a positive estuary

because the sediment comes primarily from the river while, during the dry season,

sediment that enlers the estuary originates also from the river and is reworked by the tidal
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currents.

The rising and falling tide on !he Brantas estuary occurs twice a day with unequal

height. Spring and neap tides occur twice a month. Therefore. the tidal type is a mixed

tide (see section 3.2.1) with bimonthly spring and neap tides.

Tidal period and tidal range were found to be unequal bet....'Cell any ooe station and

the others. In general, hoYt'CVer, the tidal range within the Branw estuary decrt:lSl.."S

exponentially landward. Asymmetric periods between lite rise and fall of the tide become

significant at the upper places (see table 5.2).

Circulation and sedimentation within the Brantas estuary vary considerably

between the rainy and the dry season. This is caused by variable discharge throughout

the year. During the rainy season and the dry season, the average water discharges

through the Porong river are about 301 nt/so;; and 63 m)/sec. respectively. However. the

maximum discharge between 1977 and 1989 was about 1,466 mJ/sec.. Within the dry

season. the discharge will be less than 20 ~/s« or even 0 mJ/sec wher, the fresh water

discharge is totally diverted to the Surabaya river for drinking and induslrial water supply

purposes. Consequently. the relative strength bdween marine and river forces is always

vanable and this causes circulation and sediment patterns also to vary coosidera.bly

thfOlJghout the year.

During tlle rainy season, the fresh water discharges are largely dominant ov:r the

tidal action and the circulation pattern is mostly highly stratified. The tip of the wedge

is located around 1.4 to 2.3 km upstream of the shortcut mouth (see section 6.1.2) if the

fre.sh water is 301 mJ/scc (mean discharge of lhe rainy season). However, if the fresh
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water isat the dominant discharge (112 mJ/sec) the tip of wedge will be pushed down as

far as the shortcut moult, (KP.255). Significam deposition occurs at the area surrounding

the shortcut mouth. This infers that the location of the tip of the saline wedge is found

mostly in that point.

During the dry season, when the fresh water discharge is less than 20 m'/stt, the

circulation will be slightly stratified or well mixed. In this condition, tidal action is

dominant. Sediment which has settled in the nearshore area will be reworked by the tidal

currents and brought to the estuarine region. Based on the integration method in a unit

tidal range de....eloped for this thesis, it has been shown that the deposition occurs along

the shortcut channel and the original river only (see figure 6.4). In the region just

upstream of the split (KP.236), erosion will occur regularly in this condition. An

inference can be drawn that the tidal current can only bring the sediment as far as 3 kin

upstream from the shortcut mouth. In addition, certain other features of sediment

j' ,Ictualion during a tidal flood and ebb have been found. The highest sediment discharge

happens at about 80 to 85% of the flood time. On the other hand, during the ebb process,

the sediment will reach the maximum discharge at about 30% to 35 % of the ebb time

(see section 6.2.3).

Sediment measurements carried out during the dry season of 1991 implied that the

intrusion length was about 9 km from the river mouth within Ihis season. Attempts were

made to fit a suitable formulae for calculating the intrusion length. Field data showed that

Keulegan's (1966) formula (equation 3·5) is valid in the Brantas river for discharges

greater than lOS m)/scc. Thus
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(3-5)

All variables are as previously defined

For fresh water discharges between 65 m)/sec and 105 m1/sec it has been shown

that Ozturk's formula (1970) can be used with modified constants. Thus

4; •1. 4351Rd) 1/4 (2Fd) -sn (6-3)

For fresh water discharge less than 6.5 ml/sec the estuary may be slightly

stratified and neither formula is valid.

Analysis of distribution of sediment outflow from the river mouth showed that it

is skewed and that more sediment is deposited on the right side of the central axis. In the

rainy season the sediment is distributed 53% to the right side and 47% to the left side.

However, during the dry season, the sediment distribution will be 100 % to the right side

of the central axis. This can be traced from the contours around the area of the shortcut

mouth and the dominant direction of the longshore currents (see figure 6,18). Both

factors imply that throughout this season the now goes completely to the right side of the

central axis.

Analysis of the ddta configuration and other geometric data showed that river

forces are more im:>ortant than marine forces. Since the sediment mainly comes from the

river, accumulation of sediment occurs regularly throughout the year and the delta is

formed continuously. Finally, without any maintenance work, the shortcut channel will

tend to revert to the original channel (see figure 6.21).

218



7.2 Re4:ommendations ror Future Work

The maintenance dredging work that has been done by the Brantas Project is

tcchnically correct for maintaining the shortcut channel. However, this thesis has shown

thai the volume of the average annual dredging work is larger than the annual sediment

that enters the estuary by the Udal current during dry season. In addition. it is known that

the channel is increasing in size (see figure 4.10). If it is assumed that little deposition

occurs during the wet season (because ~iments are flushed to the sea) too much

dredging may be being carried out. This possibility should be checked by measuring

sediment deposition during the rainy season in order to obtain an accurate sediment

budget. Furthermore, the location of the dredging should be changed with the direction

being more focused on the right side of the channel. Dredging should maintain the

channel with a flat bed rather than deepening one side as is current practice because the

deepening will increase the landward penetration of the ~ine water and, in tum, will

facilitate the transport of material to the shortcll! channel region (sec section 3.1.1, in salt

wedge or highly stratified estuaries). This is reflected in an increase in the dredged

quantity in the shortcut channel.

Additional field observations similar to those carried out by the author should be

taken during the rainy season 10 obtain an understanding of the circulation patterns and

sediment movements throughout the year. Methods similar to those used here may then

be applied to develop detailed annual sediment budgets and circulation patterns in order

to solve the general sediment problems of the Drantas Estuary.
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Appendix A

Supplementary Tables to Calculations



TableA.1·1
TlDAl DATA at KP.242

location : Shortcut channel, Porong River
Tidal Gauge : K?242 (2.6 Km Upwllfd trom the Shortcut Mouth)
Recording period: From June 6, 1991 toJu~ 12, 1991

'" ." Low ater uratoo '" Meanl.8V8
TIme E1B11atlon Tim Elevation Fall Rise Fall AI..

m.SHVP m,SHlJP '" hi m m m,SHVfI

J"" 6 • ..().122
"

-0.602 '.0 4.0 0.48 0.38 .Q.362 .Q.412

" -0.222 1 ·0.722 7.0 '.0 0.50 0.96 .Q.472 ·0.257
7 7 0.208 15 ..().782 '.0 4.0 0.99 0.56 -0.287 -0.502

18 -0.222 1 -0.722 6.0 7.0 0.50 1.02 ·0.472 -0.212

• • 0.298 16 -0.622 6.0 4.0 1.12 0.60 ·0.262 -0.522
20 ·0.222 2 .0.712 6.0 '.0 0.49 1.19 .Q.4G7 -0.117

9 6 0.478 16 ·0.882 6.0 '.0 1.36 0.68 -0.202 .Q.541
22 -0.199 3 ·0.692 5.0 5.0 0.49 1.29 -0.446 -0.047

10 6 0.598 17 -0.912 9.0 '.0 1.51 0.71 -0.157 -0.555
23 ·0.198 4 -0.722 5.0 5.0 0.52 '-55 ..Q.46 0.053

11 9 0.828 " -0.922 9.0 5.0 1.75 0.82 -0.047 -0.512
23 ·0.102 5 -0.722 6.0 4.0 0.62 1.64 ·0.412 0.098

12 9 0.918 18 -0.912 9.0 '.0 1.83 0.84 0.003 -0.492
13 24 .Q.072 5 -0.712 5.0 5.0 0.64 1.71 -0.392 0.145

10 1.002 19 .Q.822 9.0 '.0 1.62 0.80 0.09 ·0.422
14 1 ·0.022 6 -0.742 5.0 5.0 0.72 1.67 -0.382 0.093

11 0.928 20 -0.882 9.0 5.0 1.81 0.86 0.023 ·0.45
15 , -0.018 7 ·0.622 '.0 4.0 0.60 1.50 -0.32 0.128

11 0.878 20 -0.622 9.0 6.0 1.70 0.90 0.D28 -0.372
16 2 0.D78 • -0.602 6.0 4.0 0.68 1.38 -0.262 0.088

12 0.778 21 -0.722 9.0 5.0 1.50 0.84 0.028 ·0.302
17 2 0.118 • -0.592 6.0 '.0 0.71 1.11 .Q.237 ·0.037

14 0.518 22 -0.652 '.0 5.0 1.17 0.84 .Q.067 -0.232

" 3 0.188 9 ·0.502 6.0 5.0 0.69 0.86 -0.157 ·0.072
15 0.356 23 -0.612 '.0 5.0 0.97 0.89 -0.127 ·0.167,. 4 0.278 10 -D,422 6.0 6.0 0.70 0.60 ·0.072 -0.122
16 0.178 2. -0.562 '.0 5.0 0.74 0.79 -0.192 -0.167

20 5 0.228 11 ·0.486 6.0 7.0 0.71 0.46 ·0.129 -0.254
18 -0.022 1 .().592 7.0 4.0 0.57 0.87 -0.307 .().157

21 5 0.278 11 ·0.596 6.0 7.0 0.87 0.60 ·0.159 .().298

" 0 2 ·0.496 '.0 4.0 0.50 0.95 -0.248 -0.019
22 • 0.458 12 -0.642 6.0 7.0 1.10 0.62 ·0.092 -0.332

" ·0.022 3 -0.582 6.0 4.0 0.56 1.06 -0.302 .Q.052
23 7 0.478 '3 .0.752 6.0 7.0 1.23 0.72 .Q.137 .Q.39

20 -0.028 4 -0.572 6.0 4.0 0.54 1.11 -0.3 ·0.017
Jun24 • 0.538 ,. -0.812 6.0 7.0 1.35 0.83 -0.137 -0.395

21 0.022 5 ·0.612 6.0 4.0 0.83 1.19 .Q.295 -D.Ot7
ne>rt,...
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(TableA11 ContInued)... HI hWaler Low Water Duration . Mean Level
Time Elevation lim Elevation ,.., "". Fall R'..

m,SHVP m,SHVP h" h" m m m,SHVP

"" 2' 9 0.578 15 -0.892 6.0 6.0 1.47 0.94 ·0.157 -0.42

26 21 0.052 , -0.562 8.0 5.0 0.61 1.18 .Q.255 0.028
10 0.618 16 .0.882 6.0 8.0 1.50 0,97 ·0.t32 -0.395

ZI 22 0.092 8 .0.822 8.0 5.0 0.71 1.32 .a.26S 0.038
11 0.698 17 .0.902 6.0 6.0 1.60 1,01 -0.102 -0.395

28 23 0.112 6 .0.602 7.0 5.0 0.71 1.26 -0.245 0.028
11 0.658 16 -0.922 7.0 6.0 1.56 0.97 -0.132 -0.435

2' 2. 0.052 6 .0.562 6.0 5.0 0.73 1.26 -0.315 -0.052
11 0.578 19 -0.922 90 5.0 1.50 0.90 -0.172 -0.472

30 2. -0.022 7 -0.702 7.0 5.0 0.56 1.22 -0.362 -0.092
12 0.518 20 -O.B~ 6.0 5.0 1.39 0.85 -a.1n -0.447

"~ 1 1 -0.022 6 ·0.682 7.0 5.0 0.66 1.16 -0.352 ·0.102

13 0.478 21 -0.722 6.0 6.0 1.20 0.60 -0.122 -0.422
2 2 -0.122 6 -0.612 6.0 6.0 0.49 0.87 -0.367 -0.117

