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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The preecedures—tsed—to—developth ment-and-these—ntendedfor-its—further-maintenance are
described in the ISO/IEC Directives, Part 1. In particular, the different approval criteria‘needed for the
different types of ISO documents should be noted. This document was drafted in acéordapce with the
editdrial rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this documént‘may be the subject of
patent rights. ISO shall not be held responsible for identifying any or all sueh-patent rights. Details of
any patent rights identified during the development of the document willbe in the Introdu¢tion and/or
on tHe ISO list of patent declarations received (see www.iso.org/patents);

Any trade name used in this document is information given for the'éonvenience of users gnd does not
consfitute an endorsement.

For an explanation of the voluntary nature of standards; the meaning of ISO specifi¢ terms and
exprgssions related to conformity assessment, as well ‘as’information about ISO's adhefence to the
World Trade Organization (WTO) principles in the Techinical Barriers to Trade (TBT) see wiww.iso.org/
iso/fpreword.html.

This|document was prepared by Technical Committee ISO/TC 113, Hydrometry, Subcommittee SC 1,
Velodity area methods.

Thisfirst edition of ISO 18320 cancels and replaces ISO 1100-2:2010, which has been technically revised.
The main changes compared to the previous edition are as follows.

— Majorrevisions have beenimade to Clause 5, including a new figure of a stage-discharge frelationship
gnd shift curves.

— (lause 7 has been révised to be consistent with new standards on uncertainty.

Any feedback or quéstions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Hydrometry — Measurement of liquid flow in open
channels — Determination of the stage-discharge
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These types of rating curves are described separately in other’ International Standar
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ing stations.
t number of

f the effects
ng controls,
ge stations,
ed in detail.

ds, Technical

heir content
applies. For
hts) applies.

floats

ddresses:

3.2

Symbols

For the purposes of this document, the symbols given in [SO 772 and the following apply.

Symbol

Definition

A wet cross-sectional area

B cross-sectional width

B

power-law exponent (slope on logarithmic plot) of the rating curve

Cph coefficient of discharge

a

with

Some reference texts use a characteristic dimension of four times the hydraulic radius, because it gives the same value
of Re for the onset of turbulence as in pipe flowlel, Other texts use the hydraulic radius as the characteristic length-scale,

consequently different values of Re for transition and turbulent flow.
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Symbol Definition
C Chezy's channel roughness coefficient
e effective gauge height of zero flow
f Darcy-Weisbach friction factor
g acceleration due to gravity
h gauge height of the water surface

(h-e) effective depth, this is basically the difference between the cease to flow level and the gauge reading.
For example, for a horizontal control with a gauge zero at the same level as the crest of the control,
e will be effectively zero

H total head (hydraulic head)
k height of roughening above smooth surface
k Nikuradse equivalent sand roughness size
n Manning's channel roughness coefficient
N number of stage-discharge measurements (gaugings) used to define the ratingcurve
p number of rating-curve parameters (Q4, §, €) estimated from the N gaugings
Pw wetted perimeter
Q total discharge
Q, steady-state discharge
Q4 power-law scale factor of rating curve, equal to discharge when effective depth of flow (h —{e) is
equalto 1
'y hydraulic radius, equal to the effective cross-sectionalarea divided by the wetted perimeter, A/P,,
(only strictly suitable for inbank flows)
Re Reynolds number (= 4V /v )2
S standard error of estimate
S¢ friction slope
Sy bed slope
Sw water surface slope corresponding fo steady discharge
t time
u standard uncertainty
vV stream mean velocity-= Q/A)
9) expanded uncertainty
Vi velocity of a floodwave
v kinematic yiscosity
a  Some refgrence texts use a characteristic dimension of four times the hydraulic radius, because it gives the same yalue
of Re for the dnset of tutbulence as in pipe flowlel, Other texts use the hydraulic radius as the characteristic length-§cale,
with consequently different values of Re for transition and turbulent flow.

4 Principle of the stage-discharge relationship

4.1 General

The relationship at a gauging station between stage and discharge is commonly referred to as the
stage-discharge relationship, rating curve or rating. A stage-discharge relationship is developed to
enable the future production of a time series of discharge based on continuous stage measurements
at the gauging station. It is generally much easier to continuously measure stage than it is to measure
discharge. Hence, once a stable stage-discharge relationship has been established at a gauging station,
the creation of a record of discharge is greatly simplified.

2 © IS0 2020 - All rights reserved


https://en.wikipedia.org/wiki/Reynolds_number#cite_note-Streeter_1962-16
https://standardsiso.com/api/?name=a6bb3b137c1866ee65e208cca3773021

IS0 18320:2020(E)

4.2 Controls

The stage-discharge relationship for open-channel flow at a gauging station is governed by channel
conditions at and downstream from the gauge, referred to as a control. Two types of control can exist,
depending on channel and flow conditions. Low flows, that is, those experienced during dry weather,
are usually controlled by a section control, whereas high flows, that is, those experienced after stormy
and wet weather, are usually controlled by a channel control. Medium flows can be controlled by either
type of control. At some stages, a combination of section and channel control might occur. These are
general rules, and exceptions can and do occur. Knowledge of the channel features that control the
stage-discharge relationship is important. The development of stage-discharge curves where more
than one control is effective, where control features change and where the number of measurements
is linpited requires judgement in interpolating between measurements and in extrapolating beyond the
high¢st or lowest measurements. This is particularly true where the controls are not‘stable and tend
to sHift from time to time, resulting in changes in the positioning of segments of the-stage-discharge
relatjonship.

High|flows may cause a stream or river to overflow its banks and inundate any adjoining|floodplains.
Undgr these circumstances, some of the discharge will be contained in the main river chanrel and some
takes place over the floodplains. A distinction should therefore be made.between when the discharge
is leolly inbank or when flow has exceeded the bankfull capacity..The stage-discharge [relationship

will pe affected by the transition from inbank to overbank flow arising from the changing hydraulic
condjfitions. The description of the types of control is given in Anitex A.

4.3 | Governing hydraulic formulae

Stage-discharge relationships can be defined according to the type of control that exists. Section
controls, either natural or man-made, are governed by some form of the weir or flume formulae. In a
very|general and basic form, these formulae are expressed as shown by Formula (1):

@=C,BHP (1)
where
( is the discharge, in cubie metres per second;

(p isacoefficient of discharge and includes several factors;

B is the cross:sectional width perpendicular to the direction of flow, in metres;
H is the hydraulic head, in metres;

i is a‘power-law exponent, dependent on the cross-sectional shape of the control sgction.

Stage-discharge relationships for channel controls with uniform flow are typically governed by the
Manping (in Europe this is sometimes known as Manning-Strickler formula), Chezy, (and Darcy-
Weisbach formulae, as they apply to the reach of the controlling channel upstream and downstream
from a gauge.

© IS0 2020 - All rights reserved 3
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The Manning formula is shown by Formula (2):

Q=(AR067 5,05 /n (2)
where

A is the cross-sectional area, in square metres;

ry, isthe hydraulic radius, in metres;

S¢  isthe friction slope;

n is the Manning’s channel roughness.
NOTE The Strickler coefficient is just the inverse of Manning’s n.
The Chezy fprmula is shown by Formula (3):

Q=CAr 5505 (3)
where Cis the Chezy form of roughness.
The Darcy-Weisbach formula is shown by Formula (4):

Q={8g/f1*® Ar, 05 5 05 Q
where

g isagceleration due to gravity;

[ isthe friction factor, given by the Colebrook-White formula,
which may e used for open channels(see Formula (5):

f-05=—Plog,,{k, /(140,8r,($2,51/(4V r,, /v) f*°} (5)
where

Vv isfthe mead Stream velocity;

k.,  isfthedNikuradse roughness size;

Y, is the Kinematic viScosity.

