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A STUDY ON STAGE-DISCHARGE RELATIONSHIP OF ATRAI RIVER

The present study investigated the stage-discharge relationship of the Atrai river. The
analysis of stage—discharge relations for four stations: Panchagarh, Bushirbandar, Mohadebpur
and Atrai were carried out. Both power type and parabolic equdtions were selected for
establishing stage-discharge relations. Annual rating curves were established for each station.
It was found that no substantial shifting contrql had occurred. Stage-discharge curves of
" different stations for the same year were investigated $0 as to establish a correlation between

them ; however no correlationship could be established.

Test for bias and goodness of fit were also applied to investigate the reliability of both
power type and parabolic stage-discharge relations. All the equations were found to be free
from bias and most cases dispersion of the measured data about the fitted rating curve were
found to be even and within five peycents of significant level. In most cases parabolic equations
fitted well than the power t&pe ‘equations. For extrapolation purpose parabolic equations were
found better than that of power type equations. For small range of gauge height, power type

equations gave better results than parabolic equations.
Mean depth discharge relations were also established using both for power type and

parabolic equations, But power type and parabolic equations of stage-discharge relation fitted

better compared to those of mean depth-discharge relationship.
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1.1

Chapter 1
INTRODUCTION

' Introduction

* For planning, design and operation of water resources projects hydrological data are
very important. Analysis of hydrologic data constitutes the first step for projects dealing with

irrigation, water supply, flood control, water power, water control structure ‘and navigation

-ete, Bas1c data required for the analysis and design of these projects inciude such data as:

clunatologlcal hydro—meteologlcal soil type, cropping type and pattern, consumptive use

and geo-morphologic information of the basin such as area, slope, elevation etc.

Streamflow data take an important dimension in flood management'and irrigation.
For environmental pollution control streamflow data is 'also very importar_:t. Streamflow data
include mainly stage and discharge. Both stage and discharge of a river vary with time.
Discharge measurements are difficult, expensive and time consuming, and require qualified
technical personnel. In general it is not practicable to measure the discharge continuously.
To obtain a continuous recofd of the stage at a site is relatively simple. An observed record
of stage can easily be converted into a record of discharge using a stage-discharge relation
or rating curve developed earlier for any given gauging station. Measurements at higher
stages are difficult and may take time. Thus at a majority of gauging stations, discharge
measurements are not available for high flood stages. In that casé, stage-discharge relation
is extrapolated beyond the available discharge measurements. So stage-discharge relation

need to be representative and as accurate as possible.

Stage-discharge relations vary from time to time. Measurement of discharge involves
many uncertainties, such as in measuring width, velocity, depth ete. So the reliability of the
étage—discha.rge‘ relation needs to be investigated. Stage-discharge relations also vary from
station to station. Generally at an upstream location, the stage-discharge curve may have
steeper slope due to steeper slope of the river, while at a downstream point the éurve is
expected to have a flatter slope. So comparison of stage-discharge relations at different
stations may also be instructive.




1.2

In Bangladesh stage-discharge relations are generally established by power type

equations. But no tests for absence of bias and goodness of fit are generally done.

In major rivers like the Jamuna, Brahmaputtra and Ganges a number of studies were
undertaken which investigated stage-discharge relationships of these rivers. But limited
studies have so far been undertaken on minor or medium rivers. It was felt necessary to
undertake such study for a medium size river like Atrai, Other reasons for choosing the river
for this study are that a relatively long record of discharge measurement is available from
a number of gauging stations, as many as four discharge measurement stations are
maintained and operated along the river by the Bangladesh Water Development Board
(BWDB).

Measurement of Stage and Discharge
The stage of a stream is the height of water surface above an established datum
plane. The water surface elevation with reference to some arbitrary or predetermined gauge

datum is called the gauge height.

The datum of gauge may be a recognized datum, such as mean sea level or an
arbitrary datum plane chosen for convenience. An arbitrary datum plane is selected for the
convenience of using relatively low gauge height. To eliminate the possibility of negative
vajues of gauge height, the datum selected for operating purpose is usually below the
¢levation of zero flow on the control for all conditions. A permanent datum need to be
maintained so that only one datum for the gauge height record is used for the life of the
station. Gauge height is often used interchangeably with the more general term stage,

although gauge height is more a'ppropri-ate when used with a reading on a gauge.

Gauge height records may be obtained by a water. stage recorder, by systematic
observation of a non-recording gauge, or by noting only peak stages with a crest-stage
gauge. Telemetering systems are used to transmit gauge height information to points distant
from the gauging station.

Streamflow flow, or discharge, is defined as the volume rate of flow of the water,

including any sediment or other solids that may be dissolved or mixed with water. Various

2
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methods used in measuring discharge are area—velolcity method, moving boat method, slope-

area method, portable weirs and flumes, etc. The basic instrument most commonty used in

making the measurement is the current meter. Echo sounder is used in some limited large

river of the country. For other stations sounding lead, gauging reel, sounding rod etc. are

used for depth measurement.

A current meter measurement is the summation of the products of the partial areas
of the stream cross-section and their respective average velocities, The formula Q = L (a¥)

represents the computation, where @ is total discharge, a is an individual partial cross-

‘sectional area, and v js the corresponding mean velocity of the flow normal to the partial

area. In the mid-section method of making a current meter measurement it is assumed that
the velocity sample at each location represents the mean velocity in a partial rectanghlaf
area. The area extends laterally frorﬁ half the distance from the preceding meter location to
half the distance to the next and vertically, from the water surface to the sounding depth.
Mean section method also used for discharge measurement. Mid-section method is generally
used. Mid-section method is simpler to compute and is & slightly more accurate procedure

than mean section method.

Current meters, timers and counting equipment are used when making conventional
types of measurementé. Use of additional equipment used depends on the type of
measurements being made. Instruments and equibment uséd in making current meter
measurements are  current meters, solnding equipment, width-measuring equipment,

equipment assemblies etc.

Rating Curve

A rating curve is a graph that shows the relation between the water level elevation
or stage of a river channel at a certain cross-section and the corresponding discharge at that
section. If the measured discharge is plotted against the corresponding stage, the data will

hormally define a curve which is approximately parabolic, as shown in Fig. 1.1. Such a curve

- is generally satisfactory for a good majority of rivers where the discharge station has been

selected with due regard to the essential requirements of a good gauging site and the stream

is not subjected to too rapid fluctuations of the stage. If a station possesses a permanent
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control, the rating curve is essentially permanent, but it should be confirmed by periodic
observations. Some stations have two or more controls each serving for a different range of
stage. This condition can result in a rather abrupt break in the rating curve at the stage

corresponding to a change in the contral,

The discharge measured for a particular stage may be different under shifting control.
The stage of a river may be rising or falling or remain constant. During rising stage of the
river the measured discharge is more than that during a falling stage for the same stage.
Thus the plot of discharge measurements for a rising stage fall to the right side and that for
a falling stage to the left side of the mean rating curve. Such type of rating curve is called
a looped rating curve as shown in Fig. 1.2. On same river shape of the rating curve may
vary with watér surface slope, change in co-efficient of roughness due to scour and
deposition in bed and b&hk, growth of vegetation, and variable inflow in the downstream
direction from station to. station etc. The river Atrai provide with an opportunity to

investigate these aspects in the present study.

Atrai River

The Atrai originates in a beel or depressed area of Baikunthapur in India. As shown
in Fig. 1.3, the river initially enters into Bangladesh territory with the name Koratoya at
Bardeshwari of ~Panchagarh district. At downstream it is renamed as Atraj near Khanshama

Thana of Dinajpur. It runs upto Sahamjhiaghat before entering India again.

The Atrai runs about 50 km long in India. The river re-enters in Bangladesh at
Naogaon and flows scuthward and ultimately falls at Hurasagar. The total length of the river
is about 340 km. The river is ~non-tidal.

Atrai river may be considered into two parts namely upper and lower Atrai. The
upper reach may be considered from Panchagarh to Dinajpur and the lower reach from
Naogaon to Atrai Railway Bridge. There are nine water level and four discharge
measurement stations on this river. Water level measuring stations are located at Bardeswari,

Panchagarh, Debiganj, Khansa.rr_aa, Bushirbandar, Sahamjhiaghat, Chakhariharpur,

-Mohadebpur and Atraj Railway Bridge. Discharge stations are at Panchagarh, Bushirbandar,

Mohadebpur and Atrai.
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Fig. 1.1 Parabolic stage-discharge curve
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Fig. 1.2 TLooped rating curve
Source: Wilson E.M,Engineering Hydrology, 1983
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1.5

Objective of the Study
The objective of this research is to investigate stage-discharge relationship of the
Atrai river at several selected stations by analytical approach. The main emphasis is on

statistical analyses. The specific objectives are as follows:

1. Stage-discharge (h-Q) relation or rating curve will be established at selected stations
of the Atraj river;

2. Stage~discharge relation at different stations will be compared to investigate, at least
qualitatively, how they change along the river reach; '

3. Statistical analysis of the uncertainties involved in the stage-discharge relation will
be performed and reliability of h-Q relations will be investigated, and

4, As an alternative to h-Q relation, efforts will also be made to correlate Q with

appropriate cross-sectional parameters, such as mean depth.

g




2.1

2.2

Chapter 2
STAGE-DISCHARGE RELATIONSHIP

Introduction

The conversion of a record of stage in a record of discharge is done using a stage-
discharge relationship. Continuous records of discharge at gauging stations are computed
by applying the discharge rating for the stream. The terms rating, rating curve, station rating

and stage-discharge relation are synonymous.