14 0.258 21 -0.722 7.0 6.0 0.98 0.63 -0.232 -0.407

3 2 -0.092 • -0.552 7.0 6.0 0.46 0.73 .0.322 -0.187

15 0.178 21 -0.552 6.0 6.0 0.73 0.72 -0.187 ·0.192

• 3 0,168 10 .Q.492 7.0 5.0 0.66 0.42 .Q.162 -0.282

15 -0.072 22 -0.552 7.0 6.0 0.48 0.75 -0.312 -0.117

5 . 0.198 11 .0.552 7.0 5.0 0.75 0.55 -C.1n .o.Z17
16 .0.002 22 -o.6~ 6.0 6.0 0.69 0.95 .Q.347 .(l.2t7

6 4 0.258 12 -0.792 8.0 5.0 1.05 0.79 .(1.267 -0.396

17 0.001 23 .Q.592 6.0 7.0 0.59 0.95 .Q.296 -0.117

1 6 0.358 13 .0.822 7.0 6.0 1.18 0.62 .Q.232 -0.411

I. 0.001 2. .Q.602 6.0 7.0 0.50 1.01 .Q.301 .Q.097

6 1 0.408 14 -0.872 7.0 5.0 1.28 0.66 .0.232 .0.442
19 .Q.012 1 .0.612 ao 7.0 0.50 1.09 .Q.312 .0.067

• 8 0.478 15 -0.892 7.0 5.0 1.iJ7 0.66 .Q.207 .Q.462

20 .0.032 2 .Q.622 6.0 7.0 0.59 1.15 .Q.327 -0.041

to • 0.528 16 -0.912 7.0 5.0 1.44 0.66 -0.192 -0.482

21 .Q.052 3 ·0.592 6.0 7.0 0.54 1.35 .0.322 0.083
11 10 0.758 17 .Q.982 7.0 5.0 1.74 0.79 ·0.112 ·0.587

22 -0.192 • -0.622 5.0 7.0 0.43 1.45 -0.407 0.103

Jutv12 11 0.828 16 -O.!Kr.' 7.0 1.73 .Q.037

vera II 0.245 -0.705 6.' 5.5 0.95 0.95 .0.23 .0.23



TableA.1-2
TlDALOATA at KP.236

Location : POfong River, Upper Shortcut Tributlll'Y
Tidal Gauge : KP.236 (3.8 Km Upward trom lhe ShortCIA Mouth)
Recording period: From June 6, 199110JuIy 12,1991

". "" Low Water ~ .....,,,,'"
nm.-- ro~ ......"" ';:' .... ,.. ....

m.SHVP ",SHVP M m m m.SHVP

J... , 8 .." 14 -0.401 '0 '.0 0." 037 -0.17 -0.216
18 -0.031 1 -0.481 7.0 .0 0.45 088 .(1.258 ..05

7 7 0.381 15 -o.S01 .0 '.0 0.88 0" .... .(127
19 .(1.038 1 -0.421 .0 7.0 0.38 087 ..23 0.016

8 8 0.453 " .a.521 8.0 '.0 0.97 0 .. .(I.o:M "281
20 .a.DOl 2 .(1.388 .0 6.0 039 1.03 ..,.. 0.130

9 8 0.... 16 ...., 8.0 6.0 1.17 0.58 0.063 .(124
22 0.041 3 -0.411 M .0 0.45 1.24 .(1.185 0.210

'0 8 0.031 17 .(1.581 SO .0 1.41 0.67 0125 -0.245
23 0.091 • "38' '0 5.0 0.47 1.39 .0.145 0.315

II 9 1.011 18 .a.581 9.0 50 1.59 073 0.215 -O.21!5
23 0.151 5 .(1.381 .0 '.0 053 1.45 -0.115 0.345

'2 9 1.071 18 .0.591 9.0 .0 1.66 076 0240 .(1.21
13 2. 0.171 5 -0.401 5.0 5.0 057 1.58 -0.115 0390

'0 1.181 19 .(1.571 '.0 .0 1.75 076 0.305 .(1.19
14 , 0.191 , -0.361 5.0 5.0 0.55 ,... ..085 0400

II 1.161 20 .(I.S01 '.0 5.0 1.66 076 0.330 ..12
15 1 0.261 7 -0.301 '0 '.0 0.58 1.39 .(1.02 0305

II 1.091 20 -0.491 '.0 6.0 1.58 0.77 0.300 "'06
16 2 0.281 6 -0.251 .0 '.0 0.53 1.12 0.015 0.310

12 0.871 21 -0.481 '.0 5.0 1.35 0.85 0.195 .(1.055
17 2 0.371 6 .(1.241 6.0 6.0 0.61 0.90 0.065 0.210

14 0.661 22 -0.391 6.0 5.0 1.05 0.64 0.135 0.03
16 3 0.451 • .(1.221 6.0 6.0 0.67 0.76 ".U5 0.160

15 0.541 23 -0.331 .0 '.0 0.67 0.83 0.105 0.085
19 • 0.501 10 -0.231 6.0 6.0 0.73 0.81 0.135 0.075

" 0.381 2' .(1.311 8.0 '.0 0.69 0.86 0.005 0.120
20 • 0.551 II -0.231 6.0 7.0 0.78 0.55 0.160 0.045

16 0.321 1 -0.301 7.0 '.0 0.62 0.78 om 0.080
21 5 0.461 II -0.291 60 7.0 0.75 0.54 0.085 .(1.02

16 0.251 2 .(1.211 6.0 '.0 0." 0.87 0.02 0.225
22 6 0.681 12 -0.351 6.0 7.0 1.01 0.57 0.155 .(1.085

19 0.221 3 -0.201 6.0 '.0 0.42 0.03 0.01 0.285
23 7 0.731 13 -0.455 6.0 7.0 1.19 0.89 0.138 -0.112

20 0.231 · -0.191 8.0 '.0 0.42 1.08 0.020 0.350
Jun24 8 0.891 14 -0.491 6.0 7.0 '.38 0.75 0.200 -0.115

2' 0.281 5 -0.251 8.0 '.0 0.51 1.10 0.005 0.300
nextpag8
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ab\e A.1·2 Conl:lnuedl

Oa. H hWater LowWel.er Ow_ MBanLevei

limo EIev_ TIm. EIevo<ion F" """ Fol Al..
m,SHVP m,SHVP "" '" m m m,SHVP

'" 25 • 0.851 15 -0.491 6,0 6,0 1.34 0.66 0.180 ..0.15
26 21 0.191 6 -0.251 8,0 5,. 0," 1.14 -0,00 .,320,. 0.891 16 ..o.S01 6.• aD 1,39 0." 0.195 ..0.155
27 22 0.191 6 -0"" aD aD 0.45 1.31 -0.035 0.395

11 1.051 17 ..0.511 6.0 6,0 1." 0.81 0.270 ..0.105
28 23 0.301 6 -0.20, 7.0 6,0 0,50 1.21 •.050 0.405

11 1.011 18 .a.SOl 7.• 6.• 1.51 0.e9 0.255 -0.155
29 .. 0.191 6 -0,27, 6.0 5.0 0.46 1.19 -0." 0.325

11 0.921 " ..0.491 ..• aD 1.41 .... 0.215 -0.145
30 .. • .201 7 -0"" 7.0 ~O 0.49 1.18 -0.... 0.300

12 0.89' 20 -0.471 8.• aD 1.36 0.75 0.210 -0.097

""
, , D.277 • -0.23, 7.0 aD 0.51 0.lK" . 0.023 0.265

13 0.761 21 -0.376 6.0 ~O 1.14 0.:'1 0.193 -0....

2 2 0.191 6 -0.20, 0.. 0.0 0.39 0.75 -0.006 0.176

" 0,552 21 -0.391 7.0 ~O 0." 0.58 0.081 -0.1
3 2 0.191 . -0.193 7.0 6,0 0.36 0.66 -0.001 0.139

15 0.471 2' -0.241 0.0 6.0 0.71 0.66 0.115 •.09
4 3 0.421 '0 -0.181 7.0 5.0 0.50 0.36 0.120 0.010

15 0.201 22 -0.291 7.0 6.0 0.4' 0.71 -0.... 0.065

• 4 0.421 11 -0"" 7.• 5.0 0.71 0.49 0.065 -0.045
16 0.201 22 -0.401 6,0 '.0 0.50 0.91 -0.1 0.055

• 4 0.511 '2 -0.471 ',0 5.0 0,96 0.66 0.020 -0.14
17 0.191 23 -0.301 6.0 7.0 0.49 o,ro ..0.055 O.lSO

7 5 0.601 13 -o.SOl 7.0 5.0 1.10 0.66 0.050 -0.182
18 0.178 24 ..0.391 6.0 7.0 0.57 1.18 -0.107 0.200

5 7 0.7111 14 -0.561 7.0 5.0 1.35 •.64 0.115 -0.14

" 0.281 1 ·0.271 5,0 7,0 D... 1.03 0,006 0.245

• • 0.761 15 -0.571 7,. 5.0 1.33 o.n 0.095 -0.185
20 0.201 2 -0.311 •.0 7,0 0.51 1.11 -0.055 0.245

10 • 0.801 18 -0,481 7,0 5,0 1.28 0.89 0.160 ..0.135

2' 0.211 3 -0.301 6,0 7,0 0.51 1.34 -0.045 0.370
11 10 1.041 17 -0.481 7.0 5,0 1.52 0,66 0.280 ·0.14

July 12
22 0.201 4 -0.201 6.0 7,0 0.40 1.30 0 0.450
11 1.101 18 -0.571 7,0 1.67 0.57 •.285

""" 0.487 -0.3756 6.93 5.46 0." 0, ., 0,
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TableA.1-3
TIDAL DATA at 58,5

location :OriginaiRiver
TJdaI Gauga : 58,5 (75Om. downstream of tributary)
Recording period: From June 6, 1991 to July 12,1991

"'. "''' W"'" w""" .....-rome E_ r",. E'....... ,.. ": ,.. -",SHVP m,SHVP m m m.SHVP

J~ 8 8 -0.145 14 -0.625 8.0 4.0 0.48 830 -0..385 -0.475

" -0..325 1 -0..055 7.0 8.0 853 0.88 -0.59 -0.425
7 7 8 ... 15 -0..625 ao 4.0 0.83 0.54 -0.41 .0.555

19 -0..285 I -0.945 80 7.0 0.68 U>3 -0.615 -0..43

• • 0.085 16 ·1.055 8.0 4.0 1.14 0.74 -O..48S -0..685

'" -0.315 2 -0.875 8.0 80 0.58 1.19 -0..595 -0.28
9 • 0.315 " -1.095 aD aD 1.41 878 -0..39 -0..705

22 -0.315 3 -0.875 so so 0.58 1.34 .0.595 -0..205
10 • 0.485 17 -1.045 9.0 80 f.51 8" -0..29 -0.57

23 -0..295 4 -0.915 so so 0.82 1.57 -O..80S -0.13
11 9 8855 " -1.195 9.0 so 1.85 0.93 -0.21 -0..73

23 -0..285 5 -0.915 8.0 4.0 0.65 1.82 -0.59 -o.1OS
12 9 8705 " -1.185 9.0 aD 1.89 0.93 -0.24 -0.72
13 24 -O..25S 5 -o.915 5.0 so 0.68 1.87 -O..S8S ·O.DB

10 0.755 19 -1.145 9.0 '.0 1.90 0.90 -0.195 -0..695
14 1 -0,245 6 -0.875 5.0 5.0 0.53 1.64 -0..58 -0..055

11 0.785 '" -1.135 '.0 so 1.90 0.94 .0.185 -0.....
15 1 .0.195 7 .0.815 6.0 4.0 0.82 1.58 .0.505 -0..035

11 0.745 '" -1.115 9.0 '.0 1.86 0.93 .0.185 -0..85

" 2 .0.185 • .0.721 6.0 4.0 854 1.30 .0.453 .0.073
12 0.575 21 .0.975 9.0 5.0 1.55 0.82 -0..2 -0..565

17 2 -0.155 • -0.785 6.0 6.0 0.63 1.25 -0.47 ·0.16
14 0.465 22 -0.915 '.0 5.0 1.38 0.81 -0..225 ·0.51

