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Biographical Sketch
Summary

The measurement of water stage is the most basic means to gauge discharge in a stream.
Normally, interest centers on the volume of water that has flowed in a stream during a
certain time period, i.e. the discharge. The relationship between the stage measured at a
section and the discharge is a function of the cross-sectional area of flow, the average
flow velocity in a stream, and the time.

Two approaches that can be used to determine discharge from stage measurements in
streams are discussed briefly, namely:

e velocity-area methods
e discharge measurements by means of gauging structures

Velocity-area methods involve both the measurement of the area of a stream cross
section and the average flow velocity through the section. The product of the two
quantities yields the discharge at a particular stage in the stream, and hence a stage-
discharge rating curve is obtained. Various techniques are used to determine the average
velocity, but it is generally accepted that the use of a current meter is superior in
accuracy compared with other velocity-area methods.

In countries with highly variable flow-regime rivers, the construction of permanent
measuring structures might be advisable. In addition, if long distances have to be
traveled to conduct current meter gauging, it can be difficult to reach rivers in flood, or
flowing at high stages, in time. Permanent structures, such as weirs or flumes, have
certain advantages for obtaining hydrological data in these circumstances. These
structures are capital intensive to construct, but to rate are operationally less labor
intensive than natural river sections.

1. Introduction

The fluctuations in stage and discharge of stream flow in rivers result from variations in
the duration, frequency, intensity, and spatial cover of precipitation and runoff. The
characteristics of the catchment, such as plant growth, soil types, topography, geology,
and so on, control the rate and amount of runoff. Accurate and reliable information on
stream flow in terms of stage and discharge is essential for the assessment,
management, and control of water resources, and this information can only be obtained
satisfactorily from a network of river gauging stations.

A flow-gauging station can be defined as follows by Lambie (1978):

A gauging station is a site on a river which has been selected, equipped, and operated to
provide the basic data from which systematic records of water level and discharge may
be derived. Essentially it consists of a natural or artificial river cross section where a
continuous record of stage can be obtained and where a relation between stage and
discharge can be determined.
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From this definition it is obvious that two actions are required to measure discharge, the
gauging of stage and the derivation of discharge from stage records.

2. Measurement of Stage in Streams

The basic measurement taken to determine flow in a river is the flow depth or “stage.”
For this purpose, gauge plates can be put up at suitable sites and observed regularly. The
water-level measurements can be important in themselves, for example, to determine
the height of a bridge deck above the riverbed; or the flow depths can be converted to
discharge by means of a discharge table to calculate volumes.

There are indications that our remote ancestors measured flow depths in rivers and
fountains in the era preceding 500 BC. During the summer, the Nile River stage
gradually increased and the water levels were marked at several places. Records of stage
of the Nile River can be traced back to about 3000 BC to 3500 BC from fragments of an
ancient monument now in the Palermo Museum in Sicily. As the name indicates,
nilometers were used to measure the levels of the Nile River. Today we know of three
types of nilometers that were in use. The first type consisted simply of water-level
markings on cliffs on the bank of the river. The second made use of a flight of steps that
led down to the river. The third and most accurate nilometer used conduits to bring
water from the Nile to a well or cistern. The levels were marked either on the walls of
the well or on a central column. The longest continuous record of the Nile River is
available from the nilometers near Cairo, and records of maximum and minimum levels
of the Nile date from AD 641 to AD 1890, according to Biswas (1970).

More information is required than only the maximum and minimum stage of a river
every year, and monthly and daily readings are in demand. The next logical step was to
use automatic recorders to obtain a continuous record of stage (water level) against
time. A variety of recorders are on the market for this purpose. The simplest is a
mechanical recorder consisting of a horizontal drum with a sheet of graph paper
wrapped around it, which is driven by a clockwork mechanism to make one revolution
per week or per month. A float with counterweight, which follows the rising and falling
of the water level in a stilling well, measures the stage or water level in the stream at a
gauging site.

If it is necessary to record water levels in remote places that can be visited, say, only
once every two to six months, roll-chart recorders are available. This type of recorder is
often used even if sites are visited frequently. The advantage is that in certain
circumstances it facilitates digitizing and storage of data by making a long record in the
form of a roll of graph paper.