Control

The stage-discharge relation is defined by the complex interaction of cha.nngl
characteristics, including cross-sectional area, shape, water surface slope, sinuosity,
roughness of stream bed and bank and vegetal cover. Among these elements, which control
the stage-discharge relationship either individually or inn a combination with other known as
control.

Knowledge of the channel features that control the stage-discharge relationship is
important. If the control is stable the stage-discharge relation will be stable. If the control
is subjected to change then frequent discharge measurements are required for the continual
recalibration of the sta_ge—discharge relation which increases the operating cost of the

gauging station and results in impairment of the accuracy of the streamflow record.

F!lassiﬁcation of control

According to one classification the control can be divided as section cohtrol and
channel control. Another classification divides them as permanent control and shifting
pontrol. Third classification calls them natural and artificial control. Fourth classification may
be complete, compound, and partial control (WMO 1980).

Section control. In term of open channel hydraulics, critical depth control is generally
termed section control, if a critical flow section exists a short distance downstream of the
gauging station. Section control exists when the geometry of a single cross-section is such
as to constrict the channel, or when a downward break in bed slope occurs at a cross-

section. A section control may be natural or manmade. It may be a ledge of rock across the




channel, a boulder covered riffle, an overflow dam or any other physical feature capable of

maintaining a fairly stable relation between stage and discharge (WMO 1980).

- Channel control. Channel control exists when the geometry and roughness of a long
reach of channel downstream from the gauging station are the elements that control the
relation between stage and discharge. Channel control consists of all the physical features
of the channel which determine the stage of the river at a given point for a given rate of
flow. These features include the size, slope, roughness, alignment, constrictions and
expansions, and shape of the channel. The length of channel that is effective as a control
increases with discharge. Generally speaking, the flatter the stream gradient, the longer the
reach of channel control (WMO 1980).

Permanent control and shifting control. A control is permanent if the stage-discharge
relation it defines does not change with time; otherwise it is impermanent and generally
called a shifting control (WMO 1980). A shifting control exit where the stage-discharge
relation changes in the physical features that form the station control.

Naturel control. Natural control is not man made but it is made naturally. Natural
controls vary widely in geometry and stability, “The primary cause of changes in natural
controls is the high veIocity associated with high discharge.

Artificial control. Artificial controls are structures buiit for the specific purpose of
controlling the stage-discharge relation, A highway bridge, or paved floodway channel that
serves incidentally as a control is not classed as an artificial control,

Complete control. A complete control is one that governs the stage-discharge
relation throughout the entire range of stage experienced at the gauging station. A complete
control is independent of all downstream conditions at all stages such as a rock ledge
crossing the channel at the crest of a rapid or a waterfall,

Compound control. Generally a single control is not effective for the entire range of
stage expenenced at the gauging station. For that case the gauging station have a compound

control station. The compound control sometimes includes two section controls, as well as

9 v




2.3

channel control. A common example of compound control is the situation where section

control is the control for low stages and channel control is effective at high stages.

Partial control. A partial control is a control that acts in concert with another control
in stage whenever a compound control is present. Generally sectioﬁ control is effective
during low stages and channel control is effective during high stages. At intermediate stages
a transition from one control to the other. During this transition period the two controls act

in concert, each as a partial control.

Types of Stage-Discharge Relation

According to the shape and form of stage—diéch&rge relationship it can be classified
as below : ' '

1. Simple stage-discharge relation.

2. Looped sthge-djséharge relation or looped Rating curve.

3. Component stage~-discharge relation_.

2.3.1 Simple Stage-Discharge Relation

It implies definite discharge value correspond to definite water level whatever changes
of discharge may take place. Directly proportional relationship between gauge height and
discharge values normally is observed during a limited period of time. Sometimes it is
observed during a several years period, in that case it is temporarily disturbed by seasonal
phenomena such as van'able back-water from tribixtary streams or from the return of
overbank storage, by aquatic vegetation which grows seasonally in the channel or by artificial
control etc. But in this case the directly proportional relationship is observed after the
disturbing phenomenon expires. Directly proportional stage-discharge relationship is
graphically expressed by one curve.

According to the duration of validity of directly proportional stage-discharge
relationship it éan be divided into two types:
; a. Temporary stage-discharge relation
b. Long-term stage-discharge relation

“Ternporary stage-discharge relation is one which valid not more than 1% to 2 years. Long-

term stage-discharge relation valid for longer period,

10




2.3.2 Looped Rating Curve
During flood stage-discharge relation curve is established, by one for the rise and
another for the recession of the flood. Then these two curves togetherly form a curve which

is called loop curve.

If discharge versus water level plotted in normal scale the curve shows rise of the
flood on the right part of the flood loop and fall of the flood on the left part of the loop
and in most cases depth souriding data show no bottom deformations. In other words it
means that cross-section areas data versus _Water level plotting show directly proportional

relationship.

Flood loops are characteristic for long stretches of rivers haﬁng rnio considerable
tributaries, Considerable quantity of tributary water eliminates flood loop existence. Another
condition for flood iOOp existence is a small water slope. That is why loops are never
observed in mountainous rivers and in minor plain rivers. The rate of water level variations
(ie. rise and fall) is also of importance for flood loop existence. When rate of water level

change is great, a flood loop may appear even in medium size of rivers.

Generally in a single peak flood, the loop would be of the shape shown in Fig, 2.1.
In the lower part of the loop the two branches join together and form one curve which is
the lower part of the steady flow regime curve (directly proportional relationship). Steady
flow regime is such that the discharge and water level changes gradually that would not
cause the difference of water slope during the rise and the fall of the flood. Relationship of
such regime is shown in Fig. 2.1 by dotted line.

The point of departure from the stability regime curve indicates the starting of rise
of the flood and the point of departure from the recession curve indicates the end of
fecession flood. In upper part of the rising and falling curve should be joined ‘by smoothly
rounding off. The highest point of the Joop, the point of conjugation Is situated on the
steady flow regime curve, which is important for extrapolation of loop rating curve, The
point of maximum discharge should be situated on the rising curve, a little lower from the
highest water level. The time of maximum discharge occurs before the time of attaining
maximum water level. When the loop is not wide then maximum discharge may coincide with
the highest water level,

11
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2.4

Each separate flood or each wave of multi-peak flood is correspond to its own

independent loop like rating curve as shown in Fig. 2.2.

The deviation of the rising curve towards the abscissa from the steady flow regime
curve would generally depend on the intensity of change of water level with time i.e, h/t.
The value of h/t, can be estimated by the incIination angle of the line of rise or fall on the
hydrograph. The steeper the line of the hydrograph, the more the loop curve deviates from
the steady flow regime curve as shown in Fig. 2.2. With the consideration of the range of
water level for flood I, the rise of flood I is more intensive than the rise of flood 11, and the
fall is less intensive. Accordingly the branches of the loop of flood I are situated more to
the right from the branches of the loop of flood 1I.

When channel deformation or backwater takes place, the curves of steady flow
regime for different floods may have different positions and the positions of the loop
branches may not be depend on the change of water level intensity. Fig. 2.2 shows flood
loop for different floods.

Component Rating Curve

| One part of rating curve constituting a single variable directly proportional
relationship and another part constituting an unstable relationship are called component
rating curve, '

Factors Affecting Stage-Discharge Relation

The stability or lack of stability of stage-discharge relation at the site of a gauge
station is mainly related to the natural conﬁguratiori of river, vegetal cover of river bed ahd
bank and overflow area at upstream and downstream from the gauge. These characteristics
collectively constitute the factors which deterrmine the stage-discharge relation. The principal
features which control the stage-discharge relation are: (a) scour and fill in unstable
channel,(b) changing channel configuration,(c) aguatic vegetation, (d) back-water, (e) rapidily

changi_ng discharge,(f) variable channel storage and {g) ice.

(8). Scour and fill in unstable channel. In fixed channel well-defined stage—dischar_ge
relationship can be developed that shows minor shifting. An alluvial channel is one where

_the bed is composed of unconsolidated silts, sands and gravels. So instability mainly occurs
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Fig. 2.1 Scheme of a single peak flood

Source: UNDP Hydrological Survey Project,UN-DTCD
BGD 727008 Manual of data brocessing, 1982,
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Fig. 2.2 FPlood loop for multi peak

Source: UNDP Hydrologiecal Survey Project,UN-DTCD
BGD 727008 Manual of data pProcessing,1982.
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in alluvial channel. Because of changing configuration of the channel bed, stage-~discharge
relations in alluvial channels are continually changing with time. These changes cause the
change of shape and position of stage-discharge relation from time to time and from flood
to flood, Fig. 2.3(a) shows the stage-discharge relation for an alluvial channel for North
Platte river Torrington Wyo. Two curves have been drawn to define the limits of the stage-
discharge relation as determined by measurements made over a period of approximately ten

years.

The manner in which the stage-discharge relation for an alluvial stream varies is not
completely understood. It is assumed that it shifts between two limiting curves which

converge at high stage.