" 3 -o.1OS 9 -0..... 6.0 6.0 0.56 0.98 -0..385 -0.175
15 0.315 23 -0.785 '.0 5.0 1.10 0.94 -0..235 ·0.315

" 4 0.155 10 -0.645 6.0 6.0 0.80 0.53 .0.245 -0.382
16 -0.119 24 -0..905 '.0 5.0 0.69 0.93 -0.462 -0.34

'" 5 0.125 11 -0.655 6.0 7.0 0.78 0.45 .0.265 -0.43

" ·0.205 1 -0.805 7.0 4.0 0.60 0.96 .0.505 .Q.325
21 • 0.155 11 -0.705 6.0 7.0 0.88 0.48 -0.275 -0.475

" .0.245 2 -0.835 '.0 4.0 0.59 1.13 -0.54 .0.27
22 • 0.295 12 -0.915 8.0 7.0 1.21 0.88 -0.31 -a.575

19 -a.235 3 -a.745 8.0 4.0 0.51 1.10 -0.49 -a.19S
23 7 0.355 13 -1.005 '.0 7.0 1.38 0.78 -0.325 -0..625

'" -0.245 4 -o.n5 '.0 4.0 0.53 1.12 -a.51 -0.215
June 24 • 1"l45 14 -1.035 6.0 7.0 1.38 0.82 -0.345 -0.825

" -0.215 5 -0.805 '.0 4.0 0.59 1.21 -0.51 -0..2-,....
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fTableA.1-3Continued)
,to H hWatar LowWalar Duration Meanl.evel

Time Elevation TIme Elevation F., ROo Fd Rb'
m,SHVP m,SHVP h" h" m m m,SHVP

""' 25 9 0.405 15 ·1.105 6.D 6.D 1.51 D.90 ".35 .(l.655
26 21 .0.205 5 ·0.805 9.D S.D D.60 1.30 -o.50S -0.155

lD 0.495 16 -1.115 6.D 6.D 1.61 0.91 -0.31 ".66
27 22 ·0.205 6 ·0.835 '.D S.D D.63 1.39 ".52 ·0.14

11 0.555 17 ·1.135 6.D 6.D 1.69 D.92 ".29 -0.675
26 23 -0.215 6 -0.825 7.D S.D 0.61 1.92 ".52 -0.165

11 0.495 " -1.'05 7.D 6.D 1.60 0.8S -0.305 -0.68
29 24 ·0.255 6 -0.885 6.D S.D 0.63 1.28 -Q.57 -0.245

11 0.395 19 -1.1 '.D 5.0 1.50 D.82 ".353 -0.693

" 24 -0.285 7 -0.855 7.0 5.0 0.57 US -0.57 -0.23
12 0.395 20 ·1.055 '.0 5.0 1.45 0.74 ".33 -0.685

".
j 1 ·0.315 8 ·0.805 7.0 5.0 0.49 1.07 -0.56 .Q.Z7

13 0.265 21 ·1.025 '.0 5.0 1.29 0.61 -O.3S -0.72
2 2 .0.415 8 -0.785 8.0 6.0 0.37 0.85 ".6 ·0.36

" 0.065 21 -0.955 7.D 5.0 1.02 D.63 -0.445 -0.69
3 2 .0.425 9 -0.825 7.D 6.0 0.40 D.80 -0.625 .Q.425

15 ·0.025 21 ·0.805 '.0 '.0 0.78 0.69 -0.415 .....
4 3 -0.115 10 ·0.811 7.0 5.0 0.70 0.39 -e..., -0.618

15 -0.425 22 -O.ass 7.0 8.0 0.43 0.71 ".64 ".5
5 4 ·0.145 11 ·0.805 7.0 5.0 0.66 0.45 -Q.475 -0.58

16 ·0.355 22 .(I.9OS M 6.0 0.55 0.80 -0.63 ·0.505
6 4 -0.105 12 -1.025 8.0 5.0 0.92 0.63 -0.565 -0.71

17 -0.395 23 .(1.885 '.0 7.0 0.49 1.01 ·0.64 -0.38
7 6 0.125 13 ·1.105 7.0 5.0 123 0.78 ".49 ·0.715

18 ·0.325 24 ·0.915 ao 7.0 0.59 1.15 ·0.62 ·0.34
8 7 0.235 " ·1.175 7.0 5.0 1.41 0.87 -0.47 ·0.74

19 ·0.305 1 ·0.905 '.D 7.0 0.60 1.21 -0.605 ".3
9 8 0.305 15 ·1.215 7.0 5.0 1.52 D.66 -0.455 -0.785

20 ·0.355 2 ·0.905 '.0 7.0 0.55 1.31 ".63 ·0.25
10 9 0.405 16 ·1.211 7.D 5.0 1.92 D.85 ".403 -0.788

21 .0.365 3 .(I.SS5 '.D 7.0 0.52 1.45 -0.625 -0.16
11 10 0.565 17 ·1.215 7.D 5.0 1.78 D.64 -0.325 -0.795

July 12
22 -0.375 4 ·0.&45 '.D 7.0 0.47 1.52 -0.61 -0.085
11 0.675 " -1.225 7.D 1.90 ...275

'" 0.038 -0.928 6.9 5.5 0.97 D.98 .Q.445 -0.442
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TableA.1-4
TIDAL DATA at KP.180

Location : Porong River
TIdal Gauge : KP.180 (15 Km Upward from IheShOflcut Mouth)
Recording period: From June 8,1991 toJuty 12,1991

... M" aN M" ural n ", Mean elle
TIme Elellation Time Elellation '01' A~ Fall Rise

m,SHVP m,SHVP '" m m m.SHVP

J"" 6 9 1.056 17 0.625 8.0 3.0 0.43 0.22 0.841 0.736
20 0.846 4 0.656 8.0 4.0 0.19 0.54 0.751 0.924

7 8 1.192 18 0.595 10.0 3.0 0.80 0.29 0.894 0.741
21 0.886 3 0.656 6.0 6.0 0.23 0.72 0.771 1.014

8 9 1.371 18 0.571 10.0 3.0 0.80 0.35 0.971 0.744
22 0.916 6 0.666 7.0 4.0 0.25 0.80 0.791 1.0ij8

9 9 1.465 20 0.626 11.0 ao 0.94 0.44 0.996 0.746
23 0.966 6 0.676 7.0 3.0 0.29 0.95 0.821 1,151

10 9 1.625 21 0.515 120 3.0 1.11 0.50 1.070 0.766
24 1.016 ., 0.676 7.0 3.0 0.34 1.11 0.846 1 :31

11 10 1.786 21 0.516 11.0 4.0 1.27 0.51 1.151 0.771
12 1 1.026 8 0.686 7.0 20 0.34 1.16 0.856 1.266

10 1.846 22 0.506 120 4.0 1.34 0.68 1.178 0.796
13 2 1.086 8 0.696 6.0 3.0 0.39 1.13 0.891 1.261

11 1.826 22 0.516 11.0 4.0 1.31 0.68 1.171 0.806
14 2 1.096 8 0.686 8.0 4.0 0.41 1.09 0.891 1.231

12 1.776 23 0.556 11.0 4.0 1.22 0.56 1.186 0.846
16 3 1.136 9 0.706 6.0 4.0 0.43 1.01 0.921 1.211

13 1.716 24 0.596 11.0 3.0 1.12 0.68 1.158 0.676
16 3 1.156 10 0.756 7.0 4.0 0.40 0.90 0.956 1.206

14 USB 1 0.646 11.0 3.0 1.01 0.55 1.151 0.921
17 4 1.196 11 0.856 7.0 4.0 0.34 0.67 1.025 1.191

16 1.526 1 0.888 10.0 4.0 0.84 0.53 1.106 0.951
18 5 1.216 12 0.796 7.0 4.0 0.42 0.62 1.006 1.106

16 1.416 2 0.716 10.0 4.0 0.70 0.63 1.066 1.031
19 6 1.346 13 0.818 7.0 4.0 0.53 0.38 1.081 1.006

17 1.196 3 0.766 10.0 4.0 0.43 0.56 0.981 1.046
20 7 1.326 14 0.766 7.0 5.0 0.56 0.34 1.046 0.936

19 1.106 4 0.896 9.0 3.0 0.21 0.55 1.001 1.171
21 7 1.448 16 0.776 8.0 5.0 0.67 0.35 1.111 0.951

20 1.126 5 0.696 9.0 3.0 0.43 0.8t 0.911 1.101
22 8 1.506 16 0.746 8.0 5.0 0.76 0.38 1.128 0.936

21 1.126 6 0.846 9.0 3.0 0.28 0.74 0.988 1.218
23 9 1.586 17 0.656 8.0 5.0 0.93 0.48 1.121 0.898

22 1.136 7 0.706 9.0 3.0 0.43 0.98 0.921 1.196
Jun 24 10 1.686 18 0.586 8.0 '.0 1.10 0.45 1.138 0.812

23 1.038 8 0.706 9.0 3.0 0.33 1.04 0.872 1.228
IMmpege
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fTableA.l.4Continue

Date Hi Water Low Water Duration Me Mean Level
Time EI. Time EI. FoJl Rise FoJl Rise

m,SHVP m.SHV? h" h m m m,SHVP

'" 25 11 1.746 19 0.526 8.0 4.0 1.22 0.53 1.136 0.791
28 23 1.056 B 0.696 9.0 4.0 0.36 1.10 0.876 1.246

12 1.796 2<l 0.526 8.0 4.0 U7 0.54 1.161 0.796

27 24 1.066 • 0.696 9.0 3.0 0.:37 1.11 0.881 1.251
12 1.806 21 0.506 0.0 4.0 1.30 0.55 1.156 0.781

28 1 1.056 • 0.716 8.0 3.0 0.34 1.03 0.'" 1.231
12 1.746 22 0.536 10.0 4.0 1.21 0.51 1.141 0.791

2' 2 1.046 10 0.716 8.0 3.0 0.33 0.87 0.881 1.151
13 1.586 23 0.586 10.0 3.0 1.00 D... 1.086 0.806

30 2 1.026 10 0.726 8.0 3.0 0.30 0.76 0.876 1.106
13 1.486 24 0.616 11.0 3.0 0.67 0.38 1.051 0.806

"" 1 3 0.996 11 0.716 8.0 3.0 0.28 0.68 0.856 1.058
14 1.4 24 0.716 10.0 4.0 0.68 0.25 1.058 0.843

2 4 0.97 11 0.736 7.0 4.0 0.23 0.54 0.853 1.006

15 1.276 1 0.696 10.0 3.0 0.68 0.27 0.'" 0.831
3 4 0.966 12 0.746 8.0 4.0 0.22 0.53 0.856 1.011

" 1.276 1 0.705 '.0 4.0 0.57 0.26 0.991 0.836

4 5 0.966 13 0.756 8.0 3.0 0.21 0.34 0.861 0.926

" 1.096 2 0.686 10.0 4.0 0.41 0.61 0.891 0.992
5 8 1.298 14 0.686 8.0 3.0 0.61 0.33 0.992 0.851

17 1.016 2 0.706 9.0 4.0 0.31 0.75 0.861 1.0Bl
6 6 1.456 15 0.656 9.0 4.0 0.60 0.37 1.056 0.841

" 1.026 3 0.696 8.0 4.0 0.33 0.83 0.861 1.111
7 7 1.526 " 0.6:;6 9.0 4.0 0.89 0.45 1.1l81 0.861

20 1.086 4 0.id76 8.0 4.0 0.41 1.00 0.881 1.176
8 8 1.676 17 0.606 9.0 4.0 1.07 0.48 1.141 0.848

21 1.08G 5 0.686 8.0 4.0 0.42 1.08 0.876 1.206
9 , 1.746 18 0.586 9.0 4.0 1.16 0.52 1.166 0.848

22 1.106 6 0.756 8.0 4.0 0.35 1.05 0.931 1.281

'0 10 1.806 19 0.546 9.0 4.0 1.26 0.58 1.176 0.836

23 1.126 7 0.686 8.0 4.0 D... 1.13 0.906 1.251
11 11 1.816 20 0.526 9.0 4.0 1.29 0.58 1.171 0.806

Julv12
24 1.086 B 0.696 8.0 4.0 0.39 1.12 0.B91 1.256
12 1.816 21 0.518 9.0 1.30 1.167

Avera 1.316 0.666 8.7 3.7 0.65 0.65 0.991 0.994
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Table A. 2-1
Longitudinal Observed Data: Salinity, Velocity and Temperature Distribution
Including Calculation of Density and Density Index

(0 r'ng an Flood Tide Second ObS9rv fan)u, , a,
I=tion :' =;':;~lIlOImlhrovghl~Kmupwwd.