The variation of f with relative roughness (= k./4 r;) and Reynolds number is often shown plotted in the
form of the so-called “Moody diagram”. The roughness of any surface is then characterized by k,, the
so-called “Nikuradse equivalent sand roughness size”. The Colebrook-White formula is physically well
founded, since it tends towards two theoretically limiting cases, one for hydraulically smooth surfaces
and another for hydraulically rough surfaces, and the shape of the channel is captured through use of
appropriate coefficients.

The above formulae are generally applicable for steady or quasi-steady inbank flows. For highly unsteady
flow, such as tidal or dam-break flow, formulae, such as the Saint-Venant unsteady-flow formulae, would
be necessary. However, these are seldom used in the development of stage-discharge relationships
and are not described in this document. Overbank flows typically require special attention due to
the strong interaction between the flows in different regions of the channel, giving rise to significant
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lateral momentum transfer effects. For overbank flows, the hydraulic radius adopted in Formulae (2) to
(4) is no longer appropriate for characterizing the cross-section of the channel as Pw will increase at a
higher rate with stage than A due to the additional wetted perimeter of the floodplain as the flow goes
over bank. This in turn will lead to a dramatic reduction in ry, at the bankfull stage and a consequent
apparent decrease in the resistance coefficient for the whole section, even though the actual hydraulic
roughness increases. Under these circumstances, the individual resistance coefficients for the main
channel and floodplains also need re-defining, as explained further in Annex E and Formula (6).

A full description of the complexities of stage-discharge relationships is given in Annex B.

5 s lisel Lt . £ . .

5.1 | General

The primary objective of a stage-discharge gauging station is to provide a record ofthe disgharge of the
open| channel or river at which the water level gauge is sited. This is achieveédyby measuripg the stage
and fonverting this stage to discharge by means of a stage-discharge relationship which correlates
discharge and water level. In some instances, other parameters, such as-index velocity, water surface
fall Between two gauges or rate-of-change in stage, can also be used\in rating-curve callbrations, as
given in ISO 15769 and ISO 9123. Stage-discharge relationships are usually calibrated by measuring
dischjarge and the corresponding gauge height. Theoretical computations can also be used|to aid in the
shapfng and positioning of the rating curve. Stage-dischargeelationships from previous fime periods
should also be considered as an aid in the shaping of the rating curve.

5.2 | Preparation of a stage-discharge relationship

5.2.1 General

The relationship between stage and dischatge is defined by plotting measurements of discharge with
corrg¢sponding observations of stage, taking into account whether the discharge is steady, increasing
or dgcreasing, and also noting the rate of change in stage. This can be done either manually by plotting
on ppper or automatically using computerized plotting techniques (see Annex C). The plotting scale
used|can be an arithmetic scale @na logarithmic scale. Each has certain advantages and didadvantages,
as explained in 5.2.3 and 5.2.4. Most national hydrological services plot the stage as ordimate (y-axis)
and the discharge as abscissa{x-axis). However, when using the stage-discharge relationship to derive
dischjarge from a measured/value of stage, the stage is treated as the independent variable.

For gauging sites where there is significant flow in the floodplain, through multiple chapnnels or via
submerged structures, the determination of the composite stage discharge relationship|is prone to
diffiqulty. Poor or-unsafe access can mean that flood flows cannot be adequately measured, In addition
to thfs, flow across a floodplain can be complex, and is impacted by changes in storage as alflood builds
up o ebbs:;The extent of these complexities can mean that theoretical considerations should be used in
conjunetion with the limited measurements when determining the stage-discharge relatiopship.

5.2.2 List of discharge measurements

The first step prior to plotting a stage-discharge relationship is the preparation of a list of discharge
measurements that will be used for the plot. The measurements should be checked to ensure that the
recorded stages are related to a common datum and that the discharge calculations are accurate. As a
general rule, this first list shall include a minimum of 15 measurements, all taken during the period of
analysis. More measurements will be required for a compound rating curve, i.e. one that is represented
by multiple hydraulic controls, if the site experiences an extreme range in stage, is governed by a shifting
control due to sedimentation, erosion or seasonal vegetation growth, or if the gauging site is otherwise
problematical and the uncertainties in measurement could be high. For a general purpose gauging
station, these measurements should be well distributed over the range of gauge heights experienced.
Alternatively, where a specific flow range is to be observed, the measurements should cover that range.
For example, at low flows for a site that is intended to inform a low flow management system, or at high

© IS0 2020 - All rights reserved 5
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flows where flood flows are to be monitored and managed. The list of measurements should include
low and high measurements across the desired flow range, particularly if extrapolation of the rating
curve is to be done.

Uncertainty analysis (see Clause 7) should be undertaken when developing and analysing the stage-
discharge relationship such that it takes due cognisance of the quality of the gauging data and the
performance of the rating. If the potential uncertainties are considered to be relatively high, i.e. greater
than 10 % to 15 % at the 95 % confidence level, then more frequent gaugings may be required targeting
the critical stage range(s) of concern.

For each discharge measurement in the list, the following items are required (see Table 1).

a) A uniqul identification name of site, and gauging number.
b) The date of measurement and time of start and time of finish of gauging.

c) The narhe of the person undertaking or leading the gauging, as well as the type of instrumentsfused
to meaqure the discharge, the average gauge height, based on a minimum of,thereadings at the
start and end of the complete gauging.

d) The totql discharge.

e) An indifation of the likely accuracy of measurement, as determided by the person leading the
gauging, e.g. whether the channel was heavy with vegetation, whether extensive vortices were
evident|in the flow pattern, whether the cross section was uniform, whether the flow was stpady.
Documgntary evidence of the channel and flow conditions at'the time of each gauging can al$o be
compileld using photographic or video recordings.

Table 1 — List of discharge measurements made by-ahydrometric practitioner using currgent
meters and depth'soundings

ID Date (yy/ | Made . Mean A:;: Ef.fec' Dis- Number of Ga_uge

nl;l::_- mm/dld) by Width | Area velocity gauge dtc:;fh charge Method verticals (Ellf;ﬁhz Rated