(b). Changing channel configuration. Channel configuration may change as the result
of its modification by dredging, the construction of bﬁdges, or the encroachment of phreatic
vegetation, Fig. 2.3(b) shows an example of the effects of channel dredging. This channel’
was cleaned in 1949, at which time the stage-discharge relation moved from curve 1 to curve
2. Following this work, the channel began to fill and to become obstructed by the regrowth
of vegetation along its banks. The relation has been moving progressively back toward the
original condition, having reached curve 3 by 1960. The dashed curve 4 represents a
temporary condition, when ice jams downstream from the hygrometric station caused
backwater. '

(c). Aquatic vegetation. The effect of the growih of aquatic vegetation is to reduce
the channel cross-section -and increase the roughness, so it decreases the conveyance,
thereby increasing the stage from vegetation free condition for a given discharge. Under
vegetation condition, stage-discharge curve deflects to the left of the stage-discharge relation
curve of vegetation free condition. When vegetation dies, the curve moves to the right of
vegetation growth curve. It should be mentioned that with the increases of discharge,

influences of aquatic vegetation will be less . So in large rivers it is negligible,

(d). Backwater. If variable backwater or highly unsteady flow occurs at a gauging
station, a single-valued stage-discharge relation does not exist. A third variable, fall or rate
of change of stage (also slope, or rate of change of discharge may be used) will have to be

included in order to define the discharge rating. This condition is produced when the
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normal water surface slope is decreased as the result of the normal sta;gel being incieased at
sofne point downstream. Backwater is caused by constriction such as narrow reaches of a
stream channel or artificial structures such as dams or bridges. If the backwater from fixed
obstructions is always the same at a given stage, the discharge rating is a function of stage
only.

The effect of backwater is determined by introducing the fall through a reach of
channel downstream from the hydrometric station as a third variable. This is graphically
incorporated into a three diménsiona.l stage—fall-discharge relation. Stage~fall-discharge
rating is established from observation of (a) stage at a base gauge, (b) the fall of water
surface between the base gauge and an auxiliary gauge downstream and (c) the discharge.

If stage-fall-discharge is affected by the variable backwater in all stages then
correction is applied by constant-fall method. When the relation is affected only when the
stage rises above a particular value the normal-fall method is applied.

The effect of stage-discharge relation by variable backwater nearly uniform channel,
it is seen that with the increase of fall the curve is shifted toward right,

Al some stations a simple single-gauge rating is applicable at low discharge when the
" surface slope is comparatively steep, while at higher discharges when the slope becomes
more flat the discharge is affected by variable backwater. Critical values of the fall dividing
these two regions are termed the normal-fall. When the points at which backwater has no
effect will group to the extreme right.

(¢). Rapidly changing discharge. If the djsqharge changes rapidly during a
measurement, the slope of the water surface will be either greater or less than that for a
constant stage, depending on whether the discharge is increasing or decreasing. Where slope
is very flat the stage- discharge relation is frequently affected by the superimposed slope of
the rising and falling limb of a passing flood wave. During the rising stage the discharge is
greater than that for the same stage at steady flow conditions. Similarly for any given gauge

height discharge is less than that for the steady flow conditions. So stage- discharge relation
form a loop.




2.5

(f). Variable channel storage. Some streams occupy relatively small channels during
low flows, but overflow onto wide flood plains during high discharges, On the rising stage
the flow away from the stream causes a steeper slope than that for a constant discharge and
produceq a highly vanable discharges with dmtance along the channel After passage of the
flood crest, the water reenters the stream and again causes an unsteady flow, together with
a stream slope less than that for constant discharge. The effect on the stage-discharge
relation is to produce what is called a- loop rating for each flood. This is illustrated by Fig.
2.3(c).

(g). Ice. Ice in a stream cross-section increases wetted perimeter greatly and the
resistance to flow also increases and the reduces cross-sectional area, thus the stage for a
given discharge is increased. The effect of ice formation and thawing is very complex and
the temporal stage-discharge relation can only be determined by a series of discharge
measurements, using stage, temperature and precipitation records as a guide for interpolation

between measurements.

Theory of the Logarithmic Rating Curve

The Chezy uniform flow formula is
Vv=C/RS

in Which Vis the mean velocity, Cis a factor of flow resistance, R the hydraulic radius and
S the slope of the energy line, '
Discharge is given by

Q= AV-AC\/_S—AC‘[ ] 2

in which Qis the discharge', A the cross-sectional area and P is the wetted perimeter.

For rectangular cross—section

A=WD, P=w+2D, R=_D_,
. W+2D
. 1 2y 3
- or CWD = cws2 —_] 2
. o=owp[ M5 LS

in which Wis the width and D the water depth.
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source: Chow,V.T,Hand book of Hydrology, 1964 .
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For a very wide channel, (W+2D) is approximately equal to W, Hence the equation

becomes
Q= cws o
= kot | (2.1)
where K= cwgh is a constant.

D = effective head or depth to zero ﬂow.
For gauge height 4 and for gauge reading at zero flow & eqn (2.1) can be written as
Q= K (o) | @
Similarly it can be shown for section of other shapes
0= Kh a)(mu/z
Where m = 1 for rectangular section
| = 3/2 for a concave section of parabolic shape

= 2 for a triangular section

The general equation re]'ating stage with discharge is therefore as follows:
Q=K (hra) (2.3)
For very wide streams where W= W+2D; eqn (2.1) is valid and exponent 1 is equal
to 3/2. For deep narrow stfeams, where W <<( W2 D), effect of increasing exponent in eqn
(2.1), changes in the factor of flow resistance C and slope S with stage will also affect the
exponent. The net result of all of these factors is that the exponent in eqn (2.3) for relatively
wide rivers with channe] control will generally vary from 1.3 to 1.8. For relatively deep

narrow rivers with sectio'n control, the exponent n will almost always be greater than 2.0 and
may often exceed a value of 3.0.

For very irregular channeis or for non uniform flow, eqn (2.3) cannot be expected
to apply throughout the whole range of stage. Sometimes the curve changes from a parabolic
to complex curve or vice versa. Sometimes the constants and exponents vary throughout the

range.




The logarithmic rating equation is rarely a straight line or a gentle curve for the
entire range in stage at a géuging station. Even if the same channel cross-section is the
control for all stages, a sharp break in the contour of the cross-section causes a break in '
the slope of the rating curve. The constants in eqn {2.3) are related to the physical

characteristics of the contour of channel section.

If the control section changes at various stages, it may be necessary to fit two or
more equations each corresponding to the portion of the range over which the control is

applicable,

If, however, too many changes in the parameters are necéssary in order to define the
relation, then discharge eqn (2.3) may not be suitable and for that case a curve fitted by

visual estimation would be better.

The first derivative of the egn (2.3) is & measure of the change in discharge resulting
from a corresponding changing in stage.

The first derivative is

do/dh = Kn (h-a)"

The second-order differences are obtained by differentiating again.The second
derivative is
| dQ/dr = Kn (1) (0™
jAn examination of the second derivative shows that the second-order differences increase
with stage when 1 is greater than 2 i.e. for section control and decrease with stage when n

is less than 2.0 i.e. for channel control.

2.6 Determination of Stage-Discharge Relationship
Power type equation expressing stagé—discharge relation, as given by egn (2.3) is as
follows: ' _ o
Q= araf (2.3)

Alternatively stage-discharge relation may also be expressed by parabolic functions of the

form :

Q= ap bh-a+ qh-a)t 2.9)




. The relation between stage and discharge is determined by correlating measurements
of discharge with corresponding observations of stage. This correlation may conveniently be
done using least-squares procedure after determining gauge height of effective zero ﬂow.
The steps for determine the gauge height of effective zero flow are described below:

2.6.1 Determination of gauge height of effective zero flow
The gauge height of effective zero flow can be determined by (i) trial and error
procedure or by (ii) graphical procedure.

(i) Trial and error procedure. All measured discharges are plotted against
corresponding stage on log-log paper and a median line is drawn through the scatter data
points, Usually this line will be a curved line. Various trial values of a are assumed,one value .
for each trial is subtracted or added to the gauge heights of the measurement to obtain
values of (h-a). Discharge Q versus (#-a) are then plotted on log-log scale .untii the plot
obtained form a straight line. The trial value forming a straight line is the required value of
a, which is the gauge height of effeétive zero flow. All the plotted data points may be used
in the trial operation, However it is better to use only a few points selected from the median
line first fitted to the points,

(i) Graphical procedure.

(a) A more direct graphical solution for gauge height of zero flow as described'by
Johnson (1952) is illustrated in Fig. 2.4(a). Measured discharges are p]otted. against
corresponding stages on arithmetic paper. A smooth curve is drawn’ through the scatter data
points by visual estimation. Three values of discharge Ql’ @ and Q@ are s-elected on
geometric progression such that QJ2 = Q[ ()2 Let hl' h2 and h] be the gauge heights read
from the curve corresponding to the values of QP ¢ and ()3 respectively. In accordance
with the properties of a straight line oni logarithmic plotted paper.

| (h-a)' = (=) (hy-a) @)

Expansion of term in eqn (2,4) leads to eqn {2.5) which provides a direct solution

for 4

_ Dhyh,-h:
hy+h,~2h,

(2.6)




2.6.2

(b) This method developed by Prof. Running. The method is based on the
assumption that lower portion of the discharge curve containing three points (a, b and c),
all lie on a parabola shown in Fig, 2.4(b).

All discharge measurements are plotted on arithmetical graph paper. An average line
is drawn through the scatter points has resulted in the solid curved line. Three values of
discharge are selected from known portion of the curve, one of these values should be near
the lower end of the curve and the other value should be near the upper end of the curve,
Then the third intermediate value -should be so chosen that all the three values are in
geometrical progression. Let these three values are represented by a, b and ¢ in Fig 2.4(b)
respectively. Vertical lines are drawn through a and b and horizontal lines are drawn through
b and c. So as to intersects the vertical at d and e respectively as shown in Fig 2.4(b). A
straight line is drawn through e and d. Another line is also drawn through a and b (join of
a and b), these two lines intersects at f. This point f represents the elevation of the gauge
height at zero flow. Hence the elevation of the point f is the value of 8, the gauge height
of effective zero flow.