S..,,, KP.250IGKP.l80
r_ s_ w_ ,- ....., r..... """'" ~~ "",

& Total -- Iml ''''N.No..&m mI_1 ~ -":: ,~

~~ ~:= ~:~ :: 1:~:: 1~.0
1~~OI\M

1.55 0.78 0= 23.1 ".• 1.0140 14.0
1.1' u.I33 ,,. ". 1.01~1 1~.1

,.~ 0.0'0 23.3 "'.. I.Ol~I 1(.1, 05.(5 KP.245 0.00 0."" ... ".. ,."'" ,..
•.m 0." 0.373 ... ". ,."'" U

,." ". 0.'" 11.1 27.1 I.... ..•
,." 0.379 12.0 ".. 1.0061 '.1
1.71 0.'" 14.8 ".S 1.0075 '.S
2.14 0.198 Iitl 27.6 1.0101 10.7
2.57 0.000 21.6 27.0 UII24 12.~, ".00 KP.240 0.00 0.244 r.' 27.( 1.0018 I.'

.m 0." 0.'" ,., 27'" \,0016 I.'
2.55 0." 0.'" ,., ". 1.0017 1.1,." 0.= ... m 1.0027 U

I.ro 0250 13.:1 ".. I.... .S
2.13 0.153 15.5 "-' 1.0018 I.'
.~ 0000 19.~ ".. 1.0loe 10,8. 06.15 ""no 0.00 0.(72 U ".S I."" U

.m O.~ 0.'" U ".S ,."" U

'" 0." ,,,, ... 27.0 1.0031 '.1
I." 0.... 12.7 "., I.""" '.0
I." 0.. 14.9 "., '00" II
UI 0.135 11.6 27.1 I."'" ...
2.76 '.000 19.0 27.1 \.0107 10.7

S "... """'" '.00 0.331 S.' 27.2 I.... 0.'
.m ." 0.373 S., 27.2 I.... 0.'

.~ 1.11 0.~72 .., "., I.... 0.'
1.67 0.... ,.. 27.' 1.002' '.1
", 0.'" '.0 27.' 1.0031 "U. "'" 1\.5 27.8 1.0048 .,
U. 0000 12.9 ". ...... .... "'." "".'" '00 0.000 S., ".S I."'" "om .., ,.... S.I 27.5 ,."'" "'.00 0." 0.337 '.0 27.' ..... 0.'
'.00 "'" ... ".0 \.0014 I.',." 0.000 '.0 ".. '.0015 ...

r 07.00 KP.220 0.00 0.... S.I 27.' ,."'" " TtMlIdeioltill.io'ng
om o.~ 0.'" S.I 27.8 I."'" 02

,SO D.t7 0.373 S., ".0 ,."'" "us '''' '.1 2M I.... 0.'
U> O.2~7 S.• 28.1 \.0012 12,." 0.176 ,.• ,.., 1.0018 ...
,SO 0= ,.. "., 1.0018 ...

(continued)
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..A. 2·1 CCnlInwa
r_ ..... - - '"""r r_ """" """" .-or... ",., ....-....... .. ...... ... " ...- ........., , ::: ~;: ~:
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TableA.2·2
Longitudinal ObselVed Data: Salinity, Velocity and Temperature Distribution
Including Calculation of Density and Density Index

(During an Ebb Tide. First Observation)

"".~

:u.....
:From15Km~IO~lII'atclllmoutll~...... : KP.l8010 t(P.250,- I~ ~- ,- -"'"

_. ......... ........ ,- ,~ ,,,-No.... m m .-
om •.« 0.183 ,., ~., '.000> ,., toling;;:'
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1.75 ,... ,.. 21l.J '.000> .,, 09.45 KP.1a5 ..., "" ,.. 28.6 U." ,.,
'.30 ..'" ,.. ~. '.000> ,.,

l.45 0.73 ..'" •.. a .• '.000> ..,,." 0.258 ,.. ~.. '.000> .,U, ... ,.. 28.8 '.000> ,.,, 10.00 KP.l90 '.00 .", ,. a.' .000> ,.,
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1.18 "'" .., '" ..000> ..,
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om ,." ,.'" .., "., '.000> ...,." ,." ,.'" .., "., ,.""" ..,,." 0.7117 .., "" '.000> ...,." ,.'" .. "., '.000> ,..
'.00 "" ,., "., ,.""" ...,." ,... .., "., '.000> ,.., '''' "... '.00 'D' ., "., '.000> ...,." ,.'" ., "., ,.""" ,..... '.00 ,."" .., ". ..""" •..,." ,.= .., ".. '.000> ...
'.00 ,... .., ".. '.000> ,... "'" KP.20S '00 0.324 .., '" '.000> ,.,

•.m ..~ ,.'" ... '" '.000> ..,,." 0.87 ,.'" .., "., ,.""" ,..
'.30 .."" .., "., '000> ..,
1.73 "" ., '" ,000> ,..
'" ".. .., "., '.000> ...,.eo ,... .., "., '.000> ,.., 10,~ KP.210 '.00 0.416 .., "., ,.""" ...

•.m '.30 ,.... .., ", ,.""" ,.,U, ,." ,.'" .. "., ,.""" ,.,
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'" '.000> ..,.... ".. ,.. ", '.000> ..,.... ,.. •.. '" ,.""" ..,
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Table A. 2-3
longitudinal Observed Data: Salinlly, Velocity and Temperature Distribution
Including Calculation of Density Bnd Denslly Index

Ourlno an Ebb TIde, Second Observation
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Table A3-' Cootinllltd
Date Ievation rossAree TIclalAtea

HWL LWL HWL LWL 'oil R'..
m,SHVP m,SHVP m2 m2 m2 m2

June 25 0.578 ·0.892 431.31 228.06 203.25 124.43
26 0.052 ·0.562 352.49 269.07 83.42 168.51

0.618 ·0.8B2 437.5B 229.26 208.32 12B.98
27 0.092 ·0.622 358.24 261.42 96.83 188.83

0.698 .a.902 450.24 226.88 223.3B 134.27
28 0.112 ·0.602 361.13 263.96 97.18 179.93

0.658 ·0.922 443.89 224.47 219.43 128.02
2' 0.052 .a.682 352.49 253.85 98.64 177,46

0.578 ·0.922 431.31 224.47 206.64 117.48
30 ·<>.022 .a.702 341.94 251.35 90.60 170.83

0.518 .a.872 421.97 230.47 191.50 111.47
J,Iv 1 -0.022 .a.682 341.94 253.85 88.09 16~.95

0.478 .a.722 415.80 248.85 166.95 79.05
2 -0.122 .a.612 327.91 26Z88 65.22 119.86

0.258 ·0.722 382.55 248.85 133.69 83.24
3 -0.092 .a.S52 332.09 270.35 61.74 100.39

0.178 ·0.552 370.75 270.35 100.39 98.93
4 0.168 ·0.492 369.29 278.11 91.17 56.78

-0.072 ·0.552 334.89 270.35 54.54 103.33
5 0.198 ·0.552 373.68 270.35 103.33 74.42

-0.002 ·0.692 344.78 252.60 gz18 129.95
6 0.258 .a.792 382.55 240.21 142.34 105.00

0.001 .a.S92 345.21 265.23 79.97 132.28
7 0.358 -0.622 397.51 236.54 160.98 108.67

0.001 -0.602 345.21 263.96 81.25 141.13
6 0.408 .a.872 40S.09 230.47 174.62 112.89

-0.012 .a.612 343.36 262.68 80.67 153.12, 0.478 .a.892 415.80 228.06 187.74 112.47
-0.032 -0.622 340.53 261.42 79.11 162.11

10 0.528 .0.912 423.!S2 225.66 197.86 112.04
-0.052 .a.S92 337.71 265.23 72.47 194.61

11 0.758 ·0.982 459.84 217.34 242.50 100.89

J,-
-0.192 -0.622 318.23 261.42 56.81 209.74

12 0.828 .0.902 471.15 226.88 244.29

'" e, .245 ·0.705 31. .74 1
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TebleA3·2

Calculation of Tidal Area at KP.236

evaton . ..
HWL LWL HWL LWL ,., R""

m,SHVP m,SHVP m2 m2 m2 m2
June , 0.051 -0.401 351.33 273." 77.37 61.24

-0.031 ·0.481 335.20 261.48 73.72 148.71
0.381 ·0.501 410.19 258.40 151.79 75.59

"'.lX38 -0.421 333.99 270.82 63.18 153.21
0.453 -0.521 424.03 255.34 168.69 85.08

-0.001 -0.386 340.42 276.33 64.09 185.87
0.646 -0.521 462.21 255.34 205.87 92.45
0.041 -0.411 347.79 272.39 75.41 227.89

10 0.831 ·0.581 500.27 246.26 254.02 110.41
0.091 ·0.381 356.66 277.13 79.54 261.57

11 1.011 -0.581 538.70 246.26 292.44 121.19
12 0.151 -0.381 367.45 277.13 90.32 274.69

1.071 -0.591 551.81 244.76 307.05 126.32
13 0.171 -0.401 371.08 273.96 97.11 302.28

1.181 -0.571 576.24 247.78 328.48 126.96
14 0.191 ·0.361 374.72 280.30 94,42 291.46

1.161 ·0.501 571.76 258.40 313.36 129.21
15 0.261 -0.301 387.61 289.95 97.67 266.27

1.091 -0,491 558.21 259.94 296.28 131.39

" 0.281 ·0.251 391.33 298.09 93.24 210.60
0.B71 -0,481 508.70 261.48 247.22 146.81

17 0.371 -0.241 408.29 299.74 108.55 165.50
0.661 -0.391 465.24 275.54 189.70 148.10

" 0.451 -0.221 423.64 303.03 120.61 138.21
0.541 -0.331 441.24 285.11 156.14 148.27

19 0.501 -0.231 433.38 301.38 132.00 108.81
0.381 -0.311 410.19 288.33 121.86 154.89

20 O.SSl -0.231 443.22 301.38 141.84 97.44
0.321 -0.301 398.83 289.95 108,88 135.64

21 0.461 ·0.291 425.58 291.57 134.02 94.19
0.251 ·0.211 385.76 304.69 81.07 100.55

22 0.661 ·0.351 465.24 281.90 183.34 98.32
0.221 -0.201 300.22 306.35 73.87 173.17

2' 0.731 -0.455 479.52 265.51 214.01 116.55
0.231 -0.191 382.06 308.01 74.05 2<>4.92

June 2' 0.891 -0.491 512.93 259.94 252.99 127.67
0.261 ·0.251 387.61 298.09 89.52 206.38

oextpage
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Table A3-2 ConIinued
0 •• ..."'.. ....