height 8
m m? m/s m m m3/s m/h

12 78/04)/08 MEF | 36,27 | 7794 | A;2%2 2,682 2,080 99,12 0,2/0,8 22 -0,082 GOOD
183 85/02)/06 GTC 33,53 | 78,41\ J1,405 2,786 2,186 110,2 |0,6/0,2/0,8 22 -0,047 GOOD
201 87/02)/04 AJB 2896 | 21,92 | 1,511 2,002 1,402 33,13 {0,6/0,2/0,8 21 -0,013 PIOOR
260 93/03|/13 GMP | 26,52~[21,46 | 1,400 1,981 1,381 30,02 0,6 22 -0,020 GOOD
313 96/08/24 HFR 30,18) | 42,08 | 1,602 2,374 1,774 67,40 |0,6/0,2/0,8 22 +0,006 GOOD
366 03/08/21 MAF [(28,96 | 14,86 | 0,476 1,557 0,957 7,080 0,6 21 0 GOOD
367 03/10y10 MAF. | 2896 | 13,66 | 0,361 1,490 0,890 4,928 0,6 21 0 GOOD
368 03/11/26 ,| \MAF | 29,26 | 14,21 | 0,373 1,509 0,909 5,296 0,6 18 0 GOOD
369 04/02/19 MAF | 29,87 | 16,26 | 1,291 1,838 1,238 20,99 0,6 21 0 GOOD
370 04/04/09 | MAF | 29,26 | 21,27 | 0,805 1,780 1,180 17,13 (0,6/0,2/0,8 21 0 GOOD
371 04/05/29 | MAF | 29,57 | 19,69 | 0,688 1,710 1,110 13,54 0,6 21 0 GOOD
372 04/07/10 MAF | 2896 | 16,81 | 0,458 1,573 0,973 7,703 0,6 21 0 GOOD
373 04/08/22 | MAF | 29,26 | 15,79 | 0,481 1,570 0,970 7,590 0,6 21 0 GOOD
374 08/10/01 MAF | 29,26 | 13,19 | 0,264 1,414 0,814 3,483 0,6 21 0 GOOD
375 09/11/11 MA] 2896 | 11,71 | 0,283 1,396 0,796 3,313 0,6 21 0 GOOD
382 10/10/01 MAF | 30,48 | 43,76 | 1,598 2,432 1,832 69,95 0,2/0,8 21 +0,017 GOOD

NOTE 1 Discharge measurements made with acoustic Doppler current profilers require additional parameters, including the number of

transects and the range of discharges measured during the transects (see ISO/TR 24578).

NOTE 2 Interms of uncertainty of the stage discharge relationship, a relationship is regarded as ‘poor ifits uncertainty is > 15 %. A “good”

relationship has uncertainty of + 5 %.
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5.2.3 Arithmetic plotting scales

The simplest type of plot uses an arithmetically divided plotting scale, as shown in Figure 1. Scale
subdivisions should be chosen to cover the complete range of gauge height and discharge expected to
occur at the gauging site. Scales should be subdivided in uniform increments that are easy to read and
interpolate. The choice of scale should also produce a rating curve that is not unduly steep or flat. If the
range in gauge height or discharge is large, it may be necessary to plot the rating curve in two or more
segments to provide scales that are easily read with the necessary precision. This procedure can result
in separate curves for low water, medium water and high water.

Where a hand derived relationship is required, graph paper with arithmetic scales is convenient to
use g tasy to read—Suchscatesaretdeatfor dibplayiug d 1atiug curveandaveamad antage over
logarithmic scales in that zero values of gauge height and/or discharge can be plotted. flowever, for
analytical purposes, arithmetic scales have practically no advantage. A stage-discharge relationship on
arithmetic scales is usually a curved line, concave downward, which is difficult to shape cortectly if only
a few discharge measurements are available. Logarithmic scales, on the other Kand, have p number of
analytical advantages as described in 5.2.4. Generally, a stage-discharge relationship is firjst drawn on
logatithmic plotting paper for shaping and analytical purposes and then latertransferred tp arithmetic
plotting paper if a display plot is needed.

© IS0 2020 - All rights reserved 7
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X  dischargg, Q, in cubic metres per second
NOTE The numbers indicatedagainst the plotted observations are the ID numbers given in Table 1.
Figure 1 — Arithmetic plot of stage-discharge relationship
5.2.4 Logprithmic plotting scales

Most stage-discharge relationships, or segments thereof, can be analysed graphically through the
use of logarithmic plotting. There are two methods that can be used to fully utilize this procedure; by
plotting effective depth of flow, also known as hydraulic head, versus discharge, or by applying scale
offsets to the gauge height axis and plotting gauge height versus discharge. Effective depth of flow
on the control, or hydraulic head, for a section control is computed by subtracting the gauge height
of zero discharge (also known as cease to flow gauge height) from the gauge height associated with
the measured discharge. In theory, a straight line relation in log space can be achieved by plotting the
effective depth versus discharge. Similarly, the gauge height of zero discharge for a section control, can
be used as a scale offset for the gauge height axis in log space to also achieve a straight line segment.
The offset approach allows for plotting of actual gauge height versus discharge which provides some
simplification to the process as real data does not need to be transformed.

The approaches discussed above are simple to apply for section type controls. Channel type controls
present a more complicated situation. When a reach is under channel control there is not a single
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cross section of the channel that is controlling the height of the water at the gauge, rather the reach
characteristics, including geometry, slope, and roughness, where the gauge is located controls the height
of water. Because of this, it is not feasible to measure and determine the gauge height of zero discharge
of the channel control. Without this determination, one is unable to plot the effective depth versus
discharge in log space. For the offset approach, the determination of the proper offset shall be made
through a trial-and-error approach. The trial-and-error approach is applied by iteratively adjusting the
offset on the gauge height axis and visually examining the plot of actual gage height versus discharge
for measurements under the channel control for a straight line relation. For gauges that experience
multiple hydraulic controls, such as section and channel, multiple offsets are required to obtain straight
line segments for each control.

Reg aKen, a rating-curve segment for a given control will then tepd to plot as
a strpight line. The slope of the straight line should conform to the type of control seetjon, thereby
providing valuable information for correctly shaping the rating-curve segment. Additionally| this feature
allows the analyst to calibrate the stage-discharge relationship with fewer discharge mepsurements.
The glope of a rating curve is the ratio of the horizontal distance to the vertical distance. Thjs method of
meaguring the slope is used since the dependent variable (discharge) is alwaysgplotted as tle abscissa.

Figure 2 is a logarithmic plot of an actual rating curve, which is plots efféctive depth (not ghuge height)
verslis discharge, using the measurements shown in Table 1. This rating curve is for a stream where
sectipn control exists throughout the range of flow, including the highsflow measurements. The effective
gaugp height of zero flow, e, for this stream is 0,6 m, which is subtracted from the gauge height of the
meagurements to define the effective depth of flow at the control. The slope of the rating furve below
1,4 mp is about 4,3, which is greater than 2 and conforms tao\a section control. Above 1,5 m| the slope is
2,8, yhich also conforms to a section control. The change.inslope of the rating curve above|about 1,5 m
is cayised by a change in the shape of the control cross<section or another section control downstream
from| the low-water section control.

© IS0 2020 - All rights reserved 9
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NOTE The numbers indicated against the plotted observations are the ID numbers given in Table 1.
Figure 2 — Logarithmic plot of stage-discharge relationship

Rating curvgs for section cdntrols such as weirs or flumes conform to Formula (1) and, when plptted
logarithmically, will have, a/slope of 1,5 or greater, depending on control shape, velocity of appioach
and minor yariations of-the coefficient of discharge. Horizontal crested structures will have a slope
of about 1,4, whereas)V shaped structures will have slopes of about 2,5. Rating curves for chgnnel
controls ard governed by one of the standard Formulae (2) to (4) and, when plotted as effective depth
versus disill])arge, the slope is usually between 1,5 and 2. Variations in the slope of the rating qurve
when channelcontrol exists are the result of changes in roughness and friction slope as depth chahges.
The effective depth is sometimes not known for channel controls. It can be determined mathematically
and statistically during the stage-discharge development process using an iterative process whereby
the parameters C, f and e are optimised to give the best fitting relationship taking due account of the
physical properties of the channel.

5.2.5 Commercially available software

There are a number of commercially available software packages that can analyse a series of stage and
discharge measurements and derive the best stage-discharge relationship (see Annex C). Most packages
also give the statistics relating to the standard error and uncertainty of the derived relationship. This
also applies to the use of logarithmic stage to flow relationships as covered in 5.2.4

10 © IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=a6bb3b137c1866ee65e208cca3773021

5.2.