Effect of gauge height of effective zero flow on the shape of mating curve. We
assumed a value of gauge height at zero flow g, by which the established rating curve in
logarithmic paper is linear. If the control is in scour then the value of a décreases, for a
given gauge height (4), the depth (h-a) increases the new rating curve moves to the right
':vilI-no longer be a straight line but will be a curve that is concave downward. If the control
becomes built up by deposition the value of a increases and for a given gauge height, the
depth (h-a) decreases and the new rating curve moves to the left and is no longer linear but
is a curve that is concave upward. |

Determination of Exponent and Co-efficient of Stage-discharge Equation

There are & number of methods available to determine the coefficient and exponent
of power function of the form =o' and parabolic of the form o= a+ bl(fr—a)+ cl(h—a)z
Method of least squares widely used is described below:

Method of Least Squares. This method is consists of estimation of parameters by
fitting a theoretical function to an empirical distribution, or any other empirical curve. The
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sum of square of all deviations of observed points from the fitted function is then minimized

to produce least square.

A function Y = f (X; A B Y ) is to be fitted to data by determining the' best
estimates a, b, ¢, ...., of a, B, ¥ .., the analyt;[ca] method of least squares minimizes the sum
S = Ee-E(Y W= ElY-£(X a8 y...00 (2.6)

in which Xr and Y are coordinates of observed points, a, B and ¥y are replaced by theijr
estimates &, b and ¢, Nis the sample size. To obtain the minimum sum of square of eqn

(2.6), all partial denvatwes of this sum with respect to parameters a, b, ¢, ..... should be zero,

s0 that .
' a2 D\ 2 ' )
8 _ e o R DR (2.7

da da db ob

- These partial derivatives give m equations for the determination of m parameters.

(a) Power Type Stage-discharge Equation. Power type stage—discharge relation is
Q= Qh-a)"The value of a which yields a perfect linear fit js taken as the gauge readmg
at effective zero flow . This a value and corresponding Cand n values define the rating

equatlon The vajueq of Cand nis deterrmned by the method of least squares.
Power type stage-discharge relation Q= Qh-a)" can be written as Q = CFF where
H =(/+-a). This equation can simply be transformed to a linear function by takmg logarlthm'q

so that log Q = log C+ blog H/ Then from eqn (2.6) we can write

5= Xel-F(iog Qrlog Q=X [log Qrlog Crnlog Hyf

= XY(log Q- log C- nlog sz




According to the basic condition of the method of least squares from eqn (2.7)

s __ i ) N
alogc" 22 (logQ;-logC nlogH,) =0
95--2%" logH, (1og0;-1ogC-NLogH,) =0
on i <1 f

These equations can then be written in the following form.
¥y log QJ,-= Nlog &+X log Hz
and Xlog Hlog Q:=1log CX log Hy n¥X log H}
The solution of these equations gives the estimates log aand b which are as follows:

n =¥ ZlogH logp-YlogH YlogQ
N X(logH) 2- (XlogH)?

and log C=(Xlog Q- nX log H)/N
=log Q- Nlog H!-= X (say)
log C=K so C= 10K

Parabolic Stage-Discharge Equation. Parabolic stage-discharge equation
Q= a+ bl(h—a)+ ct(h—zz)2 can be written as Q= a+ b1 H+ g Hz, where (/~a)= H. From the
eqn (3.1) we can write
s=Xel =L (0 O =T1Qr (a+ b Hy o HII
=T (0~ 4= by e HY |
These sum can be minimize_d with respect to al,b1 and ) by taking the partial

derivatives of S with respect to a,bl,‘and ) and setting the resultant equatjon to zero.

gs— =-22(Qi‘al‘b1Hj"C1H_2{) =Q _Qﬁ ="22Hi (Qi_al—blﬂi_clﬂg) =0
--a—'g =“22H§ (Qj_a1_b1Hi-_c1H§) =0
dc, :

These equeations can then be written in the following form known as normal eduations.
EQI= N51+EHI.+ G b H‘,-2
THQ= 4 THyb LH! + ¢ TH)
EH}zH!: 8 EH}-l»bl EH]] +q EH;‘

By solving above three equations the estimates of ay, bl and ¢ can be determined.
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271

Uncertainty in the Stage-Discharge Relation

Populations are rarely known in sciences like hydrology, the population properties
of random variables must be estimated from the available data. Inaccurate, deficient or
biased data are usually always available and population properties must be estimated from
these data by some techniques, -van'ous errors and information losses are represented as
uncertainty are decreased or optimized by obtaining better data and by using better
statistical technique.

Sources of Uncertainties
The sources of uncertainties may be identified by considering a generalized form of
the working equation used for gauging by the velocity area method:

0=L pd. v,

where Q is the total discharge: by d;and 4 are the width, depth and mean velocity of the
water in the th of the m verticals or segments into which the cross-section is divided.
The overall uncertainty in the discharge is then composed of:

a). Uncertainties in widths;

b). Uncertainties in depths;

¢). Uncertainties in determination of loca] point velocities;

d). Uncertainties in the use of the velocity area method.

(a) Uncertainties in Width. The measurement of the width between verticals is
nonnally based on distance measurements from a reference point on the ba.nk If the
determination is based on the use of a tag line or measurement of the movement of the wire
in the case of a trolley suspension, then the uncertainty in the distance measurement is
usually negligible. Where optical means are used to determine the distances, the uncertainty
will depend on the measured distance.

(b) Uncertainties in Depth. The uncertainties in depth shall be determined by the
user, based on the particular method which has been adopted, with due regard to variations -
in water level during the measurement.

(¢) Uncertainties in Determination of Local Point Velocities, These will depend on
the accuracy of the apparatus and the technique employed, and on the irregularity of the
velocity distribution in time and space,
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Random uncertainties in determination of the mean velocity. It is not possible to
predict accurately the uncertainties which may arise, but there are four main sources, the
first arising from the limited time of exposure of the current meter, the second arising from
the use of a limited humber of points in a vertical, the third arising from the uncertainty in -

the current meter rating, and the fourth arising from the use of a limited number of verticals,

(i) Time of Exposure. The velocity of any point in the ¢cross-section is continuously
and randomly Huctuating with time. Hence a single measurement over a period of say 60 sec
is one sample which may differ from that found over a very long period. In practice it is

7 found that time of exposure decreases with an increase in velocity.

(ii) Number of Points in a Vertical, As’a general rule, the uncertainty decreases as
the number of points per vertical increases, It should be noted that, in the case of the
integration method, the measurement is continuous and the two sources of unbertainty, ie.
for the number of points and the determination of local point velocities, cannot be
separated. The integration method is therefore subjected to a single source of uncertainty
only on this account. ' |

(iif) Current Meter Rating. A small uncertainty will arise in the calibration of the
current meter. This will have both a random component and a systematic component, the
former arising from the spread of the calibration points about the line of best fit and the
latter from any systematic shift of that line or systematic error in the rating tank.

' (iv) Number of Vertical. The value of the uncertainty depends not only on the
.number of vertical but also on the size and shape of the channel, the variations in the bed
profile and the horizontaj distribution of the velocity profile. It follows that the value in any
particular channe] will be peculiar to that channel alone. It can only be determined precisely
if the discharge can be measured separately by some more accurate method or if an
extensive investigation of the flow at the cross—section of the channel has already been made
" (Herechy 1978). The uncertainty frohl this cause decreases with an increase in the number
of vertical. ’

(d) Uncertainties in the Use of the Velocity-Area Method, Particularly those
concerned with the number of vertical and the number of points in each vertical. These
uncertainties will also depend on the width of the channel, the ratio of width to depth, and

the method of computation used. _ )




2.7.2 Measurement of Uncertainty

Uncertainty can be measured by the standard error, If we jet ¥ represent the value
of Y for a given values of X as estimated from the equation Y = a+bX. Then a measure of

the scatter about the regression line of Y on X is

o 2
s o |20 ¥-B
¥Y.X N
which js called the standard error of estimated of Y on X. Standard error of estimate can

- be determined in various way are as follows:

(a) The values of Y as estimated from the regression line are given by £ = a+bX. Then

gt o2, (Y- D2 3 (¥-a-bx)?
A N

_ D Y(¥-a-bx) -a¥" (v-a-bx) -bY" x(Y-a-bx)
. N

‘We know Y = a+bX From which we get the normal equations

IY = aN+bEX or, IY-aN-bEX =0

EXY = aZX+bIX! or, IXY - afX - bEX! = 0

But Z(Y-a-bX) = LY-aN-bEX = 0 ‘
£X (Y-a-bX) = IXY - aZX - bzxXl= 0
So we get - T

2 _ Y Y(Y-a-bXx) Y r*-ay" Y-by" xy
Sy"‘.: N ) N

{b) We know equation of linear regression line is
Y = a+bX : (2.8)

Since regression line always pass through the centroid ()?, ?) » S0 Eqn (2.8) can be
written as

Y=a+bX (2.9)
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Eqn (2.8) - e;qn (2.9) gives
($-7) =b(X-X)

Y (2-72=p2Y (x-%)2
We know

N 5x=¥ (x-%)2, N 53=Y (v-7)2
So Standard error of estimate of Y on X is

5., .= M, NS§X=E(Y-—Y)2

Sy, X : N
We know

Total Variation = Unexplained Variation + Explained Variation

2 (¥-T)2=Y (v-0) 24 (-T2

N §2=p St.x*b*Y (X-X)? N S2=N St.x*b, NSz  S2 = (53-b252)

The standard e.rror' of estimate has properties 'analogous to those of standard
deviation. ' If we construct lines parallel to the regression line of Y on X at respective
vertical distances S”, 2SY.X and 3SY.X from it, then we can find if N is large enough, about
68%, 95% and 99.7% of the sample points will be lied between the lines respectively.