HWl. LWI. HWl LWI. ... -",SHIll' ",SHIll' m2 m2 m2 m2
~. 25 0.851 -0.491 504.48 259.94 2..... 114.78

26 0.19t -0.251 374.n 296.09 7..3 214.84
0.891 -0.501 512.93 258.40 254.53 116.32

27 0.191 -0.261 374.72 296.46 7..6 250.97
1.051 -0.511 547.42 256.87 290.55 138.20

" 0.301 -0.201 395.07 306.35 88.72 232.35
1.011 -0.501 538.70 258.40 280.30 1111.32

2' 0.191 -0.271 374.72 294.82 79.90 224.40
0.9:21 ·0.491 519.32 259.94 259.38 116.61

30 0.201 ·0.291 376.55 291.57 84.96 221.36
0.891 -0.411 512.93 263.03 249.91 127.56

". 1 0.277 -0.231 390.59 301.38 89.20 184.32
0.761 -0.376 485.70 2n.92 207.78 96.00

2 0.191 -0.201 374.n 306.35 68.37 137.07
0.!="2 -0.391 443." 275.54 167.88 99.18

3 0.191 -0.193 374.72 307.68 67.04 119.85
0.471 -0.241 427.53 299.74 127.79 118.12

• 0.421 -O.t81 "'t7.85 309." 108.17 66.87
0.20. -O.29t 378.55 29U57 84.96 126.29

5 0.421 -0.291 4t7.85 291.57 126.20 84.96
0.201 -0.401 318.55 27396 102.59 161.38

• 0.511 ·0.471 435.34 263.03 172.3. 111.70
0.191 -0.301 374.72 2119.95 84.78 163.22

7 0.601 -0.501 453.17 258.40 194.16 113.95
0.178 -0.391 372.3S 275.54 ...01 2111.38

• 0.791 -0.561 49t.92 249.27 242.65 1"'2.07
0.281 -0.211 39t.33 294.82 96.5t 190.88

• 0.761 -0.571 485.70 247.76 237.94 128.79
0.201 -O.3tl 376.55 288.33 8822 26'"

10 0.601 -0.481 494.00 261.48 23252 118.90
0.211 -0.301 378.38 289.95 ..... 255.29

11 1.041 -0.481 545.24 261.48 283.78 115.07

J,. 0.2Ot -O.2Ot 376.55 306.35 70.20 252.07
12 1.101 -0.571 558.42 247.16 3'10.66

'" " -0.37 .1 1 I



TabfeA3-3

Calculation of Tidal Area at 88.5

. ..
HWL lWl HWL lWl ,., ...

m,SHVP m,SHVP m2 m2 m2 m2
J,no • ·0.145 -0.625 41.02 21.58 19.44 11.60

-0.325 -0.655 33.16 13.94 19.25 34.13
0.005 ·0.825 48.07 14.97 33.19 20.00

·0.295 ·0.945 34.87 11.24 23.63 40.77
0.085 ·1.055 62.01 8.17 43.84 25.44

-0.315 ·0.975 33.60 13.32 20.28 SO.75
0.315 ·1.095 64.01 7.11 ..... 26.49

-0.315 -0,975 33.60 1:'\32 20.28 59.20
10 0.465 ·1.045 12.52 643 64.09 26.01

-0.295 ·0.915 34.44 12.12 22.32 71.n
11 0.655 -1.195 83.69 4.61 79.28 31.11

-0.266 ·0.915 35.n 12.12 23.60 74.88
f2 0.705 ·1.185 87.00 4.95 82.f. 31.30
f3 -0.255 0.915 36.15 12.12 24.03 78.05

0.755 ·1.145 90.17 5.83 64.33 30.75
-0,245 ·0.975 36.59 13.32 23.26 77.49
0.765 ·1.135 90.81 6.09 64.12 32.69

-0.195 ·0.915 38.78 15.19 23.59 74.34
0.745 ·1.115 89.53 6.59 82.94 32.63

f6 ·0.185 ·0.n1 39.22 18.26 20." 60.75
0.515 ·0.975 19.01 10.38 68.64 30.20

f7 -0.155 ·0.785 40.57 16.15 24.42 56.38
0.465 -0.915 7252 12.12 60.41 30.74

f8 -0.105 -0.665 42.86 20.18 22.68 43.90
0.315 ·0.785 64.07 16.15 47.92 39.42

f9 0.155 ·0.645 55.57 20.88 34.69 21.34
-0.119 ·0.805 42.21 15.51 2G.71 38.52

20 0.125 ·0.655 64.03 20.52 33.60 17.81
-0.205 ·0.805 38.34 15.51 22.83 40.06

2f 0.155 ·0.105 55.57 18.80 36.17 17.79
-0.245 -0.835 36.59 14.56 22.03 48."

22 0.295 ·0.915 62.98 12.12 SO... 24.90
-0.235 -O.74?- 37.02 11,46 19.56 48.62

23 0.355 ·1.005 66.28 9.63 56.75 27.06
-0.245 -0.775 36.59 16.47 20.11 49.25

J"". 2' 0.345 ·1.035 65.73 8.71 57.02 29.19
·0.215 -0.805 37.90 15.51 22.39 63.68

nextp8 ge
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Table A3·3 Continued
D •• EleVation ross Area a1Area

HWL LWl HWl LWL F" RIse
m,SHVP m,SHVP m2 m2 m2 m2

".. 25 0.405 ·1.105 69.09 6.85 62.24 31.49
26 -0.205 -0,805 36.34 15.51 22.83 58.76

0.495 ·1.115 74.27 6.59 67.68 31.74
27 ·0.205 ·0.6'35 36.34 14.56 23.76 63.26

0.555 ·1.135 77.82 6.09 71.73 31.81
26 ·0.215 -0.825 37.90 14.87 23.02 59.40

0.495 ·1.l05 74.27 6.85 67.42 29.30
29 -0.255 -0.885 36.15 13.02 23.14 55.51

0,395 ·1.100 68.52 6." 61.54 27.89
30 -0.285 -0.855 34.87 13.94 20,83 54.59

0.395 ·1.055 68.52 8.17 60.36 25.44

'" 1 -0.315 ·0.805 33.60 15.51 18.09 45.85
0.265 ·1.025 61.36 e." 52.36 20.53

2 -0.415 -0.785 29.51 16.15 13.36 34.86
0.065 -0.955 51.01 10.95 40,06 18.16

3 ·0.425 -0.825 29.11 14.87 14.24 31.75
-0.025 -0,805 46.62 15.51 31.11 26.89

4 -0.115 ·0.811 4~'" 15.32 27.08 13.80
-0.425 ·0.655 29.11 13.94 15.18 27.09

5 -0.145 -0,805 41.02 15.51 25.52 16.43
-0.355 ·0.905 31.94 12.42 19.52 30.44

6 -0.105 ·1.025 4U6 e." 33.81'1 21.33
-0.395 ·0,885 30.31 13.02 17.29 41.01

7 0.125 -1.105 54.03 6.85 47.18 26.33
-0.325 -0.915 33.18 12.12 21.06 47.64

e 0.235 .1.175 59.75 6.09 54.66 26.93
-0.305 .a.905 34.02 12.42 21.60 51.11

9 0.305 ·1.215 83.53 4.14 59.39 27.80

".355 ·0.905 31.94 12.42 19.52 56.67
10 0.405 ·1.211 69.09 4.23 ".86 27.30

".365 -o.B85 31.53 13.02 18.51 65.40
11 0.565 -1.215 78.41 4.14 74,28 26.99

J"
-0.375 -0.845 31.12 14.25 16.88 70.88

12 0.675 ·1.225 85.13 3.90 81.23
vere e: - .928 51.01 11.
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Table A 3-4

Calculation of Tidal Area at KP.180

"".~ "'" "" "a
HWl lWL HWl lWl '''' Rlsa

m,SHVP m,SHVP m' m2 m2 m2
June , 1.056 0.625 245.06 199.91 45.15 22.64

0.846 0.656 =75 203.Q7 19.67 56.76
1.192 0.595 259.83 196.86 62.97 30.09
0.886 0.656 226.95 203.07 23." 76.56

1.371 0.571 279.66 194.43 85.22 35.69
0.916 0.666 230.12 204.10 26.02 86.14
1.465 0.526 ::90.24 189.90 100.34 45.53
0.966 0.676 235." 205.12 30.30 103.41

10 1.625 0.515 308.53 188.79 119.74 51.97
1.016 0.675 240.77 205.12 35.64 122.17

11 1,786 0.516 327.29 188.89 138.40 52.95
12 1.026 0.686 241.84 206.15 35.69 128.22

1.846 0.508 334.37 187.89 146.48 60.41
13 1.086 0.696 248.30 207.18 41.12 124.83

1.626 0.516 332.01 188.89 143.11 60.49
14 1.096 0.686 249.38 206.15 43.23 119.97

1.776 0.556 326.12 192.92 133.20 60.80
15 1.136 0.706 253.72 208.20 45.52 110.69

1.716 0.596 319.09 196.96 122:.13 58.93
16 1.156 0.756 255.90 213.37 42.53 98.75

1.656 0.... 312.12 202.05 110.07 58.22

11 1.196 0.856 260,27 223.80 36.47 73.38
1.526 0.... 297.17 208.15 91.03 ,.."

16 1.216 0.796 262.47 217.52 44.94 67.19
1.416 0.716 284.71 209.23 75.47 67.63

19 1.346 0.816 276.66 219.61 57.25 40.66
1.196 0.766 260.27 214.40 45.87 60.23

20 1.326 0.766 274.63 214.40 60.23 36.06
1.106 0.896 250.46 228.01 22.46 60.09

21 1.446 0.n6 288.09 215.44 72.65 37.19
1.126 0.696 252.63 207.18 45.46 lJ.7.72

22 1.506 0.746 294.90 212.33 82.56 40.30
1.126 0.846 262.63 222.75 29.89 81.30

23 1.586 0.656 304.04 203.07 100.97 60.65
1.136 0.706 253.72 208.20 45.52 107.40

June 24 1.586 0.566 315.60 195.95 119.65 47,18

1.038 0.706 243.13 208.20 34.92 114.39
next page
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(Table A3-4 Continued)
Date ElevaUQn Cross Area TldlllArea

HWL LWL HWl LWl Fall '''''m,SHVP m,SHVP m2 m2 m2 m2

'"' 25 1.746 0.526 322.60 189.90 132.70 55.17
2. 1.056 0.696 245.06 207.18 37.89 121.29

1.796 0.525 328.47 189.90 138.51 56.24
27 1.065 0.696 246.14 207.18 38.96 122.47

1.606 0.506 329.65 187.89 141.76 57.17
28 1.055 0.716 245.06 209.23 35.83 113.36

1.746 0.536 32260 190.90 13i.70 53.08
29 1.046 0.716 243.99 209.23 34.75 94.81

1.586 0.586 304.04 195.95 108.09 45.89
30 1.026 0.726 241.84 210.27 31.57 82.36

1.486 0.616 292.62 199.00 93.63 39.63
MI , 0.996 0.716 238.53 209.23 29.39 13.68

1.400 0.715 282.91 209.23 73.68 26.62
2 0.970 0.736 235.85 211.30 24.55 57.78

1.276 0.696 269.08 207.18 61.91 26.25
3 0.966 0.746 235.43 212.33 23.09 56.75

1.276 0.-::; 269.08 208.10 60.98 27.32
4 0.966 0.756 235.43 213.37 22.06 36.01

1.096 0.686 249.38 206.15 43.23 65.37
5 1.298 0.686 271.52 206.15 65.37 34.62

1.016 0.706 240.77 208.20 32.56 81.02

• 1.456 0.656 289.22 203.07 85.15 38.76
1.026 0.696 241.84 207.18 34.65 90.00

7 1.526 0.636 297.17 201.03 96.14 47.27
1.086 0.676 248.30 205.12 43.18 109.32

8 1.676 0.606 314.44 197.98 116.46 50.32
1.086 0.666 248.30 204.10 ....20 118.50

8 1.746 0.586 32260 195.95 126.65 54.51
1.106 0.756 250.46 213.37 37.10 116.28

10 1.806 0.546 329.65 191.91 137.74 60.72
1.126 0.686 252.63 206.15 46.49 124.68

" 1.816 0.526 330.83 189.90 140.93 58.40
1.086 0.696 248.30 207.18 41.12 123.65

J," 12 1.816 0.518 330.83 189.09 141.73
veree:
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Teb/eA. ~·f