5.2.

IS0 18320:2020(E)

6 Rating-curve shape

6.1 General

The details provided in 5.2.2 to 5.2.4 apply to control sections of regular shape (trapezoidal, parabolic,
etc.). However, natural channels are rarely regular in section hence the practitioner should be aware
of where “step changes” in the stage-discharge relationship are likely to occur. Where a significant
change in shape or flow control occurs, there will be a change in the rating-curve slope at that point.
These changes are usually defined by short curved segments of the rating curve, referred to as
transitions. This information about the plotting characteristics of a rating curve is extremely useful in

the
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calibration and maintenance of the rating curve and in later analysis of shifting contro

| conditions.

howing the kind of control (section or channel), and the shape of the control, the analyj
orrect hydraulic shape of the rating curve with greater precision. Additionally,this
s the analyst to extrapolate accurately a rating curve or, conversely, to know when e
ely to lead to a large uncertainty.

¢

ples of a hypothetical rating curves are given in Annex D.

4.2 Gauge height of zero flow

ctual gauge height of zero flow is the gauge height of the lowest point in the control ¢
section control. This is sometimes referred to as the ceasete~flow. For natural channe
ometimes be measured in the field by measuring the depth of flow at the deepest
‘ol section and subtracting this depth and the velocitychead from the gauge height at
urement.

q

pffective gauge height of zero flow is a value that, when subtracted from the mean g4

of thie discharge measurements, will cause the logarithmic rating curve segment for spd

cont}
regu

‘ol to plot as a straight line. Thus, it should be determined for each rating-curve s
arly shaped section controls, this value'will be close to the actual gauge height of z¢

chanpnel controls there is not a single cross_séction that controls the stage discharge relatig
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rols, the effective gage height of zero/flow is determined by a trial-and-error method g
 is assumed and adjusted gauge.heights are plotted based on this assumed value. If
e shape is concave upward, then-a somewhat larger value for the effective gauge height
|d be used. A somewhat spraller value should be used if the curve plots concave downw
Q few trials are needed fo,find a value that results in a straight line for the rating-curv

ula (6) shows a ratingcurve that plots as a straight line on logarithmic paper:
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(6)

is the gauge height of the water surface;
is the effective gauge height of zero flow or offset;

is the slope of the rating curve when plotted on logarithmic paper if discharge
on the abscissa;

Q1
(h-e)isequalto 1.
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5.3 Curve fitting

5.3.1 General

There are a number of software packages (see Annex C) to aid the creation of the stage-discharge
relationship given a series of flow measurements at specific stages at the observation site. Such packages
contain additional analytical tools that help describe the accuracy and standard errors associated with
the rating curve. However, for proponents of hand-based curve fitting, the curve-fitting process for
stage-discharge relationships includes the actual drawing, positioning and shaping of the rating curve.
Hydraulic-analysis and line-fitting applications can be used to aid in the curve-fitting process but the
stage-discharge relationship should represent the best fit of the calibration measurements over the
range of mepsurements and with considerations for the quality or uncertainty of the measurements, as
well as the donditions of the hydraulic control.

Neverthelesfs, for a site with a varying flow control due to, for example, seasonal vegetation grqwth,
every measfirement does not need to fit on the same rating curve. A particular gauge tocation canfhave
a number of ratings that apply to specific control conditions in the channel. The cufves produced by
the curve fitting process should give stage-discharge relationships that reflect-the particular copntrol
changes. Fulrther, only measurements made under similar control conditions,should be used yhen
developing the rating curve. For example, measurements associated withivegetation on the copntrol
should not be included with measurements associated with clear control{no vegetation) condifions
when develgping a rating curve for clear control conditions.

5.3.2 Hydraulic-formula curves

The shape of stage-discharge relationships can be defined throtigh the use of hydraulic formulae, namely
Formulae (1)), (2), (3) and (4). Where section control exists, the weir formula, Formula (1), can bejused
to compute fating-curve points. Coefficients of discharge,"Cp, have been defined in other Internatjonal
Standards f¢r certain types of weirs and flumes, so a reasonably accurate rating curve can be comguted
that will conform to correct hydraulics. For natural-section controls, such as a rock outcrop or gravel
bar, the coefficient of discharge can be estimatedlon the basis of calibration measurements. Width$ and
depths can lpe determined from a surveyed ¢ross-section of the control section.

Where estithated channel roughness (e.g:Manning’s n) and friction slope are used to compute a rpting
formula, it ghall be recognized that these parameters will vary with stage, and one value cannpt be
assumed to jhold true across the whole range of flow. This aspect is even more important for vegetated
and alluvial|channels.

A discussion on how channélroughness, hydraulic properties, and the shape of the stage-dischlarge
rating curvg vary with stageis given in Annex E.

For segments of the rating curve that are influenced by channel control, the shape of the rating qurve
can also be tﬂlefined in'a piece-wise manner through the use of Formulae (2) to (4). An average or typical
cross-section in the control reach is surveyed to define the channel characteristics of cross-sectional
area and hyglraulic radius. The Manning roughness, n, the Chezy channel roughness coefficient, C, gr the
Darcy-Weisbactrfrictiom factor, f, s estimmated fromr fietd observatiorrs:

The friction slope can be estimated from channel surveys, maps or calibration measurements.
Formulae (2) to (4) can then be used to compute discharge for a few selected gauge heights to define the
shape of the rating curve. If uniform flow is assumed, then S;=S_ This is a simplified procedure which
assumes steady, uniform flow.

More complex situations involving non-uniform flow can be analysed with various techniques of
backwater curve computation. Computer software is available for such analyses which allow distinction
to be made between overall (1-D), zonal (sub-area), depth-averaged (2-D or slice) and local friction
factors (3-D). Such analyses allow for how the stage-discharge relation is influenced by both cross-
sectional shape and variation in roughness with depth.
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For both section and channel control, the rating curve computed by the hydraulic formulae is used only
for defining the shape of the rating curve. The correct position of the rating curve is however, defined
by stage-discharge measurements and not necessarily by the frictional characteristic of the channel
and section. This procedure can also be used to aid in determining when measurements define a new
rating-curve position.

Hydraulic models are usually helpful to guide the high-flow extrapolations, but usually not effective in
accurately simulating the medium and low-flow ranges accurately.

5.3.3 Mathematical rating curves

Th
or
for
curv

aximum-likelihood techniques. Several formulae might be required to define the-rating-curve
la, particularly if the channel geometry is complex. Care should be taken whensderivi
es for segment transitions. It is important that the rating-curve shape is hydraulically

e:;[Itage—dlscharge relationship can be defined by mathematical computations, such ai regression

g the rating
rorrect.

5.3.4 Software packages to aid the determination of the rating curve

Therg are a number of software packages available that can be used to determine the form pf the rating
curve. These are listed in Annex C. It should be noted however, that\these are example$ of suitable
products available commercially. This information is given for the convenience of users of thiis document

d
and ([;oes not constitute an endorsement by ISO of these products.

Combination-control stage-discharge relationships

ulic controls
hch of which
become the

e-discharge relationship can be determined bythe’combination of two or more hydra

controlling section for medium flows;

In other situations, section contrals and channel controls can become embedded. For insta
thin-plate weir in situated withina larger broad-crested weir, the thin plate weir will contr
of the rating curve in addition to the broad-crested weir. For the overbank flow range
discharge relationship caii‘be computed by either adding the floodplain controls to the mn

the control
lownstream
become the

hce, where a
bl a segment

the stage-
ain channel

control, or by assuming-a@single compound control that combines the main channel and the floodplain

controls.