The punched-tape recorder has become more popular with the advent of the computer.
The record of water stage versus time is punched on paper tape in a binary code that is
then much more easily accessible by a computer. The disadvantage of this type of
recorder is that the routine inspection of a station is not as meaningful because there is
no visual record.
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The construction of a stilling well for the float-type recorder can be inconvenient and
expensive. The so-called bubble recorder solves this problem. The principle according
to which this recorder works can be briefly summarized as follows: gas, such as
compressed air or nitrogen, is led to an orifice at a specific point below the water
surface. The pressure in the pipe is measured; this is a function of the piezometric head,
equal to the water depth, above the orifice. A manometer filled with mercury is the
obvious apparatus for measuring this pressure.

Electronic data-capturing equipment in the form of data loggers with solid-state
memory, encoders, decoders, and so on are available. Real-time data by means of
remote sensing via satellite or meteor-burst technology bring together two
developments. Electronic equipment does provide many advantages, especially in terms
of quality control and improved management (see Hydrological Data Acquisition
Systems; Flow Measurement in Free Surface Flow).

3. Relation Between Stage and Discharge in Streams

In most cases, interest centers on the volume of water that has flowed in a river during a
certain time period, referred to as the discharge. The relationship between stage and
discharge at a section in a stream is a function of the cross-sectional area, average
velocity, and time.

A method whereby flow is directed to a calibrated receptacle is known as the volumetric
method of discharge measurement and is usually applied in laboratory tests. However, it
is not a practical method to use for routine field measurements. For this purpose, water
levels at a gauging station are used as the basis for computation of records of discharges
and are referred to as the rating of the site. This is usually presented in the form of a
rating table or a graph known as a rating curve.

Any section or point in a stream, at which the discharge is known for a given stage or
depth of flow, is defined as a control section. At such a control, the discharge would be
a unique function of stage, so that during the rising and falling flood cycles, a given
stage would always represent the same discharge. Controls can be classified as section
control or channel control and are described in the following sections.

3.1. Section Control

Section control occurs in a stream channel where conditions force the flow to change
from subcritical flow to supercritical flow. Subcritical flow occurs where the Froude
Number is less than unity (Fr<1), and supercritical flow where it is greater than unity
(Fr>1). The critical flow condition exists in a section where it equals unity (Fr = 1).
Critical flow represents the maximum possible discharge past a section for a certain
amount of available energy. The Froude Number is defined as expressed by Eq. (1)
below:

QB | |
A @

Fr=

where
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Q = discharge in stream in m®s™

B = top width of stream in meters

g = gravitational acceleration (9.81 m s?)
A = cross-sectional flow area in m?

Section control can result from a local rise in the streambed, in a structure such as a weir
or dam, in a constriction in stream width, or at a change from a mild to a steep channel
slope as found at the brink of a waterfall or rapids, as shown in Figure 1.

Sub-critical Super critical flow Sub-critical
- | - - | -} -
Flow

Mild slope

Mild slope

Figure 1. Different flow conditions in a stream with variable slopes
3.2. Channel Control

Another form of control section is known as a channel control. This control condition
occurs only -in long, straight channel reaches with uniform cross section and slope.
Geometry, slope, and roughness dictate the relationship between stage and discharge.
Uniform flow conditions exist, and flow depths or discharges can be determined by
using the Chezy or Manning equations, as expressed in Egs. (2) and (3):

Chézy:

v =18log MTR«/RS (2)

Manning:

. pAckh

V= u (3)
n

in which
_ . - . _A

R = hydraulic radius (m) with R = A

where

A = cross-sectional flow area in m?
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P = wetted perimeter in meters

v = average flow velocity inm s™

S = hydraulic gradient

k = absolute roughness coefficient in meters
n = Manning roughness coefficient (s m™?)

If no natural controls are available, artificial controls could be erected to stabilize and
sensitize the relation between stage and discharge. Where a small increase in discharge
produces a relatively large increase in stage, the measuring point is said to be sensitive.

Two approaches could be followed to rate a gauging site, namely, the construction of
permanent structures such as flumes and weirs for discharge measurement purposes; or
the measurement of the flow velocity by the use, for instance, of current meters and
calculation of the discharge by means of velocity-area integration methods.

In countries with highly variable flow regimes in rivers, construction of permanent
measuring structures might be advisable. Where long distances have to be traveled, it
can be difficult to reach rivers in flood, or flowing at high stages, for conducting
velocity measurements or current meter gauging. Permanent structures have certain
advantages under such circumstances: no routine calibrations are needed, they form
permanently stable controls, and they sensitize the site. Permanent structures are capital
intensive to construct, but are operationally less labor intensive to rate than natural river
sections. Natural river sections, on the other hand, seldom offer a permanent control,
especially for low-flow conditions. Regular velocity-area measurements must be carried
out to confirm the rating. This is, therefore, a labor-intensive approach.