Calculation of Tidal Volume ( KP.242 - KP.236 )

TldelVolume

KP.250 KP.242-:> KP.236,.. Fto:\ Aile Fell Afse

m2 m2 m2 m2 m3 mJ
63.95 SO.16 71.37 61,24 ",790 66,842

65,21 126.30 73.72 141\.71 83,394 16s.o08

133,12 12.68 151.79 75.59 171.307 88.965

65.27 139.65 63.18 153.21 n,065 175.720

151.97 71.56 168.69 85.08 192,396 97.599

".02 165.70 64.09 185.87 76,866 210,946

186.54 88.00 206.87 92.45 236,042 108,274

64.67 181.84 75.41 227,89 114,047 245,8311

10 208.78 9i.14 254.02 110.41 271,678 121,290

68.55 222.30 ".54 261.57 66.854 290",_
246.69 106.23 ,.,... 121.19 323,478 126,452

81.64 237.02 ".32 274.69 103.298 301.023

" 260.21 109.23 307.05 126.32 340,358 141.331

" 84.60 249.69 91.11 302.28 109,146 331,\83

263.25 105.41 328.48 126.96 355,042 139,420

95.57 241,15 94.42 291.46 113,993 319,565

258.26 113.24 313.36 129.21 342.910 145.473

81.09 217,69 97.61 266.21 101,251 290,496

242.77 119,69 296.28 131.39 323,421 150,649

" 9:1.27 199.10 93,24 210.60 111,303 24M23

214.21 113.15 241.22 146.81 276,854 155,915

96.71 156.14 108,55 165.50 123,194 193,347

164.35 114.59 189.70 148.10 212,431 157,618

18 95.40 120.70 120.61 138.21 129,601 155,346

134.83 122.64 156.14 148.21 114,580 162.865

" 98.25 83,47 132.00 108,81 138,144 11~,369

101.68 109.03 121.86 \54.89 134,i;:5 158,356

20 99.21 63.05 141.64 91.44 144,628 96,295

76.11 1:':0.29 108.88 135.64 111,355 153,556

21 120.80 60.34 134.02 94.19 152,889 104,720

67.47 135.14 81.07 160.55 89,\23 171,411

22 153.85 63.06 183.34 98.32 202,310 108,821
75.43 149.29 73.81 113.17 89,583 193,476

2J 110.67 95." 214.01 116.55 230,807 127,510

13.3\ 151.29 74.05 "".92 88,413 217,323,. 167.32 110.4" 252.99 127.67 2£4,186 142,667

S5.S1 168.&2 89.52 206.38 105,017 225,003

(nextpege)
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(T Iall 9 A 'M Continued)
Oate TIdaJArea TIcIaI Volume

KP.242 KP.250 KP.242··> KP.236
Fall Rise Fall Risa Fall Risa
m2 m2 m2 m2 m3 m3

""' 25 203.25 124.43 244.54 114.78 258,6('1 143,525
26 83.42 169.51 76.63 214.64 96,026 230,008

208.32 128.98 254.53 116.32 277,707 147,178
27 96.03 188.83 78.26 250.97 105,055 263,976

223.38 134.27 290.55 138.20 308,362 163,486
28 97.18 179.93 88.72 232.35 111,540 247,370

219.43 129.02 280.30 116.32 299,834 146,604
26 99.64 In.46 79.90 224.49 107,122 241,172

206.64 117.48 259,38 116.6l 279,732 140,453
30 90.60 170.63 84.98 221,36 105,348 235,196

191.50 111.47 249,91 127.56 264,845 143,421
uly , 99,09 161.95 89.20 184.32 106.379 207,761

166.95 79,05 207.78 96.80 224,838 105,514
2 65,22- 119.86 68.37 1,,'/.07 80,157 154.1~

133.69 83.24 167.88 99.18 180,942 109.451
3 61.74 100.;19 67.04 119.85 77,267 132,144

100.39 98.93 127.79 118.12 136.910 130,228
4 91.17 56.78 108.17 66.87 119,607 74,191

64.54 103.3:J 64.98 126.29 89,714 137,710
5 lD:3.~3 74.42 126.29 64.98 137,710 95,645

92.18 129.95 102,59 161.38 116,862 174,796
5 142.34 105.00 172.31 111.70 188,793 130,017

79.97 132.28 64.78 163.22 98,850 177,302
7 16Q.98 108.67 194.78 113,95 213.445 133,570

81.25 141.13 96.81 216.38 106,834 214,508, 174.62 112.89 242.65 142.07 250,365 152,973
80.67 153.12 96,51 190.88 106,312 206,397

9 187.74 112.47 237.94 128,79 255,408 144,754
79.11 162.11 88.22 205.68 100,401 220,6711. 197,86 112.04 232.52 116.90 258,231 137,369
72.47 194.61 88.44 255.29 96,548 269,940

11 242.50 100.89 283.76 115.07 315,754 129,575
56.81 209.74 70.20 252.07 76,209 277,087

uly 12 244.29 310.66 332,974
vera e: 130.74 131.16 154.82 155.55 171,335 172,029
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FeR "lise
m3 m3

Fell Rise

m2 m2
FeU fliee

"" m2

T~A"'2

Calculation of Tidal Volume ( KP.236 • KP.1 80 )

""

une 24

71.31 61.24
13.12 146.11

151.19 15.59
63.18 153.21

166.69 65.08
64.09 165.81

206.81 92.45
7Ml 227.89
2~.02 110.41

79.54 261.51
292.44 121.19
90.32 274.69

307.05 126.32
97.11 302.28

326.46 126.96
94.42 291.46

313.36 129.27
97.67 266.27

296.28 131.39
93.24 210.60

247.22 146.81
108.55 185.50
189.10 148.10
120.61 138.21
156.14 148.27
132.00 106.81
121.86 15U9
141.84 97.44
108.66 135.64
134.02 94.19

61.07 160.55
183.34 96.32
73,81 173.11

214.ot 116.55
74.05 20-.92

252.99 127.81
89.52 206.38

4S.1S 22.84
19.87 56.76
62.91 30.09
23.86 16.56
65.22 35.69
26.02 86.14

100.34 45.53
30.30 103.41

119.74 51.97
35,64 122.17

138.40 $2.95
35,69 128.22

146.46 60.41
4l.12 1.24.63

143.11 60.49
43.23 llU1

133.20 60.60
45,52 110.69

122.13 56.93
42,53 96.75

110.07 56.22
36.41 13.36
91.03 56.32
44.94 67.19
75.41 61.63
57,25 40.66

45.87 60.23
60,23 36.06
22.46 60.09
72.65 37.19
45.46 87.72
82.56 40.30
29.89 61.30

100.97 SO.BS
45.52 107.40

119.65 47.18
34.92 114.39

686.094 410,839
523,026 1.150.633

1,202,660 591,906
481,491 1.286,663

1,421,929 676,312
504,625 1.523,300

1,720,386 172,697
91,968 1.655,27S

2,093,051 909,330
645,016 2,146.963

2,412,715 975.161
706.664 2,256,295

2,539,803 1.045,673
n4,124 2,391,828

2.640.1I41 1,049,114
170,829 2,303.968

2,500,140 1,064,075
601.826 2,112,090

2,343,071 1,065,843
760,309 1,132.370

2,000.714 1,148,142
612,137 1,337,732

1,512,056 1,144,149
927,090 1,150,208

1,297,027 1,209,045
1,059,192 831,035

939,292 1,204,669
1,131,555 147,606

735,493 1,096,053

1,157.329 135,739
106,543 1,390.313

1,489,053 178,214
581,038 1,425,002

1,763.881 936,323
669,565 1,146.956

2,0&6,794 979,154
696.690 1.796,350

(llOJIlpage)
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(TIIbItt A ..l Cotllinued)
Dale T1daIAtaa Volume

"".236 KP.l80 KP.236-> KP.t90,oJ .... ,.. .... '01 ....
on> on> on> on> m3 m3

"'" 25 ....54 11-4.78 132.70 55.17 2,112,545 951.706
26 7M3 214.84 37.89 121.29 54'.272 1.882.327

254.53 116.32 138.57 58.2" 2,201.369 966,~8

Z7 78.26 250.97 '096 122.47 656,"81 2.091,255
290.55 ''''2<> ''''.76 57.17 2,"20,945 1,094,099

28 8972 =.:l5 "'89 11:1.36 697,"78 1.936.000
280.30 116.32 131.70 53.08 2,307,166 948,657

29 79.90 22.....9 34.75 94B' 54~D<l 1,788,097
259.28 116.61 108.09 45B9 2,057.834 909.991

30 ..... 221.36 31.57 8236 652,710 1.700,841
2.9.91 t27.56 92.53 39.63 1,923,783 936,275.., , 89.20 184.32 29.29 72.68 664,132 1,444.758
2<>7.78 96.80 ".68 26.62 1,576,154 691,1"9

2 6837 137.07 24.55 57.78 520,378 1,091.168
167.88 99.18 61.91 2925 1.286,7n 713,602, 87.04 119.85 23.09 56.75 504,751 989930
127.79 118.12 60.98 Z7." 1,057,104 814,467

4 108.17 66.87 22.06 36.01 729,289 576,137

".98 '26.29 42.23 "'27 718,008 1,073,287
5 ,26.29 ".98 65.37 24.62 1.073,287 669,763

102.59 161.38 22.. 81.02 756,833 1,357,412
8 ,=, 111.70 86.15 38.76 " ....7.384 842,567

84.78 163.22 24.66 90.00 668.852 1.418,029
7 194.76 113.93 96.14 47.27 1,629,075 mOO'

96.81 216.38 43.18 109.32 783,912 1,823,895
8 242,65 '42.07 116.46 so." 2.011,033 1,077,358

96.51 190.88 44.2<> 118.50 787,987 1.732,528, 237.94 128.79 126.65 54.51 2,041.702 1,026,497
88.22 2<>5.68 37.10 118.28 701,m 1.802,!I48

10 232.52 118.90 137.74 60.72 2,073,"63 994,712
88.44 255.29 46.49 124.68 755,569 2,127,825

11 283.76 115.07 140.93 58.40 2,378,238 971,442
70,20 252.D7 41.12 123.65 623,413 2,104,059

". 12 310.66 141.73 2,533,421
vera e: 1lW.B2 155.55 70.01 70.21 1,259,025 1,264,248
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T"'A.4-3

Calculation 01 rldal Volume (KP.180 - Td. Umit)
;r:o:-"'-- .. -<! ; ~-~ -

~~'~~I ~- .,~~ , ' l: il'~';<.-:.L , .. -- _:~'~j

KP.leo KP.180 KP.l80->UMIT,.. ... ,.. ... ,.. ...
m2 m2 m m "" ""oM , 45.15 "... 0." 0." 139.000 3Ei.00t9

19.IT 15e.75 0.19 0." ...... 217.303

7 .W 30." 0." 0." 268.524 62.'"
23 .. 71.SlI 0.23 0.72 39,227 391,117. 85.22 35.69 0.&0 0.3> 486,99& 87,943

"" 66.14 0." 0.&0 48.467 491,635. 100.34 45.53 0." 0." 873,028 143,090
30.30 103.41 ... 0." "no 700.ilIs