We }mowhnearregremonme of Y = a + bx must pass through the centriodal pomt (X Y
it intersects the Y axis at a distance "a” from the origin, and has a slope b. In other words,
there are three known parameters two of which are sufficient to draw the regression line.
With two constraints the number of degrees of freedom lost is two, Therefore if N is the
number of pairs (X Yi) the number of degrees of freedom = N-2
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For degree of freedom v = N - 2. Standard error of estimate of Y, (Se) on X can
be written as

, - 2
(a) Sez Z%

o 5.2 =a¥ v-bY xy
: e N-2

_ (Sy-b2si)y1/2
N-2

() &,

‘Modified standard deviation js § = T\T%S for smali sample, similarly modified

standard error of estimate can be written Sy, x"'\‘ 1—;:—;‘—3?. x - S0 modified form of derived

last standard error of estimate can be written as

s;[(%’:—;:) (82-b252) ] 1/2

Power type equation of stage-discharge relation is Q = A#-8" To linearize this
taking logarithm on both sides gives, log Q =log C+ p log (h-a) which is similar to the
equation, Y = A+BX where Y = log O A=log Cand X = log (h-a).

For power type equation standard errors of estimate derived before can be written

as follows:

O-logg,)
N-2

(@) S,(log,p) =\j (1og

_ 2. (1090)2-1ogc¥® logQ-bY" log (h-a)logp
(b)  S.{log,0) = | N1

(¢) Se(logeQ) = [—EI—NV-:—;% (Sfogo-b Slzog(b-a)] L2
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Standard error of estimate 5,(Q) as percentage can be determined provided g
logarithmic distribution is used to establish the rating equation ag follows:

E( Q“Qc

x100)?

S, (0) = 1 [""“7;'_—-2-——-—-—]

where QC, the calculated discharge from rating curve,

1
2

Reliability of the Stage—Discharge Curve

The stage~-discharge curve obtained- from the observed stages and discharges gives
the mean relationship between stage and discharge. Thus, the deviation of a measured
discharges from the stage-discharge curve, within the limits of reliability of the curve gives
(or signify} an estimate of the observational error,

coneepts: 7
1. Acceptzince limits for the discharge observations
2. Confidence limits of the Stage-discharge curve.

mean and is a measure of the degree of Scatter or dispersion of observed values around thejr
arithmetic mean. It is one of the important statistical measures, The basic assumptions for
a valid estimation of the standard deviation (i.e. the Standard deviation of the error of the

. Observation) are that the error of the observation be normally distributed and independent,

Usually sufficient humber of observations are not availabje for making valid estimates of the
standard deviation over the range of stage. Ags the errors are known to be proportional to

discharge over 3 range having same control, a pooled estimate of the percentage of standard
deviation is used. '




Percentage of standard deviation may be caleulated from the percentage deviations
of discharge taking all the observations tlogether are as follows.

(Qo_bs"Qc) x100

P= %
L
(P-P)?
S = —_—
b N-1

Where, P = percentage deviation

P = mean percentage deviation

Qs = Observed discharge

Q, = discharge estimated by rating curve

SD = percentage standard deviation

N = number of discharge measurements. _
A pair of curves, one each 'sides at & distance of twice the standard deviation form the stage-
discharge curve is called the control curves and defines the 95% acceptance limits of the
discharges at the corresponding stages. On an average, in 19 out of every 20 measurements,
results shpuld be within these limits. Any point lying beyond the limit of 3 times the
standard deviation can be regarded as the result of faulty measurement. In those cases where
more than one consecutive point, either chronologically or over a range of stage, appear to
be well on one side of one of the limits, of two standard deviation where this occurs, a
change of the stage-discharge curve is probable. Which means that the calibration of the
station has to be repeated, or a different stage-discharge curve is required due to a shift in .
control, )

2.8.2 Ninety five percent confidence limits of stage-discharge Curve
The standard error of estimate Se( &) of the stage-discharge relation may be
determined by the article 2.7.2. The uncertainty in Qin power type equation like Q= (h-a)?
with N number of observations is expressed as a percentage is given by
X t5,(0) (L (log,(h-a) ~Tog, (B-a))? ] %moo
N ¥Y(log,(h-a) -Tog, (h-ay)*

where t = student “t” correction at the 95 percent confidence level for N gauging X Ois also

referred to as 95% confidence limit of Q or as standard error of the mean relation Sy Srzzr




2.8.3

at each observation of (h-g) is calculated and the limit will be curve one each side of the

stage discharge re]au’on and shall be minimum at the mean i.e, at ' Tog(h-ay . Standard

ts
error of mean relation at the mean is calculated by Spe= ——d-{‘l)—

VN

Points at a distance of twice the standard error (Sszon either side of the stage-
discharge curve, the pair of curves are called the 95% confidence limits. These limit define
the band-width for which there is a probability of 95% that the true curve lies wnhm these

limit.

Tests for absence from bias and goodness of fit

The tests enumerated below may be applied to portions of curves, each individual
portion being tested for bias separately,

Absence from Bias (signs). The number of positive and negative deviations of the

- observed values from the stage-discharge curve drawn by visual estimation shall be evenly

distributed, i.e. the difference in number between the two shall not be more than can be
explained by chance fluctuations. '

The test is applied to find out if the curve has been drawn in a sufficiently balanced
manner so that the two sets of discharge values, observed and estimated (from the curve),
may be reasonably supposed to represent the same population. This is a very simple test
and can be performed by counting the observed points falling on either side of the curve.
If Q;- is the observed value and @, the estimated value, then Q- ¢, should have an equal
chance of being positive or negative. In other words, the probability of Qf - Qc being_ positive
is 1/2. Hence, assuming the successjve signs to be independent of each other, the sequernce
of the differences may be considered as distributed according to the binomial law (p + q)hf




where N is the number of observations, and p and g, the probabilities of occurrence of

positive and negative values, are 1/2 each. The statistic ¢

tz_l‘_n_Npl_-O > 5‘
vNpg

= Number of observations

N

n = Number of positive signs

p = Probability of sign being positive
q = Probability of sign being negative
Np = Expected number of positive signs
*  continmility correction.

This value of ¢ is tested with the percentage of significant level,

Absence from Bias (values). This test is carred out to determine whether a
particular stage-discharge curve, on average, yields significant under-estimates or over-
estimates as compared to the actual observations on which it is based, The percentage

differences,

(0,-0,) x100
=P
Qc

are worked out and averaged (P) . If there are N observations and ' PZ"'PI"PN are the
percentage differences, and if P is the average of these differences, the standard error Se
of P is given by:

S =J E (P.I_p) 2
e N(N-1)

The average percentage P is tested against its standard error to see if it is
significantly different from zero.

34




The percentage differences have been taken as they are somewhat independent of
the discharge volume and are approximately normally distributed about a zero mean value
for an unbiased curve. The statistic ¢

t:—la._
S

Where

P = Average of percentage differences

S Standard error of P
This value of tis tested with the percentage of s1gmﬁcant level.

~ Goodness of Fit. This test is carried out for long runs of positive and negative
deviations of the observed values from the stage-discharge curve. This test is designed to

ensure a balanced fit in reference to the deviations over different stages.

This test is based on the number of changes of sign in the series of deviations
. (observed value minus expected value). Write down the signs of deviations in djs-charge
measurements in ascending order of stage, and, starting from the second sign of the series,
write under each 0 of the sign agrees or I if it does not agree with the sign immediately
preceding. For examble:

+ - + + + - - + 4

11001010
if there are N observations in the original series, there will be (N~ 1) numbers in the derived
series 11001010.,.....

If the observed values could be regarded as arising from random fluctuations about
the values estimated from the curve, the probability of a change in sign could be taken to
be 1/2. It should be noted that this assumes that the estimated value is a median rather than
a mean. If N is fairly large (say 25 or more) a practical criterion may be obtained by
assuming successive signs to be independent (i.e. by assuming that they arise only from

random fluctuations), so that the number of “1” (or "¢ s) in the derived sequence of
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(N - 1) members may be judged as g binomial variable with parameters (N-1)yand 1/2. ‘
The statistic ¢

g=18-(N-1)pl-0.5

vI{N-IYpg

Where
N = Number of observations
n = Number of changes in signs
Jo, = Probability of changes in sign
q = Probability no changes in sign
(N-1) p = Expected number of changes in sign.

This value of ¢is tested with the percentage of significant level.

Further, for goodness of fit, the standard deviation of the percentage deviations
should be as low as possible, consistent with,thc_e smoothness of curve. No simple test s

permanent but vary from time to time,either gradually or abruptly, because of changes in

the physical features that form the control for the station.

The stage-discharge relation usually changes with time either gradually or abruptly:

due to scour and silting. Once a gauging station hag




curve has been drawn it is required to keep a careful watch to ascertain weather subsequent
check gauging indicate any departure from the established relationship.