A combination of the two approaches could provide an optimum solution. Depending
on the site conditions and the objectives of discharge measurement, a permanent
structure could be used for low to medium flows, and the velocity-area integration
method used to calibrate the site for high flows. In this manner, some of the
disadvantages of each method could be eliminated effectively and economically (see
Measuring Techniques).

4. Velocity-Area Method for Determining Discharge

The velocity-area method involves the measurement of the area of a stream cross
section and the mean velocity of flow through it. The product of the two quantities gives
the discharge and is expressed as a volume per unit of time. Various methods are used
to determine the mean velocity, but it is generally accepted that the current meter is
superior in accuracy over other methods. It is important that certain requirements are
met to establish a stable stage-discharge relationship when using the velocity-area
method. The most important requirements according to Lambie (1970) are as follows:

e The channel should be straight and of uniform cross section and slope to ensure
parallel and nonturbulent flow and to reduce the chances of abnormal velocity
distributions. Ideally, the straight length should be at least three times the
channel width, with the measuring section midway; but where this is not
possible, the measuring section should be within the downstream half of the
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reach. It should, however, be remote from any natural or artificial obstructions
on the banks or in the channel that are likely to cause disturbance, distortion, or
reversal of flow.

e The depth and velocity of water at minimum flow and the velocity and
turbulence at maximum flow should be within the limits imposed by the type of
measuring equipment to be used.

e The physical characteristics of the channel should ensure a substantially
consistent and stable relation between stage and discharge. The channel itself
should be stable, and there should be no variable backwater effects such as from
tidal influences, downstream tributaries, locks, sluices, off-takes, and other
structures.

e The channel, and especially the control, should in all seasons be free from
weeds.

e Flows should be confined at all stages to a well-defined channel, or channels, or
be contained within an unobstructed floodway having stable boundaries.

e The site should be accessible at all times and at all stages of flow.

e The orientation of the reach should be normal to the prevailing wind,
particularly where the reach is long and straight and has a mild surface slope.

e The site should be sensitive, so that a small increase in discharge will produce a
relatively large increase in stage.

e The field of view of the measuring section and the upstream reach should be
clear and unobstructed.

e A local observer should be available to provide routine attendance.

e There are several different methods whereby the velocity-area approach could be
put into practice. Only two methods will be described here, surface velocity
measurement and current meter gauging.

4.1. Surface Velocity Measurement

Surface velocity measurement is probably the simplest method for determining
discharge. Only two quantities need to be measured, namely, the cross-sectional area
and the surface velocity of the stream. The velocity of water flowing in an open channel
varies in both a vertical and a horizontal direction across the section as shown in Figure
2. To establish the average velocity across a section and hence calculate the discharge, it
is necessary to measure the surface velocity at various distances from the bank to
determine the mean surface velocity across the horizontal plane.

Horizontal
velocity

Vertical :
velocity
distribution |

Figure 2. The horizontal and vertical velocity distribution across a natural stream
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To determine the surface velocity, the following procedure must be carried out:

e Select a section of the river or stream that is fairly straight.

e Peg out a fixed distance along the riverbank. For a small stream 10 m would
suffice, but for a major river, the distance should not be less than 50 m.

e Measure the time with a stopwatch for an object (tree trunk, orange, float, and so
on) to travel the distance between the two pegs, and calculate the surface
velocity.

e In a natural channel, the average velocity in the stream varies between 0.85
times and 0.86 times the calculated surface velocity. In an artificial channel, the
average velocity is taken as 0.9 times the surface velocity.

The velocity of water flowing in an open channel varies in both vertical and horizontal
directions across the section, as shown in Figure 2. To establish the average velocity
across a section, and hence calculate the discharge, it is necessary to measure the
surface velocity at various distances from the bank to determine the mean surface
velocity across the horizontal plane. The arithmetic mean would give a first
approximation. A better approximation would be to attach more weight to the surface
velocity at midstream, because the major portion of the volume passes through this
section. The cross section could also be divided into panels and the velocity measured in
each panel, in m s, The velocity multiplied by the panel area in m? gives the discharge
in m*® s through each panel. The total discharge in the stream is the sum of all the
individual discharges calculated for the various panels (see Flow Measurement in Free
Surface Flow).
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