" 119.74 51.97 1.11 0." ....... 185.990..... 122.17 ... 1.11 ..'" ....633

"
,,... .." l.27 ." 1,2$5.483 192,871

" .. 128.22 .,. 1.18 86.1574 1.062.4.33

" 146.411 60.41 .." ... 1,402.053 "'....
" 41.12 124.13 ." 1.13 114,557 1,007,57'0

t4.3.11 60.49 ", ... t,339,I4!I "'.m
" "-.. 111.17 0.41 .... ".'" 934,0.2

,n" ...., .", ... 1,l&ll,m 251,1198

" .... 110.19 ... 1.01 131,800 ",....
122.13 ..... 1.12 ... on,'" ...,,,

" ..., ..." 0.40 "'0 121,517 .......
110.07 .." 1.01 ... ,..,.., 228,715

"
,.., " .. 0." 0.87 ...., 351.167
IUD ".32 0." .., 546,159 213.201

" ..... 67.19 .., 0." 134,828 297,S3i

75.47 67.63 0.70 0.63 317,375 ".326
" 57.25 40.66 '" 0." 218,745 110,369.." ".23 0." 0." 140,1176 240,911

" &0.23 ..." 0." 0." 240,911 87,571

22.46 "... 0.21 0.55 ...... "'.""
" ,... 37.19 0.67 0.35 341,662 92,917

45.48 87.72 0." 0.81 139,820 507,526
22 .... 40.30 0.76 0.38 448.203 109,389..... 81.30 0.28 0.14 59,171 429,7116
23 100.91 ..... 0.93 0." 670,121 ''''''45.52 107.40 0." 0." 13UllO 151,170

f'- " 119.65 41.18 1.10 0.4' 940,104 152,,310..... 114.39 0." .... 1!I2,814 849,190
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(Tab/sA 4·3 Continued
Date TldalAre8 Ron • TIdal VolUme

KP.180 KP.l80 KP.l80 >UMlT
"0' R•• Fall Rise ,on R'"
m2 m2 m m m3 m3

"" 25 132.70 55.17 1.22 0.53 1,156,406 208.640
26 37.89 121.29 0.36 1.10 97,422 953.020

138.57 55.24 1.27 0.54 1,257.049 216.937
27 38.96 122.47 0.37 1.11 102,976 971,024

141.76 57.17 1.30 0.55 1,316.318 224,605
26 35.83 113.36 0.34 1.00 87.011 834.042

131.70 53.08 1.21 0.51 1,138,236 193,376
25 34.75 94.81 0.33 0.87 81,915 589,172

108.09 45.89 1.00 0..... 772,094 144,217
30 31.57 .236 0.30 0,76 67,654 447,082

93.53 39.53 0.87 0.38 581.827 107,567

"~
, 29.39 73.68 0.29 0.88 58,782 359,958

73.68 26.62 0.68 0.25 359.958 48,291
2 24.55 57.78 0.23 0.54 41,039 222,879

61.91 28.25 0.58 0.27 256,468 54,482
3 23." 56.75 0.22 0.53 36,289 214,837

60.98 27.32 0.57 0.26 248,713 50,940
4 "08 36.01 0.21 0.34 33,086 87.459

43,23 65.37 0.41 0.61 128,608 265,767
5 65.37 34." 0.61 0.33 285,767 81,598

32," 81.02 0.31 0.75 72,100 434,030

• 86.15 38.76 0,80 0.37 492,277 102,445
34,88 90.00 0.33 0.83 1)1,703 533,567

7 96.14 47.27 0,89 0.45 611,191 151,928
43.18 109.32 0.41 1,00 126.445 780,827

• 116.46 50.32 1.07 0.48 890,081 172,525

44.20 118.50 0.42 1.08 132,603 914,152
9 126.65 54.51 1.16 0.52 1,049.375 202,477

37.10 116.28 0.35 1.05 92,739 872,095

'0 137.74 60.72 1,26 0,58 1,239,641 251,572
46.49 124.68 0,.... 1.13 146,096 1.006.331

11 140.93 58,40 1,25 0," 1,298,567 233,608

41.12 123.65 0,39 1.12 114,557 989.207

'"~ 12 141.73 1.30 1,314,069

'" " 70.01 70.21 0.65 0.65 431.990 385,476
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T,b(. A 4-4

Calculation ot Tidal Volume ( Org. River Mouth - 58.5 )

dal Volume

Rivtlfuoueh·-:>SB,S,.. Rln '01 Rln ,.. ....
m2 m2 m2 m2 m3 m3

80.57 63.28 19.44 11.60 250,016 187,194

8..,' 167.78 19.25 34.13 270.762 504,769
169.10 90.38 33.19 20.00 505,728 275,935
81.06 174.00 23.63 40.77 261,730 537,132

189.94 98.48 43." 25." 584,465 309.n8

87.96 219.03 20.28 50.75 270,598 674,442
237.14 107.63 58.98 26.49 735,268 335,316

90." 246.48 20.28 59.20 277,808 764,214

" 263.40 118,76 64.09 26.01 818,728 361,931
100,52 281.78 22.32 71.77 307,107 883,875

11 "".38 139.51 79.28 31.11 964,105 426,562

113.60 298,26 23.60 74.88 343,00< 932,866

12 325.44 140.77 82.15 31.30 1,018,965 430,179

" 112.26 300.63 24.03 78.05 340,743 947,439

331.94 161.29 64.33 30.75 1,040,675 480,110
14 122.20 292.81 23.26 71... 363,851 925,814

321.11 154.39 84.72 32.69 1,016,077 467,709
15 107.55 272.87 23." 74.34 327,841 868,015

315.99 174.35 ".. 32.63 997,312 517,464

" 135.43 237.81 20.98 60.75 390,997 746,421

270.25 162.73 69.64 3<1," 847,211 482,313
17 116.01 208,05 24.42 5&38 351,087 661,069

249.38 174.n 60.41 30.74 774,463 513,759
18 130.56 168.00 22,88 4390 383,114 529,755

206.89 178,45 47.92 39.42 637,029 539,675.. 141.87 97.40 34.69 2\.34 441,413 298,634
121.16 162.13 26.71 38,52 389,668 501,630

20 141.22 82.18 33,50. 17.81 436,801 249,991
100.36 171.74 2263 40.06 307,969 529.497

21 173.11 90.47 38.17 17.79 524,692 270,630
82.18 184.60 22.03 48.42 260,518 582,553

22 220,64 128.07 50.88 24.90 679,265 382,422

".43 196.02 t9.56 48.82 274,973 612,110
23 243.88 141.53 56.75 27.06 751,581 421,467

90.87 200.63 20.11 49.25 277,460 1'24,699

" 251.29 141.53 57.02 29.19 770,nl <28,807
93.67 214.64 22.39 63.58 290,151 870,568

(tllllItp'9')
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(TobIe A 6 4 Continued
Date Tidal Area Tidal Volume

AiverMouth Sa.5 AiverMouth >sa.5

Foil Rise Foil Rise Fall Rise
m2 m2 m2 m2 rna rna

". 2' 265.02 153.87 62.24 31.49 1,832,612 \,038,000

26 100.69 221.30 22.83 58.76 691,722 1,568,331

215.73 155.12 67.68 31.74 1.923,068 1.046,459

27 102.09 236.08 23,78 83.26 704,862 1,676,314

289,11 156.77 71.73 31.81 2,020,134 1,056,071

28 106.53 225.49 23.02 :-..9.40 725,529 1,595,369
211.96 149.71 67.42 29.30 1,900,507 1,002,453

29 107.40 212.71 23.14 55.51 730,996 1,501.979

255.01 144.79 61.54 27.89 1,772,713 967,003

30 102.48 207.12 20.93 54.59 691,130 1,465.582

243.07 130.31 60.3<3 a.44 1,699,195 872,163o. 1 94.37 166.94 18.C.S 45.85 629,n5 1.303,649

219.03 116.63 52.38 20.53 1,519,882 169,225

2 81.98 148.63 13.36 34.86 533,882 1,027,532

171.70 101.87 40.06 18.16 1,185,864 672,194

3 77.41 111.51 14.24 31.75 513,226 802.223

121.16 116.19 31.11 26.89 852,744 801,249

4 105.14 74.43 27.08 13.80 740,438 494,072

78.60 127.70 15.18 27.09 525,157 866,828, 123.53 90.43 25.52 16.43 834,672 596,418

108.26 160.20 19.52 30.44 715,606 1.067,614, 180.01 115.24 33.88 21.33 1,197,766 764,809

90.02 170.53 17.29 41.01 600,928 1,184.624

7 204.71 133.79 47.18 26.33 1,410,583 896,711

102.33 196.52 21.06 47.64 691,011 1,367,274

8 236.76 139.36 54.56 28.93 1,631,945 942,319

99.12 207.47 21.60 51.11 676,041 1,448,064

9 247.71 142.57 59.39 27.80 1,719,768 954,088

102.33 229.78 19.52 56.67 682,385 1,604,120

10 272.49 141.83 54.56 27.30 1,889,149 947,118

103.17 256.66 18.51 65.40 681,397 1,803,537

11 296.56 144.67 74.~8 26.99 2,076,682 961,246

98.00 275.24 16.88 70.88 643,327 1,938,279o. ,2 320.67 0.00 81.23 2,250,615

verage: 168.45 168.90 39.03 39.06 821,968 812,542
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Table A 4·5

Calculation of Tidal Voiume ( 56.5 - KP .23e )

TIdel Volume
KP.236 58.5->58.5

F.' F•• AI,. Fell Ai,e

m2 m2 m2 m2 m3 m3

19.44 11.60 77.37 61.24 36,303 2.7,3HI
19.25 34.13 73.72 148.71 34,86< 68,566
3119 20.00 151.79 75.59 69,369 35,845
23.63 40.n 63.18 153.21 32,552 72.745.,... 25.44 t68.69 85.08 79,701 41.445
20.28 50.75 64.09 185.87 31,638 88,735
56.96 26.49 206.87 92.45 98,937 44.604

20,28 59.20 75.41 227.89 35,882 107.659

10 ".09 26.01 254.02 110.41 119,291 51,156

"'" 7l.77 79.54 261.57 38,199 125,004
79,28 31.11 292.44 121.19 139,395 57.113
23.60 74.88 90." 274.69 42.722 131.088

12 82.15 31.30 J07.Cl5 126.32 145,951 59,108
13 ..." 78.05 97.11 302.28 45,430 142,623

".33 30.75 328.48 126.96 154,806 59,142
23.26 n.48 94.42 291.46 44,130 138,353
84.72 32.69 313.36 129.21 149,280 60,714
23.59 74.34 97.67 266.27 45,472 127,729

".. ".63 296.28 131.39 142,205 61,510
16 20.96 60.75 93.24 210.60 ,'026 101,758

".64 36.20 247.22 146.81 118,445 66,376
17 24.42 56.36 108.55 165.50 49,6&5 ",,204

60.41 30.74 189.70 14ll.l0 93,789 67.065
1B ",sa ".90 120.61 138.21 53,734 68,290

47.92 39.42 158.14 148.27 78,523 70,384
19 34.69 21.34 132.00 108.81 62.507 48.804

26.71 36.52 121.86 154.89 55,114 72,530
20 3150 17.81 141.84 97.44 65,753 43,221

"'"' 40.06 108.88 135.64 49,392 65.866
21 36,77 17.79 134.02 94.19 64,043 41.991

"''' 48.42 81.07 160.55 38,661 78.365
22 50." 24.90 lB:l.34 98.32 87,826 46,208

19.56 ..., 73.87 rro.17 35,037 83,247
23 3675 27.06 214.01 116.55 101,536 53,854

20,11 49.25 74.05 204.92 35,311 95,314
57.02 29.19 252.99 127.67 116,255 58,824
22.39 "". 89.52 208.38 41,965 97.487

(nl:dpe9·j
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(Table A +S ContInued'
Dale TId3IArea TIdal Vokme

sa.s KP.236 Sa.5 > 5B.5
Fall Also Fall Al,. Fall Rise
m2 m2 m2 m2 m3 m3

uno 25 62.24 31.49 24-4.54 114.78 115,041 54,851
26 22.63 58.76 76.63 214.84 37,296 102.600

67.'68 31.74 254.53 116.32 120,827 55,524
V 2Z.'78 63.26 78.26 250.97 38.266 117,834

71.73 31.81 290.55 138.20 135,857 63,755
28 23.02 59.40 88.72 232.35 41,905 109,405

67.42 29.30 280.30 116.32 130,394 54,609
29 23.14 65.51 79.90 224.49 38,638 105,000

61.54 27.89 259.38 116.61 120,346 54,168
30 20.93 54.59 84.98 221.36 39,718 103,482

60.36 25.44 249.91 127.56 116,349 57,374
~uly 1 18.09 45.85 89.20 184.32 40,237 86,314

52.38 20.53 207.78 96.80 97,561 44,000
2 13.36 34." 68.37 137.07 30.650 64,474

40.06 18.16 167.88 99.18 n,9n 44,003
3 14.24 31.75 67.04 119.85 30._ 56.'"