Changes in bed conditions over a long time may be detected from a study of the
~ specific Stage-discharge curves. In this method the observed stages with respect to specific
discharges are plotted against time for a number of yefu"s. if the stage for the same discharge
plot more or less horizontally with reasonable degree of scatter, then the channel may be
taken as fairly stable, and it may be assumed that there no significant changes with time in
the bed condition on account of erosion or silting action. For making adjusﬁnent for shifting
control the Stout Method is commonly used,

The Stout Method. In this method, the gauge height corresponding to discharge
measurements taken at intervals are correctéd so that the discharge values obtained from the
established rating curve may be same as the measured values. From the plot of these
corrections against the chronological dates of measurements, a gauge height correction curve
is made. Corrections from this curve are applied to the recorded gauge heights for the
intervening days between the discharge measurements, L

A staff gauge is established at the best available site on the river and reading taken
at appropriate intervals say once a day. Discharge measurements are made as often as ornce
or twice a week

The measured discharge are plotted against observed gauge height on ordinary scale
and a median curve is fitted to the points. Most of the subsequent discharge measurements
will deviate from the established curve. For points lying above the curve,a small height

A h,is subtracted from the observed gauge height in order to make these points lie on
the curve.That IS, minus corrections are applied to all points above the curve, plus
corrections are applied to boints lying below the curve (Fig.2.5).

Next, a correction graph is made as shown in Fig.2.5, the plus and minus corrections
are plotted on the date of measurements and the points connected by straight lines or a

smooth curve. Gange height cotrections for each day are obtained directly from this
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FPig. 2.5 fThe stout method for correcting stage reading when
control isg shifting.

Source: Herschy W.Reginal, Strean flow Measurement, 1985,
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corrections graph. The parts of the graph below the abscissa axis give minus corrections and
the parts above give plus correctjons,

Discharge Rating in Sandy-streams

In alluvial sand-bed streams, the stage~-discharge relation usually changes with time,
either gradually or abxuptly, due to scour and silting in the channel and because of moving
sand dunes and bars. These variations cause the change the shape and position of stage-
discharge relation with both time and magnitude of flow and also from flood to flood.

Mean depth-discharge Relations

A plot of stage against discharge in sandy stream often gives indistinct hydraulic
reiationship. ’fhus hydraulic relatjon between stage discharge is indeterminate. This is
because neither the bottom nor the sides of these streams are fixed. Plot of stage against
discharge relation for Huerfano River near Undercliffe, Colorado for 1941 and 1942 is shown
in Fig. 2.6. The relation between stage and discharge is indeterminate.

The effect of variation in bottom elevation is eliminated by replacing stage by
hydraulic radius or mean depth for wide channel. Determination of the elevation of zero flow
Is difficult. So determination of the elevation of zero flow can be avoided if one use
hydraulic radius or mean depth in case of wide channel instead of stage. So atternpted can

be made to correlate hydraulic radius or mean depth with discharge,
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Fig. 2.6 Stage-discharge relation for Huerfano River near
Undercliffe, Colo. from Dawdy (1961) .
Source: WMO,Operational Hydrolegy, 1980.
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Chapter 3 _
STAGE-DISCHARGE MEASUREMENT IN BAN GLADESH

General

The Directorate of Surface Water Hydrology-1 of Bangladesh Water Development
Board (BWDB) is the primary organization which collects stage and discharge data.
Bangladesh Inland Water Transport Authority (BIWTA} also collects stage. Besides SWMC
(Surface Water Modelling Center), RRI (River Research Institute), FAP-3 (Flood Action
Flan) are collecting stage and discharge data through BWDB in the recent years.

Stage Measurement

The stage of a stream is the height of the water surface above an established datum
plane, Stage's are measured by systematic observations of non-recording andrrecording
gauge. Generally non-recording gauges are used. Most gauges are vertical wooden staff
graduated meter and centimeters. For recording gauges Steven’s auto water level recorders
of float type whose tape is graduated in centimeter and meter and water level recorded on
a continuous trip chart are used. For nontidal, flushy and hilly river mean daily water leve]
obtained by averaging the water levels at 0600, 0900, 1200, 1500 and 1800 hrs. For tidal
stations time and heights of high and low water levels are measured. All water levels are

made with the reference from P.W.D. datum.

Gauges are secured to bridges, piers or any other fixed structures where available,
On account of shoaling on unstable bank the gauges are fixed with a temporary pﬂe driven
in the bed of the river to ensure a good stability. In these case gauge is shifted with the rise
and fall of water levels which required resurvey of the gauge zero. Normal procedure is to
SUrvey gauge zero at every month or immediately after shifting or any disturbance. In some
river where a good number water leve] stations are available, consistency of upstream and
downstream data are tested. All collected water levels are send to the surface water
Hydrology-1II, where data are scrutinized, analyzed, complied and finally stored for future

requirements when necessary.

Discharge Measurement
Discharge measurement requires the determination of the cross-sectional area of a

stream and a sufficient number of velotity measurements across the section to permit the
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determination of the average velocity. BWDB uses velocity area method to .determine

discharge and cross-section measured by mean-depths method.

To measure velocity two types of current meters are used. The WATT bucket type
and the AOTT's propeller type. WAT’f's bucket type current meter are used in small rivers
and AOTTs propeller type are used in major rivers. Launches and catamarans are used as
a gauging crafts on major rivers. These are specially equipped with hydrological winches,
ECO-sounders etc. On small river observations are taken from bridges, country boats.
Number of pockets depends on the width of the river, In flow measurement the width of the
stream is generally divided into twenty of more segments of approximately equal cross-
sectional area, such that discharge passing through any two vertical doesn't exceeds 10% of
the total flow. Sometimes more than 100 verticals are taken for discharge measurement in
large river. Water Depth at each vertical is taken with the help of wading rod, gauging real
or by sounding. Two points method is used to calculate velocity, one at 0.2 and other at 0.8
of water depth. Where single observation is made, O.6 of water depth is considered.

Discharges are measured seasonally or continuously and. generaily weakly or
fortnightly. Discharge stations under tida] influence (during dry period) are generally gauged
during monsoon only when their effects are complietely subdued by the fresh water floods.
In spite of considerable tidal influence discharge measurement {n some stations are taken

round all the year e.g. Bhagyakul.

Stage Discharge Relationship
Bangladesh Water Development Board (BWDB) follows hydrological vear starting

from 1st April to 31st March of the next calendar vear. Stage-discharge relationship is

developed in each year at each station. Stage-discharge relation is expressed by power
relation of the form Q = C (h-8)". The gauge height corresponding to zero flow a is
determined graphically by plotting log @ and log (#-a) for different assumed values of g, till

- 0 straight line is obtained, After determining gauge height of effective zero flow, regression

analysis is done to relate stage with discharge by the method of least squares, 'Usua]]y co-
efficient of correlation and percentage of ‘errors of rating are determined. One curve is

generally developed for the whole range of water levels, two curves where necessary. Stage-

discharge relation is developed in each year at each station. Stage and discharge
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measurements are plotted on a log-log paper with stage along ordinate and discharge along

abscissa.

All the discharge and water level measurements carried out from 1966 to 1990 ét
Bahadurabad and Hérdange Bridge leading to a rating curves plotted during a study carried
under the Flood Action Plan (FAP 25 ,1993) which is shown in Fig. 3.1. They observed a
considerable scatter. This scatter may be partly due to change in the physical systems such
as erosion, aggravation and moving bed forms and partly as a result of random or systematic
errors in discharge measurement, They found looped effects due to varying water surface
slopes during rising and receding part of the flood are not significant.

The study also developed a set of new annual rating curves for Bashadurabad.
Hardinge Bridge and Baruria from 1985 to 1989 (FAP 25,1993). Each annual rating curve
has fitted with two or three-steps power function of equation Q = C (h-8)". They found
extrapolation at Hardinage Bridge is easy most of the time because highest discharge
measurement is close to the ‘highest observed water level in a particular vear. At
Bahadurabad and Baruia extrapolation are done by considering rating curve slopes. Rating
curves are shown in Fig. 3.2, 3.3 and 3.4 for Bahadurabad, Hardinage Bridge and Baruria
respectively for the 1985 to 1989. In general the new rating curves are not much more
different from BWDB derived rating curves,

Rating curve on.secondary stations such as Kanaighat, Jaria Jhangail, Kaunia and
Mohadebpur has also been computed (FAP 25,1993). They compute rating curves on Atrai
river for the station Mohadebpur from 1965 to 1973 and 1975, and found one step function.

Discussion

Generally BWDB developed rating curve yeaﬂy, based on the total number of
discharge measurements at each station in the hydrologic year and also includes some values
from the previous and the following vyear for consistency purposes. Sometimes a few
discharge measurements are omitted without having any reasonable justification, for gefting _
better correlation between stage and discharge. Usually co-efficient of correlations and

percentage of ervors of rating are determined. No test for absence of bias and goodness of

fit of stage-discharge relationship is done for éhecking reliability,
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Chapter 4
DATA COLLECTION AND ANALYSIS

The objective of this study is to investigate the stage- discharge relationship of Atrai
river.This is a long river and it initially enters into the territory of Bangladesh at Panchagarh
with the name Koratoya and at further downstream it is renamed as Atraj near Khanshama
Thana of Dinajpur. For the present analysis, the river has been divided into two reaches viz,
upper and lower Atrai. The upper Atrai is considered to extend from Panchagarh to
Dinajpur before entering into India. The lower Atrai is considered where it reenters into
Bangladesh from N aogaon, upto its outfalls at Hurasagar. Two gauge and discharge stations
were selected in each of the upper and lower reaches. The names of the gauging stations are
Panchagarh and Bushirbandar in the upper reach and Mohadebpur and Atraj on the lower
reach. Data for the 1981-90 period for each of the four gauging stations were used in this
study.