This| effectively €reates a multi-phase or composite calibration with different stag
relatjonships{or different ranges of stage. These ranges cross where a distinct change in
scattier of alkmeasurements occurs on a graphical representation. The best way to illustrate
ranges of the stage-discharge relationship is therefore a graphical plot of the flow meast
additiemto this, any observational notes taken by the observer at the time of the measur

e-discharge
trend of the
'he different
Irements. In
ements, can

be used to identify the location and type of hydraulic control. This additional informatio
essential in defining a multi-segment stage-discharge relationships.

5.5 Stable stage-discharge relationships

n can prove

A stable stage-discharge relationship is one that does not vary, or change position, over a period of
time. Such a relationship results from stable channel and control conditions, which for natural channels
is a relative term. Virtually all natural channels are subject to at least occasional change as a result of
scour, deposition or growth of vegetation.

For stable channels and controls, the stage-discharge relationship can usually be defined easily by
fitting a curve to the calibration measurements as described in previous subclauses. The example
shown in Figure 2 represents a stable stage-discharge relationship as the control is a natural section
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of rock outcrop that is not subject to change. Shifts of this rating curve can occur, however, because of
debris that might accumulate on the control.

5.6 Unstable stage-discharge relationships

Unstable stage-discharge relationships are defined as those that shift and change positions frequently
due to variations in the hydraulic control. Channel geometry and friction properties, i.e. the control
characteristics, vary continuously over time, and hence, so does the stage-discharge relationship.
These changes are likely to occur during floods and during periods when ice or vegetative growth
occur. Channel scour and deposition can be a frequent occurrence in some channels due to the nature
of the bed and bank materials, thus causing shifts of the rating curve. Likewise, weeds, trees and other
vegetation rhay affect the relationship between stage and discharge during certain times of the ye

It is usually] not possible to define all changes of the rating curve with discharge measurements for
unstable channels and controls. Shifting-control techniques should be used to estimate the positipn of
the rating cyirve during periods of time between measurements. These techniques are-described in 5.7.

1stall
' less
uses

For some gajuging stations where unstable channel conditions exist, it is sometimes advisable to iy
a weir or flume, if practicable and economically justifiable, to establish a stable-rating curve. Othef

frequently
two stage g

In gauging
frequent dig

relationship.

5.7 Shifting controls

Shifting con
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hence plota
during a pe
during that
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supplement

When disch
is temporar
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soon, the shifting-control{condition should be handled by using a temporary shift curve to d

discharge djy
Experience
temporary

Shift curves

sed, methods of defining an unstable rating curve include the stagesfall method, which|
iuges and the ultrasonic method. These methods are describeddn*'ISO 9123 and ISO 64

stations with unstable channel and flow conditions, if\will be necessary to do
charge measurements to reduce the uncertainty of the determination of stage-disck

trols occur when channel conditions are unstable. When this condition exists, disch
hts made at different times but at a specific value of stage, record a different dischargg

Fiod of shifting control to define the stage-discharge relationship, or magnitude of s
period. However, even with infrequent discharge measurements, the stage-disch
can be estimated with reasonable accuracy if the available discharge measurement|
bd with knowledge of shifting-control behaviour and a hydrograph of stage.

hrge measurements indicate a shift of the rating curve, the analyst should decide if the
y or permanent in nature. If the shift is expected to last for several months or longer
plot a new rating curve. If the shift is a temporary condition that may change relat

iring the time of shift and until new information indicates another shift of the rating c
hnd knowledge of each control is the best way of knowing whether rating-curve shift
r permanent.

usually have a shape which is similar to that of the original rating curve. That is why
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the stream channel.

Scour or deposition of a natural section control results in a change in the actual and effective gauge
height of zero flow. This frequently results in a shift curve that is parallel to the original rating curve
when plotted on arithmetic plotting paper. That is, the difference in gauge height between the original
rating curve and the shift curve is equal through the stage range controlled by the section control.
This same shift curve, if plotted on logarithmic plotting paper, will be concave upward and above the
original rating curve for a deposition condition, and concave downward and below the original rating
curve for a scour condition.

The use of shift controls to account for this variation is given in Annex F.

For streams that shift continuously, it is usually necessary to define shift curves on the basis of discharge
measurements, determinations of the gauge height of zero flow, and hydraulic characteristics of the
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rating curve, and then continuously adjust the shift curve between itself and another shift curve (or
the base rating curve) on the basis of time. The shift curve adjustment can be uniform or proportional
with respect to time or, if specific changes can be defined, the shift curve can be changed abruptly
to correspond to the control change. For example, a deposit of debris on a section control can quickly
wash away during a small rise in water level, thus causing a shift back to the original rating curve or
to another position. This can sometimes be detected by examination of the gauge height record, where
abrupt changes can signify abrupt changes to the control. Where no obvious reason associated with
a hydrologic event can be ascribed to a change in the hydraulic control, it is usually assumed that the
change occurred gradual over time, and the shift curve is applied to adjust with time. This is typically
the case for shifts caused seasonally by the growth of aquatic vegetation.

Shift
more
defir]
phot

en, there is
mportant in
hding notes,

Mg-control procedures are complex and Irequently difficult to interpret. Quite Orf
than one logical explanation or interpretation. Experience with a given streamris-i
ing the shift characteristics and in making a logical analysis. Field observations.incl
bgraphs, and even cross section survey information can help with the interpretation.

5.8 | Variable-backwater effects

5.8.1 General

hnges to the
e addresses
of a control

Several conditions can occur in the downstream reaches of a stzeam to cause apparent ch
stag¢—discharge relationship. Subclause 5.7 has detailed shifts©fjthe control. This subclaus
condjfitions of variable backwater which can cause submergénce, or partial submergence,
and fesult in stage-discharge relationships that require more complex analysis.

ble backwater can result from downstream influehces such as reservoirs or tributa
ice, from vegetation growth or from dynamic conditions known as hysteresis.

Varid
from|

ry streams,

5.8.2 Downstream backwater influences

Dowhstream conditions can occasionally-exist such that water levels downstream from a channel-

contl
happ

The

‘ol reach or a section control can rise sufficiently to partially submerge the contro
ens, the control will no longer be-fully effective in defining the stage-discharge relatig

simplest solution to thiscis o re-site the gauging station upstream of the variablg

. When this
nship.

» backwater

be made to
hlarly if it is
ecord using
determined
e during the

Howegver, where this is not feasible or economic, adjustments to the gauged record shall
accoynt for the downstreanr effect. In some conditions of downstream backwater, partic
of short duration and-dceurs very infrequently, it is practical to analyse the discharge 1
shifting-control methods. Sometimes, the extent and magnitude of the backwater can be
by examining a graphical plot of the stage record and estimating the non-backwater stag
periad of backwiater.

For yariable=backwater conditions that are significant and persist for long periods of|time, other
meagures are required to analyse the discharge record. The most common approach is td use a stage
gauge‘and an auxiliary gauge of index velocity. The index velocity is usually determined| by acoustic
velocity meters that employ Doppler principles to measure velocity in one vertical or horizontal
segment of the channel. An index-velocity rating is developed to predict mean channel velocity from
the index velocity gauge, and a stage-area rating is developed to predict area from the stage gauge.

Discharge is then computed by multiplying the computed mean velocity and the computed area.

Other approaches include the stage-fall method and the ultrasonic method. These methods are
described in ISO 9123 and ISO 6416.