31.11 26.89 127.79 118.12 59,588 54,3n
4 V.OS 13.80 108.17 66.87 50.720 30,250

15.UI V.09 84." 126.29 37,560 57,516
5 25.52 16.43 126,29 84.98 56.927 38,031

19.52 30.44 102.59 161.38 45,791 71.931
6 33." 21.33 172.31 111.70 n._ 49,886

17.29 41.01 84.78 163.22 38,276 76,587
7 47.18 26.33 194.76 113.95 90.729 52,605

21.06 47.64 96.81 216.38 44,202- 99,006
B 54." 28.93 242.65 142.07 111,493 64,122

21.60 51.11 96.51 190.88 44,293 90.146
B 59.39 27.80 237.94 128.79 111,499 d8,723

19.52 56.67 88.22 205.68 40,404 98,380
10 64.86 27.30 232.52 116.90 111,518 54,076

lB.51 65.40 88.44 255.29 40,106 120,~57

11 74.28 26.99 283,76 115.07 134,262 53,271
16.88 70.88 70.20 252.07 32,654 121,108

Julv 12 81.23 310.66 148,958
Average: 39.03 39.06 154.82 155.55 72,692 72,9n



TableAS.t

~betWeen5edlmM~~':;:~DischIIge
Recorrilnn'~:From JOO8 6, 19911~-J,';h;.'2,1991- - ~ --- --- -

~ - ~ - ,. - ,. - -M M - - ~ ~ ~

""' • 0.48 0.36 •.0 4.0 38.n 38.32 46,617 146,509 101,692
0.50 0.98 7.0 •.0 26.08 68.26 56,896 574,497 517,601

7 0.99 0,56 8.0 4.0 53.90 51.29 128,748 218,856 90,108
0.50 1.02 •.0 7.0 29.10 ".43 48,768 697,604 ....836

8 1.12 0.50 ao 4.0 87.22 58.97 145,654 234,489 ".834... 1.19 8.0 8.0 30.15 ".87 47,793 667,804 649,811

• '.36 ... ao •.0 84.19 ..50 176,866 400,389 223,523
0.49 ,,29 5.0 5.0 4.93 14,sa 40,071 630,188 590,117,. 1.51 0.71 ... ... 92.00 52.8' 220,920 418,562 197,642
0.52 1.55 ~O 5.' ..33 171.76 42,591 757,203 714,612

11 1.75 .82 •.0 5.' 110.08 ..... 256,033 400,585 144,552
0.82 I." •.0 4.0 41.53 227.97 60,473 "',936 580,463

'2 1.83 ... ..0 •.0 117.68 6243 261,737 492,426 224,689

'3 ... 1.71 ao '.0 53.82 187.47 52,019 837,320 785,301
1.62 0.80 ..• ... 119.49 64.13 266,859 468,9n 202,118

"
0.72 1.87 '.0 •.0 55.19 179.74 58,522 815,825 757,303
1.81 0." ... 5.0 111.69 77.38 264,811 422,080 157,268

15 0." 1.50 •.0 '.0 46.09 2~,08 158,912 586,222 527,310
1.70 0.90 ... •.0 103.34 65.83 248,718 527,599 278,882,. 0." 1.36 •.0 ... 46.24 168.25 66,325 539,324 472,999
1.50 0." •.0 ... 87.23 80.95 219,457 410,355 190,898

'7 0.71 1.11 ao •.0 46.18 85.12 69,251 650,706 581,455
1.17 ... 60 ',0 77.75 81.53 152,157 410,355 258,198

18 .... ... 8. 8. 52.n 71.33 67,300 504,151 436,851
••7 ... 6 • ao 6226 8890 126.147 434,781 308,834,. .70 ... .0 8. 62'8 .... 08,275 351.733 283488
0.74 '.79 8.0 ~o 39." 84.70 ",236 365,829 289,693

20 0.71 ... ..0 7.' 55.45 34.02 69,641 317,341 247,700.87 .87 7.' ..• 34.39 101.16 ",852 340,'" 275,147
21 0.87 0.60 •.0 7.0 7281 34.61 85,247 407,619 322373

0.50 0.88 8.0 ..• 30.05 133.01 ",504 372,837 308,333
22 1.10 '.62 •.0 7.0 94.20 39.53 107,290 424,034 316,144

0.68 1.06 8.0 '.0 25.29 133.37 72,827 414,263 341.436
23 1.23 0.72 •.0 7.0 114.03 47.58 119,970 495,162 375,192

0." 1.11 8.0 '.0 29.42 167.13 70,746 433,804 363,058
June 24 1.35 '.83 ... 7.' 135.40 48.89 131.674 570,394 438720

'.63 1.19 8.0 ..• 29." 176.91 82.451 465,069 382,618-....



(Tab[ A.S-Ie. Oflflnu~J- - ~ _llIo<'_ - ...... -.. - .. - .. - .. - ._-. . ~ ~ - - ~ " ~

un. ~ \.41 0." 6.0 6.0 \n.77 n... 143,316 553,393 410,015

" 0.61 1.18 8.0 5.0 3&01 184.19 79,850 576,451 496,602
USO 0.97 8.0 8.0 187.32 78.83 146,305 570,980 424,675

27 0.11 '" 8.0 " 39,OS 199,12 92,855 644,844 551,989
1.60 1.01 6.0 8.0 201.00 84.32 156,058 594,429 438.371

28 0.71 1." 7.0 '.0 46.21 183.64 81,248 615,533 ~4,28S

1.58 0.97 7.0 6.0 160.45 76.02 119.792 S7~,980 391.168
29 0.73 1." 8.0 '.0 51.87 164.32 7U92 615.533 543,94\

'SO 0.90 8.0 5.0 121.59 86.17 195,073 439,666 244.593
30 0." '" 7.0 " 43.24 153.70 17,379 595,992 518.613

'.38 0.85 " 5.0 Ill.,n 82,32 180,767 415,240 234,473

'"
, 0." 1.16 7.0 5.0 41.65 132.32 75,103 566,681 491,578

'" 0.60 8.0 5.0 91.84 64.48 156.058 293,111 137,053, 0.49 0.67 6.0 6.0 39.09 82.97 47.793 510,013 462.220
0." 0.83 7.0 5.0 83.00 61.98 111,517 301,766 196.2SO

3 0." 0.73 7.0 8.0 "" 71.13 52,345 421,942 375,591
0.73 0.72 8.0 6.0 78.32 59.99 71,202 422.080 350,818. 0." 0.42 7.0 6.0 46.48 49.08 75,103 205,178 130,075

0." 0.75 7.0 8.0 41.58 78.46 54,620 439,666 365,046
5 0.75 0.55 7.0 5.0 6&35 51,69 85,344 268.685 183,341

0.69 0.85 8.0 6.0 5>33 100,65 67,300 556,911 489,610
6 1.05 0.79 8.0 5.0 82." "49 136,55\ 381,395 250,844

0.59 0.95 8.0 7.0 48.24 1M.ll 57,839 &49,729 591,890

7 1.18 0.82 7.0 5.0 109.86 83.13 134,275 402,050' 267,775
.60 1.01 6.0 7.0 56.19 119.04 58,814 690,784 631,9SO

8 1.28 0." 7.0 .~.O 135.97 9:"0 '45,654 420,126 274,471
0.60 1.09 6.0 7.0 56.62 ,,.00 58,522 745,479 686,957

9 1.37 0." 7.0 5.0 143.83 92.81 155,696 421),126 264,230
0.59 1.15 6.0 7.0 52.43 121.73 57,546 786,51. 728,968

" 1.04 0.86 7.0 5.0 154.78 92.74 163,861 4211,126 256,264
0.50 1.35 8.0 7.0 55.73 148.00 52,670 923,299 870,629

II 1.74 0.79 7.0 5.0 172.32 91.36 197,999 365,929 187,930
0.03 1.45 6.0 7.0 46.29 lSO.83 41,941 991,692 9049,751

July 12 1.73 7.0 ,82." 196,861

ot"SulpendlldSlIdim.,-rt Il'Iflow Ouring36.B8dayl (kg) 2.7,626,220
MlanSedlmenllrdlow/d,y (kgfdlllYl 749,084

p8lif.c Gravity '" 2,170 kWm3
alume olSedimlllll inflow (rn3Jday) 270

Bulk Volume .. Volume of P6/1Ie1H/(l-Porolity)
Porosity =0.4

ulkVoluml m3/dBVI '51

2S6



Table A 5-2

=umallOn Qf "edlment ramlpoft through KP.236 &

Aelat~ns~:~~e:r:t~;,~~:s~ r:~~~: ~2~~:; Discharge

O~ - ~ -- - ...... -,. - ,. .. ,. - ,. o. ..... ~ ~ - - . . .
""e • 0,46 0.37 6.0 '.0 38.20 35.20 23,966 7,172 (16,794)

0,45 0.86 7.0 6.0 21.81 63.63 27,234 25,063 (2,171)

7 0.68 0.46 '.0 '.0 51.08 45.44 61,004 8,975 (52,029)

0.38 0.87 •.0 7.0 24.39 66.59 19,868 29,647 9,780

• 0.97 0.52 '.0 '.0 66.28 53.07 67,367 10,079 (57.287)
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0.63 1,45 6.0 '.0 36.68 230.47 27,597 28,145 54'
12 f.68 0.76 9.0 6.0 121.66 60.00 129,322 22,155 (107,166)
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Table A 5·3

Estlm'ltlon 01 Se Imem ransport I rou9n <;Il:>.5 &
Relationships between Sediment Deposit, Tidal Flange & Waler Olscharge

Recording period; From June 6, 1991 to:: July 12,1991- .... ~ _.- _000<>.... -,. - ,. - ~ - ,. .. -. n n - - . . .
."" • 0.48 0.30 •.0 4.0 15.34 15.12 2,060 ••• (1,195)

O.sa 0.86 7.0 •.0 9.99 26.75 2,680 3,809 1,129
7 0.83 0.54 •.0 4.0 21.29 19.95 4,796 1,594 (3,202)

0.66 1.03 •.0 7.0 11.06 27.03 2,860 5,322 2.462

• 1.14 0.74 •.0 4.0 26.62 22.85 6,588 2,185 (4,403)
0.56 1.19 •.0 •.0 11.50 38.04 2,427 5.271 2._

9 1.41 0.78 •.0 '.0 33.27 17.81 8,148 3,455 (4,693)
0.56 1.34 5.0 5.0 15.79 56,40 2,= 4,946 2,923

10 1.51 0.75 •.0 •.0 06.54 20,83 9,817 3,322 (6,495)
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11 1.8S 0.93 9.0 5.0 43." 27.21 12,027 3,433 (8,594)
0.65 1.62 •.0 4.0 16.05 90.50 2,817 4,783 1.986

12 1.89 0.93 9.0 5.0 48.95 24.60 12,287 4,119 (8,168)
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1.90 0.90 9.0 •.0 47.62 24.98 12,352 3,986 (8,366)
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0.59 1.21 •.0 4.0 11.67 7062- 3,409 3,573 '63
nexlpage
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