Source of Data

For the analysis of stage-discharge relationship four discharge stations of Atrai river
were selected. As mentioned before these gauging stations are located at Panchagarh,
Bushirbandar, Mohadebpur and Atrai. All informations such as date, mean vefocxty, width
and discharge were coliected from the Directorate of Surface Water Hydrology-2 under

Bangladesh Water Development Board.

Choice of Time Period

Hydrological year in Bangladesh is considered from 1st April to 31st March of the
next calendar year. This is probably done to ensure continuous record through both
monsoon and dry season. All ana]yses of this study were performéd on the basis of

hydrological year.

Choice of Data

Stage~discharge data for the period from 1981 to 1990 were collected from BWDB,
Data were compiled and consistency was checked. As mentioned in Sectlon 2.8.1 ) any data
point lying beyond the limit three times the standard deviation was not taken into

consideration in the development of stage- discharge relations.
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4.5

4.6

4.7

Method of Analysis

Steps of analysis performed in thig study are succinctly described below:
The analysis consists of two parts: (i) development of rating curve for each vear of

record and each of four selected stations, and (ii) tests for absence from bias and goodness
of fit,

Development of stage-discharge and mean depthwdischarge relationship
Two types of rating curves were developed by fitting (i} power type functions and (ii)
relations were developed.

Tests for absence from bias and goodness of fit

Two tests for absence from bias as described in Section 2.8.3 were employved here.

Goodness of fit of the rating curves were examined by the method as described in

Section 2.8.3

Comparison between Stage—discharge Power Type and Parabolic Relationship
Power type and parabolic Stage-discharge relationship were tompared using the co-
efficient of correlations and standard deviations.

Graphical Comparison of the Stage-discharge Curves of Different Stations
Stage-discharge turves of different stations for the same year were compared

graphically to study, if there is any systematic trend in ijts shape |,

Graphical Comparisons of the Stage;discharge curves by Years

Stage-discharge curves of different years on each station were investigated graphically
to study the stability of the relationship,
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Comparison of Rating curve between Established curves and BWDB Curves.
For comparing stage-discharge relationships  with BWDB, the coefficients of

correlation and standard eITors of mean relation at mean were: compared,

.Comparison of Stage-discharge with Mean Depth-discharge Relationships

Power type and parabolic relationships of stage-discharge were compared with mean

depth-discharge relation to see whether mean depth~discharge relation is more suitable than

stage-discharge relation,
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5.2

Chapter 5
RESULTS AND DISCUSSIONS

A succession of analysis, as outlined in Chapter 4 was performed using spread sheet
on micro-computer. In thisg chapter the results are bresented and discussed, _

Stage-discharge Relaﬁonslﬁb of Atrai River
Two types of equations were selected for establishing Stage~discharge relation
(i) Power type and (ij) Parabolic, _

Tests for absence from biag and goodness of fit

Two types of tests were performed to judge the suitability of each ratﬁlg'curve
developed above, These are (i) test for absence from bias (signs), (ii) test for absence from
bias (values) and (iif) test for goodness of fit, Summary of these tests are presented in Table
3.2. The detaj tesf: results are given in Appendix A, Tabje 5 to 32,

Selection of Type of Relation
Comparison of bower type and parabolic stage—discharge relationships are presented
in Table 5.3(a) to 3.3(d) for Panchagarh, Bushjrbandar, Mohadebpur and Atraj respectively,

co'mpqring the suitability of the différent type of equations. In mogt Cases, co-efficients of
correlation were found hearly equal in both the relations. So correlation co-efficients are not

strictly comparable,




Table 5.1 summary of Power and Parabolijc Stage—discharge Relations of
Atrai River at different stations. -

Power Bquation = Clh-g)® Parabolic Bqualion (= apt bI(h—aH cl[h-a}2

Station Year Pover Bquation Psrabolic Bquatien
C n Coefficient 3y bI oy Coefficient
of of
correlation correlation
Fanchagar 1981-82 23.5698 | 2.9200 0.9861 75,1855 =167.156 11,4455 0.9647
o8-8 18,8212 1§ 2.9113 0.7829 B0, 4262 162,143 | 97,0804 0.9801
§3-54 0.4277 | 47544 0.9432 135,10 -152.92% 45,5048 0.9434
84-85 34,5965 11,1113 0,9449 10,6757 -9.1584 55,6853 0.9411
86-47 327867 | 1.3569 0.9760 $.0222 36.0859 3.2853 0.9872
§7-83 5.8364 | 3.7535 0.9849 96,6560 -171.752 83,2177 0.9811
88-39 30.1003 | 2,598y 0.9892 6.8212 -33.515 59.6251 0.9956
85-90 23.3599 | 2.391m 0.479 8.5773 -31,765 51,1971 m9%34ﬁ_
Bushirbandar 1982-82 10.0308 | 3.0446 0.9368 18,7864 502705 ] 45,0997 0.9767
§3-84 15,7207 | 2.9685 0.9907 4,452 -41.8829 | 59,4267 0.989]
34-45 39.4685 | 7,3439 0.9868 b.4469 35,9803 | 62,5047 0.9822
, 85-86 32,7252 1 2,030 | ¢.9909 11,9526 36,0885 | 36.5842 0.9961
' 86-27 14.2364 | 3.0442 0.9941 37.9169 -89.8718 | 65,8904 0.9889
87-58 240260 | 2.6068 0.9902 2.3564 35,1549 | 57,5796 0.9955
88-89 545144 12,3446 ¢.9846 18,9335 ©38.9335 | 51,9875 0.997%
89-90 89.9727 | 2.0459 0.9941 14,5633 32,6343 | 63,7219 0.9946
Nohedebpur 19681-82 30,4554 | 1.8626 £.9923 12,2417 20,7407 | 19,5675 9.9990
82-83 9.5583 [ 2.3843 0.9802 32,7524 19,3297 | 31.9982 0.9940
-84 6.3598 | 2.5608 9,997 17,1382 -4.500% ) 17,4900 0.9947
B4-45 5. 2459 1 2.6898 ¢, 9717 13.0106 “26.7716 1 20,247 0,919
15-8¢6 23,6218 [ 1.9885 0.9919 §.2574 11,7084 | 23,2012 0.9935
86-47 14,7546 | 2,661 0.9984 §.8945 -3.4649 | 25,6454 ¢, 9969
87-89 42281 | 2.7348 0.9801 115,403 -117.079 REIEV]) 0.9935
88-89 2.7397 | 2.0536 0,9981 21,6203 26,8731 19,8730 0,948
89-90iat | 37.0747 1.7314 0.998 11,6201 45,251 14,8263 0,984
89-90(b) | 13.7817 2.5458 0,998 38.9886 -65.7629 | 43.181 0.9%7
Atrei 1981-62 1 9,315 2.3052 - 0.9878 37,5794 -69.07%4 | 27.6624 6.9874
82-83 0.0908 | ¢.3016 0.9742 206,644 131,117 23,4515 0.9929
§3-84 G.3207 | 3.6528 ¢.9814 218.3011 144,63 24,3641 0.9881
84-85 1 0.1359 4,0984 0.9940 272.645 -176.561 28,0266 0.9591
85-86 0.3542 | 3.6434 0.96%6 229.2407 -158.414 27,1339 0.9324
87-08 3.0419 ( 2.8821 0.9801 90.869 91,7635 | 27.6701 0.9944
89-90 0.648% | 3.4679 0.988 89.7271 -85.5197 | 21.1358 0.9751




Table 5.2 summary of Test Results of Bias and Goodness of Fit of
Power and Parabolic Stage-discharge Relations of Atrai River,

Station

Year

Power FRquation

Fargholic Bquatiorn ]

Test of Blas

Signs Values

Test of
Goodness of
Pit

Test of Blas

lSiqns Values

Test of
Goodness of
Fit

Panchagar

1981-82
§2-83
83-84
84-85
§6-47
§7-88
88-49

§9-90 .

+ o e e e e
+ e - o 4 g

+ 4+ e 4

Rl I T
e R o, ™ Sl

Buskirbandar

19§2-83
§3-84
§4-95
83-86
86-87
§7-88
88-49
§9-90-

Bl ol R T I

e T S

i T S U
i S R S

Kehadebpur

1981-47
B2-82
§3-84
B4-85
§5-86
86-87
87-85
8689 .

§9-90(a)

§9-90(b)

++++++++++
e N T T

Atrai .

1981-82
82-83
f3-94
f4-85
£3-96
§7-80
£9-90

A e S I S S
e R . S

+ e e e e e
Rl S R

Note; +

- Rejected at 5% significance

Accepted at 5% significance

level
level




Table 5.3(a)
Relations of Atraij river

Comparison

of Stage-dischar
at Panchagarh

ge of Power and Parabholic

Year Coefficient of Standard deviation
correlation (8,)
Power Parabolic Power Parabolic
1981-82 0.9861 0.9647 19,512 19.621
82-83 0.7829 0.9801 17.594 6.858
83-84 0.9432 0.9434 13.263 " 14.551
84-85 0.9449 0.9411 16.251 11.242
86-87 0.976 0.9872 4.207 3.711
87-88 0.9849 0.9811 7.7258 8.169
88-89 0.9892 0.998¢6 7.0308 3.569
89~90 0.979 0.9853 8.65 8.660

SQ = Standardrdeviation of 0 values around established rating curve.