5.8.3 Hysteresis effects or loop rating curves

The stage-discharge relationship for a gauging station gives the value of the normal discharge, i.e. the
steady-flow discharge, for a given stage. The discharge for a particular stage can, for some rivers and
streams, be greater than the normal discharge during rising stages and less than normal during falling
stages because of differences in the water surface slope. This effect is known as hysteresis, or a loop
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rating curve. It is most pronounced for mildly sloped rivers where dynamic flow conditions are imposed
by a passing flood wave. This characteristic is illustrated in Figure 3.
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Figure 3 — Hysteresis effects or loop rating curve

For gauging sites_‘where the hysteresis effect is severe, instantaneous values of the discharge

p

determined|from\the steady-state rating curve can be significantly different from the true discharge. If
this potentialerror is significant in terms of the use to which the flow information will be used, it thight

be necessarkr to-1ca f\nv1]1f\r17 aguinmant to cunnlamant tho anaa hataght racard 191 avrdar +0 dotay ll’le
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discharges accurately. A twin-gauge approach utilizing the stage-fall-discharge relationship can be
used (see IS0 9123).

If the hysteresis effect is not severe, but yet of sufficient magnitude to need correction, it might be
possible to use a single-gauge record of the stage in conjunction with the rate of change in the stage,
to compute the discharge. For certain conditions, it is possible to compute the true discharge, Q, of an
unsteady flow from the steady-state discharge, Q,, using Formula (7):

0,5
1 dh
Q=0, (HSWVW E] (7)
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where
Sw is the water surface slope corresponding to steady, non-uniform flow;
Vi is the velocity of the flood wave;
dh/dt is the rate of change of the stage with time.
The slope w_can be determined from observatlon of gauges durlng condltlons of steady flow.
Alternative L2 2 3 cy-Weisbach
formpula.
The rate of change of the stage, dh/dt, can be obtained from the recorded observations of|the stage at
the gauge.
The yave velocity, V,,, is given by Formula (8):
dQ 1 d@
4 :—:—.— 8
W dA B dh (8)
Where
y: is the cross-sectional area;
B is the surface width at the cross-section;
flQ  canbe approximated from the stage=discharge relationship.
dh
Proviided the stage-discharge relation @ known, then theoretically it is possible to defermine the
relatjonship between the product of ' wave velocity and water slope (V,,S,, versus Q) reldtionship for
the rfiver reach, using dQ/dh, provided the flow area is defined as the total area minus the Jtorage area.
This|allows the signature VS, sversus Q curve of the river to be obtained and estimates [made of the
arrival time of flood peak discharges to be made.
The hbove conditions aré valid when the rise and fall of the stream is gradual, i.e. when} the rate of
chanfge in velocity (the.acceleration head) can be neglected. Likewise, the velocity should |not be high,
so thiat the velocity/h€ad can safely be neglected. When a sufficient number of discharge mgasurements
are gvailable, it is’poSsible to calibrate a gauging site with a family of curves by evaluating|the term 1/
(S, V4,) as a singlé-parameter. This is the basis of the Boyer method.
The Boyer.method provides a solution of Formula (7) without the necessity for individual evaluation
of V4 and §,,. The method requires numerous discharge measurements made under the gonditions of
rising and falling stage. Measured discharge, 0, is plotted against stage in the usual mannef, and beside

each plotted point is noted the value of dh/dt for the measurement. For convenience dh/dt and the
algebraic sign of dh/dt is included in the notation — plus for rising stage and minus for falling stage.
A trial Q, rating curve, representing the steady-flow condition where dh/dt equals zero, is fitted to the
plotted discharge measurements, its position being influenced by the values dh/dt noted for the plotted
points. Values of @, from the curve corresponding to the stage of each discharge measurement, are
used in Formula (7), along with the measured discharge, @, and observed change in stage, dh/dt, to
compute corresponding values of the adjustment factor, 1/5,,V,,. The computed values of 1/5,V,, are
then plotted against stage and a smooth curve is fitted to the plotted points. If the plotted values of 1/
SV, scatter widely about the curve, the Q, curve is modified to produce some new values of 1/5,V,,
that can be better fitted by a smooth curve. The modifications of the curves of @, and 1/5,V,, should
not be so drastic that the modified curves are no longer smooth curves, nor should the modified shape
of the Q, rating curve violate the principles underlying rating curves, as discussed in previous clauses.
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Construction of the two curves completes the rating analysis. Figure 3 b) is an example of such an
analysis.

To adjust the value of subsequent discharge measurements for plotting on the @, rating curve, the
adjustment-factor curve is first entered with the stage of the measurement to obtain the appropriate
value of the factor, 1/5.V,,. Next, the observed value of dh/dt is used with that factor to compute the term:

et

That term is_then divided into the measured discharge, Q, to obtain the required value of Q.. To

1 dy
SOVW dx

determine t
when the st
the value of
Q, rating cu

rue discharge Q, based on the @, rating curve and adjustment-factor curve, during ap
hge and rate of change of stage are known, the procedure described above is used-to-0

ve with the known stage. The product is the true discharge, Q.

5.9 Extrapolation of the stage-discharge relationship

Ideally, a

tage-discharge relationship should not be applied outside.‘the range of avai

discharge measurements. However, for many small rivers and streams it is not possible to
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ty of the site during flood conditions. Under these circumstances, it will be necessa
trapolation of the rating based on the hydraulic characteristics of the site, includin
on and channel controls. The channel and control should be carefully examined for

vnstream and upstream of the gauge. Flow obstruetions, contractions, expansions, dg
pe changes and other conditions should be noted so the shape of the rating curve cg
Ccurately.

is not always possible to measure the lowest discharges, and stage-discharge curves
olated downward from the lowest measurement. The lower end of stage-discharge ci

of the characteristics of this section and whether it changes with time are critica
g the lowest end of the curve.

kplanation of manual techhiques and a listing of models for extrapolating stage-disch
iven in Annex G.

mended that, whefiever possible, extrapolations be made using two or more met
then be comparédyand the extrapolated part of the rating curve can be defined with 3
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the term noted above. That term is then multiplied by Q,, which is obtained by enterinig the
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6 Methods oftesting stage-discharge relationships

[t is recomn year
by making veen
measurements will vary depending on several factors, including the relative stability of the rating
curve, hydrological events such as floods that might affect the rating curve, and other indications that
the rating curve might have changed. During certain periods, such as floods or extreme drought, it is
desirable to obtain additional measurements to reduce the need for rating-curve extrapolations and to
define the effects of backwater or hysteresis if they are present. Also, when a discharge measurement
deviates significantly from the rating curve or from previous discharge measurements, a check
measurement should be made immediately to confirm or refute the accuracy of the first discharge
measurement.

hended that a stage-discharge relationship should be checked six or more times per
Hocah osgn s no o nnt nd tha oo £ i hat

< A pnarealbing A f o noci ot e o A d o
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Generally, when a discharge measurement plots within a small percentage of the rating curve, it is
assumed that the rating curve still applies, and no correction is made in the form of either a shift or a
new rating curve. The percentage by which a measurement may deviate from the rating curve without
applying a correction is usually based on the uncertainty of the discharge measurement. See 1SO 748
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for a description of computing discharge measurement uncertainty. If, for instance, most discharge
measurements are made to 5 % uncertainty, then shifting-control techniques will not be employed
unless a check measurement plots further than 5 % from the rating curve.

Another approach is to undertake a statistical analysis of the rating curve to define the dispersion
(standard deviation) of the measurements around the rating curve. When two or more measurements
indicate a deviation of more than two standard deviations from the rating curve, then a shift curve or
a new rating curve is defined. Standard deviations are usually defined separately for each segment of a
rating curve.