Table 5.3(b) Comparison of StagehDischarge of Power and Parabolic
Relations of Atrai River at Bushirbandar

Year Coefficient of Standard deviation
correlation (S,) '
Power Parabolic Power Parabolic
1982-83 0.9368 0.9767 15.980 15.340

83-84 0.9907 0.989] 36.649 24.336
84-85 0.9868 0.9822 36.900 33.782
B5-86 0.9909 0.9961 31.452 17.261
86-87 0.9941 0.9889 11.510 10.985
87-88 0.9902 0.9955 34.194 18.654
88-89 0.9846 0.9979 32.103 92.909
B89-90 0.9941 0.9946 22.8%4 22,286

SQ = Standard deviation of Q values around established rating curve.




Table 5.3(¢) Comparison of Stage-Discharge of Power and Parabolic
Relations of Atrai River at Mohadebpur

Year Coefficient of Standard deviation
Correlation {S,)
Power Parabolic Power Parabolic
1981-82 0.9923 0.9950 7.037 6,606
B2-83 0.9802 0.9940 33.498 17.226
83-84 0.9927 0.9947 41.121 20,365
84-85 0.9717 0.9919 39.119 25.912
- 85-86 0.9919 0.9935 23.319 22.878
86-87 0.9984 0.9969 21.736 13.488
87-88 0.9801 0.9935 48.160" 30.870
88-89 0.9981 0.9989 17.023 9.028
89-90(a) 0.998 0.984 30.364 28.026
89-90(b) 0.998 0.997 9.933 10.09s8

% = Standard deviation of Q¢ values around established rating curve.

Table 5.3(q) Comparison of Stage—Discharge of Power and Parabolic
Relaticns of Atrai River at Atrai.

Year Coefficient of Standard deviation
Correlation
(S,)
Power |Parabolic Power Parabolic
1981-82 0.9878 0.9874 33.958 28.882
82-83 0.9742 0.9929 17.844 17.752
B83-84 0.9814 0.9881 24,269 25,494
84*85 0.99490 0.959]1 52.678 54,422
85-86 0.989%96 0.9324 72.365 74.683
87-88 0.9801 0.39944 21.974 25,151
89-90 0.988 0.9751 . | 44.9251 39.397

SQ = Standard deviation of Q values around'established rating curve,




The standard errors of estimate cannot be compared with each other since they are
in different units, For parab.o]ic equation the standard error of estimate ig always same _
whether in positive or negative direction from the established curve. But when logarithmic
estijhating equation is used, the standard error of estimate is always in percentage. So it will
be different in positive or negative direction with respect to the established curve. Generally
at higher discharge standard error of estimate in power type equation gives higher value than

that of parabolic equation, since its unit is in percentage.

Water levels for two standard errors of estimate, one for negative error and other for
positive error were determined where power type and parabolic relations are equal, and are
presented in Table 5.4(a) to 5.4(d). It were found that water Jevel of negative direction
standard error of estimate were greater than that of positive direction standard errors. So for
comparing purpose water level of negative direction standard errors of estimate were used.
Because, water leve] above these parabolie relations are better than powers relations. From
the Table 5.4(a) to 5.4(d), the maximum value of X; the ratio of the difference between
negative direction two standard errors water level and lowest water leve] ( LW.L) and
difference between highest and lowest water level (H), among the years, for Panchagarh,
BushirBandar, Mohadebpur and Atrai is 0.740, 0.912 and 0.62 respectively. So parabolic
relation is better than that of power type above the water level (0.740 H + LW.1L), (0.623
H+L.W.L), (O.912H+L.W.L) and (0.62H+L.W.L) for Panchagarh, BushirBandar, Mohadebpur
and Atraj respectively. So it can be concluded that water Jevel (0.912H+L.W.L) to above,

'parabolic relation is better than the power type for four stations.

Another criterion is used for comparing the suitability of power type and parabolic

. _ 2 '
equation is SD:J (Ljv L) , Where Qc, the discharge from the curve, @ the observed

discharge values correspond to the gauge height and SO the standard deviation of the @

values around the established rating curve. Smaller value of the S() Is the better one. By

comparing Sp values, parabolic relations were found better than that of power types.

But it was found that parabolic relationships yield negative values for low water level
in most cases. But power type relations never give negative values of discharge. To avoid
negative values of discharge at low water level power relations are better than that of

parabolic relations. But parabolic relationships yielded positive values for high water level.




Table 5.4(a) Water levels of Panchagarh where two standard errors of
estimate of power type and parabolic relations are equal.

Year Highest Lowest Standard Error of Yater level ¥

Water Level Water Level esiimate (a)

(H.W.L] LW L) )

(1) (a) Power Type { Parabolic fy by
§1-82 ' 5@.113 §7.666 19.79 % 21.438 68.736 | 68,508 0.740
82-83 9.075 57.681 - 47,34 % 7,513 66.127 1 67.734 0.320
83-84 §9.610 B7.425 36,78 % 15.718 66,402 68,401 0.630
§4-85 69,370 - 57.83 J0.40 % 12.164 68.698 | 68.300 1 0.564
§6-047 70.0) 67.63 19.96 % 1,956 68;175 57.912 0,227
§7-08 65,99 67.5 19.56 % 8.546 68,4 58,322 | 0.596
58-89 69.56 67,445 19.09 % 1,795 67.956 | 67.831 0,241
89-90 69,175 YT 21,03 % 9.208 68.243 | 67.994 0.481

a

Table 5.4(b) Water levels of Bushirbandar where two standard errors
of estimate of power type and parabolic relations are equal.

Tear Highest Lowest Standard Error of Water level 3

Water Level Water Level estirate (o}

(H.¥.L} (L.¥.L0) - .

(n) (n} Power Type Parabolic hl h2
82-83 17.7% 15,975 40,05 % 16,805 36,766 | 36,347 0,436
83-84 18.65 15,975 15.92 % 16,397 37.458 | 37.221 0.554"
B4-85 1§.91 35,967 22.64 % 16,814 37,431 37,078 0,496
85—36 19.18 35,967 17.81 % 18,909 17,015 36,778 0,128
§6-87 37.66 35,964 12,02 % 11.865 37,020 36.871 0,622
57-68 39.44 35.964 16,11 % 14,885 11,173 36,924 0,347
B5-89 38,755 36,133 22.67 % 10,486 16,650 16470 0,197
39-90 38.95 36.11 17.02 % 23,695 37,241 37,059 0,416

Note:hl and hﬂ ate the water levels of two standard errors of estimafe at neqative and positive direction respectively,
where power and parabolic relations are equal.

~ %= the ratio of the difference beiween negative direction of two standard errors water level and lowest water level and
difference betwean highest and lowest water leval,
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Table 5.4(¢c} Water levels of Mohadebpur where two standard errors of
estimate of power type and parabolic relations are equal.

Year Highest Lowest Standard Error of " Water level X
Water Level | Water Level | estimate (5)
{H.¥.0) (L.W.1) .
0} TR Power Type | Parabolic ny ky
§1-87 17.968 13,442 16.03 5 7,280 14,256 | 14.042 0.179
§2-43 18.401 13,11 26,30 % 18,771 14.937 | i4.426 0,319
§3-84 15.62 13.31 IR 32,090 - | 15.553 1 15,124 0.423
84-85 18.48 13.37 3114 20.106 15.317 14.57§ (.55
85-86 18.815 13.64 20,46 % 24,815 13,531 ] 15.082 0.365
§6-47 15,02 13,64 8,17 % 14,465 15.768 15.571 0.486
§7-88 13,02 13.18 30.45 % 33,742 15.578 | 14,853 0.425
88-89 18.0 13,16 §.46 % 8,624 14.854 | 14,673 0.347
{89-90).a 18.31 13,08 11.51 % 13.498 1?.264 [ 15.827 0.621
{89-90).b "16;38 13.36 §.71 % 11,128 15,088 ) 14.948 0,572

Table 5.4(d) Water levels of Atrai where two standard errors of
estimate of power type and parabolic relations are egqual.

Year Kighest Lowest Standard Error of Water level b

vater Level | Water Level | estizate (n}

{H.9.L) {L.%.1) -

(1} (n} | Power Type | Parabolic hl hz
81-82 13.451 5.803 25.19 % 31,474 11.454 | 10,779 |0.570
82-§3 13.370 . 1.830 39.85 % 19.345 10.494 9.699 0.781
83-84 13,485 7.830 13,46 % 27,652 11.03% | 10.197 0.567
§4-85 13.250 7.870 21.24 % 59.029 12,730 | 12,065 0.903
85-85 11.615 . 1,870 ?7.10 % 81,005 13111 | 12,167 0,912
7-88 14,025 §.43 34604 & 26.618 10,714 3.97% 0.408
8%-90 13,330 4,950 16,53 % 42.39] 11,973 ) 11.438 0.683

Note:h and iy are the water levels of two standard errors of estinate at neqative ard positive direction respectively,
where power and parabolic relations are equal,

= the ratio of the difference between negative direction of two standard errors water level and lowest water level and
difference between highest and lowest water level,
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Water level (0.91H+L.W.L) and ebove, two standard errors of estimate of parabolic relations
were found smaller than power types. For this reason it can be conclu