A bias check is also performed in some cases to deflne perlods when the ratlng curve might have
shifted; . sare-withinthespec ' y gse-mreapurement or
with|n two standard dev1at10ns for the ratlng curve. For instance, two or more measureiments might
plot Within 5 % of the rating curve, but are all on the same side of the rating curve, Varioys statistical
tests can be used to test for bias.

Wheh testing and checking stage-discharge relationships, it is very important that [the analyst
undedrstands why the measurements plot as they do. Without this understanding, the analyst might
incorrectly apply and interpret certain statistical tests. The analyst should always consider what has
been| happening to the controlling stream characteristics and make-decisions based on hydraulics
rath¢r than arbitrarily using statistical results. This may involyé\using modelling te¢hniques, as
described in 5.3.2, noting any changes in the values of calibration«<oefficients and exploringthe reasons
for them. In this way the fundamental hydraulics will be preserved and future analysts will be able to
undegrstand the complex nature of any particular gauging station, making extension of the relationship
to high flows more reliable. Before adopting this approach it is essential that any softwafre has itself
been| comprehensively tested against benchmark data-for a variety of rivers, geometried, substrates
and flow conditions, as shown by References [35] and{36].

7 Uncertainty in the stage-discharge relationship

7.1 | General

This|clause gives the theory and statistical formulae for estimating the uncertainties in the stage-
discharge relationship and insthe daily mean discharge. Numerical examples of estjmating the
unceftainty of the stage-discharge relationship and the daily mean discharge, using the pfocedures in
this ¢lause, are given in Annéex’H.

The fincertainty in a sitigle measurement of discharge shall be evaluated in accordance with ISO 748,
the Yncertainty caleuldtions in which are based on ISO 5168. The uncertainty in the stage-discharge
relatjonship and4a-continuous measurements of discharge using a stage-discharge relatipnship shall
be eyaluated in accordance with this clause.

7.2 | Definition of uncertainty

ISO/ S 25377 DCtD fUrth tllC LUll\.ClJLD, LCI llllllUlUsy and mCthUdD UDCd VVhCll dxo\,uoolng an Computing
the uncertainty of hydrometric measurements. The terminology specified by ISO/TS 25377 differs
slightly from that used in previous editions of this document. Uncertainty is defined as a parameter,
associated with the result of a measurement that characterizes the dispersion of the values that could
reasonably be attributed to the measurand. The uncertainty parameter can be a standard deviation
or a specified multiple of the standard deviation. The standard uncertainty is defined as “uncertainty
expressed as a standard deviation”. Expanded uncertainty is defined as a quantity defining an interval
about the result of a measurement that can be expected to encompass a large fraction of the distribution
of the values that could reasonably be attributed to the measurand. The expanded uncertainty is
computed by multiplying the standard uncertainty by a coverage factor, k, typically in the range 2 to 3.
The fraction of the distribution expected to be encompassed by the expanded-uncertainty interval is
called the level of confidence. It should be noted that, if the distribution is assumed to be approximately
normal (Gaussian), then coverage factors, k, of 1, 2, and 3 correspond to levels of confidence of about
68 %, 95 % and 99,8 %, respectively.
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The expanded uncertainty and level of confidence are not to be confused with the statistical quantities
“confidence interval” and “confidence level”. These quantities are computed using statistical procedures
and assumptions that do not always apply to the uncertainty of flow measurement. In particular, the
term “confidence level” should not be used, but rather the term “level of confidence”.

Previous editions of this document used the term “uncertainty” to refer to expanded relative
uncertainty with a coverage factor of 2 and used the terms “standard error” and “standard deviation”

to refer to standard uncertainty.

7.3 Statistical analysis of the stage-discharge relationship

7.3.1 GelJeral
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see 7.3.2).

ended that several current meters be used to establish thestage-discharge relationsH
hatic bias in the relationship.

ors) derived in the statistical theory of regression analysis. Statistical regression theory, how
curve-fitting by the mathematical least-squares method, whereas stage-discharge rating-
are commonly developed using hydraulic reasoning in addition to mathematical fitting. Thul
hinty” is used in preference to the more restrictively defined statistical standard error.

inty of the rating-curve relationship as a whole is characterized by the standard ery
also called “standard error” or “standard deviation of residuals”), which is calculated
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multiple straight-line segments in the stage-discharge relationship, this procedure is

290,5
. 2 InQ-Ing,) )
(N~p)
where
Q isthe measured discharge;
Q. isthe corresponding discharge calculated from the rating-curve formula or rating-curve table;
N  is the number of gaugings in the rating-curve segment;
p  isthe number of rating-curve parameters estimated from the N gaugings.
NOTE1 The value of p depends on how many parameter values are adjusted to make the rating curve fit the

gauging data. If all three parameters (Q;, B, ) are adjusted to fit the N gaugings, then P = 3. If the effective gauge
height of zero flow, e, is given a priori and another two parameters are adjusted to fit the data, then P = 2. If, in
addition, the rating-curve slope, f3, is determined a priori, from hydraulic considerations for example, and only
the intercept Q, is estimated, then P = 1.
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NOTE2 The quantity N - p is called the number of degrees of freedom. It represents the number of
observations that are effective in defining the scatter of observations around the rating-curve relationship, p of
the observations having been “used up”, in effect, to establish the position of the rating curve.

7.3.3 Standard uncertainty

The standard uncertainty in the calculated value of InQ. at gauge height h, u[InQc(h)], is found from

Formula (10):

- 0,5
u[InQ (hﬂ:SJl+ [in(h-e)-in(h-e) 1

_ (10)
Z[ln(h—e)—ln(h—e) J
An expanded uncertainty, U[InQ_(h)], can be calculated from Formula (11):
§[InQ, (h) |=ku[InQ, (h)] (11)

whetle k is a coverage factor that provides a specified level of confidence(see NOTE 1). The expanded
unceftainty defines an uncertainty interval around the computed valtie TnQ.(h) which is [expected to
encompass the specified fraction of the distribution of values that cotild'reasonably be attributed to the
discharge; this interval can be expressed as Formula (12):

InQ. (h)+U[InQ, (h)] (12)

The juncertainties and the limits of the uncertainty dnterval are expressed in naturaltflogarithmic
unity. The corresponding uncertainty interval for discharges is found by taking anti-logarithms and
matHematically the following approximate relationship can be derived as shown by Formula (13):

0, (el g (h){1+U[Inq, (h)]} (13)

The ppproximate equality shown in Formula (13), holds when U[InQ.(h)] is small enougH so that the
linear approximation to the exponential holds (see NOTE 2), i.e. it can be assumed for practi¢al purposes
that the uncertainty in the natural logarithm of discharge as derived in Formula (10) is pqual to the
unceftainty in the discharge,

NOTHE 1  For the expanded uncertainty, the coverage factor, k, can be taken as Student's t coriection at the
desirpd level of confidencéfor N p gaugings and can be taken as 2 for a level of confidence of 95 % and 20 or more
gaugings. A coverage fdetor, k, of 1 corresponds to a level of confidence of about 68 %.

NOTHE 2  The uncertainty interval limits are symmetrical in logarithmic units but not, in general| in discharge
units| If the natural-logarithmic uncertainties, U[InQ.(h)], are small, they are approximately equgl to relative
unceftaintiesinvdischarge units.

The fexpanded uncertainty, U[InQ.(h)], with coverage factor, k, equal to 2, and the cofresponding
unceltainty limits on InQc(h) should be calculated for each observation of (h e) related to the
corresponding gauging. The limits will therefore take the form of curved lines on each side of the stage-
discharge relationship and will exhibit a minimum at the mean value of In(h e).

NOTE3  The uncertainty of the calculated value of InQ, refers to the dispersion of the set of reasonably possible
positions of the rating curve based on the number of gaugings available and their accuracy. As the gaugings are
dispersed around the rating curve, with standard error of estimate §, it is expected that future discharges will
be similarly dispersed around the rating curve. This dispersion will therefore be an indication of the accuracy of
predictions of future discharges using the rating curve (see 7.4).

If the stage-discharge relationship comprises two or more straight-line segments, S and U[InQ_(h)]
should be individually calculated for each segment, and the appropriate number of degrees of freedom,
(N p), should be used for each segment. However, it is important that the calculation does not loose site
of physical reality and the joining of segments needs to take due account of the physical properties of
the channel.
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While it is recognized it is often not possible, it is desirable that at least 15 observations be available in
each segment in order to achieve a statistically reliable estimate of S and u[InQ_(h)].

7.4 Uncertainty of predicted discharge

The rating curve is used to compute values of discharge corresponding to values of gauge height
recorded at a gauging station. The resulting computed discharge is normally considered to be a
prediction of the discharge that would be observed if a gauging were made. The magnitude of the
difference between the predicted value and the value that would be observed if a gauging were made is
important in the practical use and 1nterpretat10n of the predicted Values The dlspersmn of the values

that could reasonably b

u(Q,) (stand
logarithms

Q. computg
because the
discharges 1

There are t}
observed if
error in gay

ard uncertainty) or by U(Q,) (expanded uncertainty) or by corresponding terms involving
bf discharge. The actual Values of the predicted discharges, Q, are the same as the vglues,
d from the rating curve at the recorded gauge height, but thelr interpretatiorf is-different
y are being compared with the distribution of reasonably possible individual obsgrved
ather than with the distribution of reasonably possible positions of the rating curve.

\ree reasons why the predicted discharge might differ from the discharge that would be
a gauging were made: change in control conditions (shift in rating-curve), measurement
ged discharge and error in recorded gauge height. The first two“error sources affedt the

bd to define the rating-curve relationship; their combined maghitude is represented bfy the
For of estimate of the rating curve, S. The third error source\s not reflected in the gaugings
ine the rating curve because the gauging personnel réad auxiliary reference gauges in
addition to the recorder to ensure that the correct gauge height is\ebserved. Assuming that the rating
curve is virtually linear over the range of reasonably possible\values associated with the recqrded
gauge height, and using the logarithmic form of the rating-cut¥ve formula, the standard uncertainty in
predicted discharge due to uncertainty in recorded gauge height is given by Formula (14):

u[InQ, (h) |=B-ulIn(h-e)]

gaugings us
standard er
used to def

(14)

where u[In(fh - €)] is the uncertainty in the effective depth.

The standat
error of est
(RSSs), as sh

d uncertainty of prediction is computed by combining this uncertainty with the starjdard
mate, S, and the uncertainty'in the calculated discharge, U[InQ.(h)], in root-sum-squyares

own by Formula (15):
h)]=\/ B2u[In(h-e)3¥s2+u[InQ, (h) |

u[InQ, (15)

ction
es of

ediction uncertainties, prediction uncertainty limits and percentage (relative) predi

ficial
controls, it is possible to show that the standard error of estimate represents only the measurement uncertainty
of the gaugings used to establish the rating curve. In such cases, the predictions would not be affected by
measurement error, and the standard error of estimate, $2, can be omitted from the calculation of the prediction
uncertainty.

NOTE 2  There are different schools of thought among statisticians and hydrometric practitioners on the
most appropriate methods to use for estimating uncertainties, e.g. Bayesian approaches have been researched.
While recognizing its limitations the methodology presented here has been widely accepted for many years and
provides a consistent approach for comparing the quality of ratings. The basis for applying the methodology
described in this clause are currently built into several commercially available hydrometric data management
software packages. Research on other approaches is referenced in Reference [30]. This compared 7 methods for
estimating rating curves and their uncertainties, including the method described in this document. Alternative
methods like HydraSub, GesDyn and BaRatin are already in use by operational hydrometric services in Norway
and France to build rating curves and quantify their uncertainties. HydraSub and BaRatin can be freely
downloaded and used.
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Annex A
(informative)

Types of control

Section control

tion control is a specific cross-section of a stream channel, located downstream from+4
e that controls the relationship between gauge height and discharge at the gauge~A seq

water-level
tion control
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e or an overflow spillway. Section controls can often be visually identifiedin the field h
le, or pronounced drop in the water surface, as the flow passes over the control. Fr
e height increases because of higher flows, the section control will beceme submerged {
t no longer controls the relationship between gauge height and disc¢harge. At this point
nger observable, and flow is then regulated either by another section control further ¢
the hydraulic geometry and roughness of the channel downstream (i.e. channel contr

Channel control

hnnel control consists of a combination of featukes throughout a reach at, or downs

lﬂlge. These features include channel size, shape, curvature, slope and roughness. T

el reach that controls a stage-discharge relationship varies. The stage-discharge rel3
hannel could be controlled by a much lénger channel reach. Additionally, the length

‘ol reach is usually neither possible'nor necessary.

Combination contrels

me stages, the stage-discharge relationship can be governed by a combination of
el controls. This.usually occurs for a short range in stage between section-controlled 3

controlled segments.of the rating curve. This part of the rating curve is commonly refe

trangition zone of theé rating curve and represents the change from section control to cha
In other instanges, a combination control can consist of two section controls, where each

controlling_effect. More than two controls acting simultaneously are rare. In any case,
controls and/or transition zones occur for very limited parts of a stage-discharge relat

can ysually be defined by plotting procedures. Transition zones, in particular, represent ch
slop } or chnpp of 2 angp—dicrhnrgp rp]nfinnchip

b

hm, a weir, a
y observing
equently, as
o the extent
, the riffle is
lownstream
pl).

fream from,
he length of
itionship for

htively steep channel could be controlled by a short channel reach, whereas the relatjonship for a

pf a channel

‘ol will vary depending on the magnitude of flow. Precise definition of the length of a channel-

section and
nd channel-
rred to as a
nel control.
as a partial
rombination
ionship and
anges in the

© ISO

2020 - All rights reserved

23


https://standardsiso.com/api/?name=a6bb3b137c1866ee65e208cca3773021

ISO 18320

:2020(E)

Annex B
(informative)

Complexities of stage-discharge relationships

Stage-discharge relationships for stable controls (such as rock outcrops and man-made structures
such as weirs, flumes and small dams) present few problems in their calibration provided a suitable
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rkwater can affect a stage-discharge relationship both for stable-and unstable char
ackwater can be downstream reservoirs, tributaries, tides, vegetation, ice, dams and
5 that influence the flow at the gauging-station control.

y that exists for some streams is hysteresis, which results’when the water surface
to either rapidly rising or rapidly falling water levels in a‘channel-control reach. Hyst¢
red to as loop rating curves and is most pronounced ih relatively flat-sloped stream
5, the water surface slope is significantly steeper than for steady-flow conditions, resy
ischarge than indicated by the steady-flow rating curve. The reverse is true for f3
b.8.3 for details of hysteresis rating curves. Hysteresis can also occur in channels aff¢
betation growth, and this adds a further complexity, as this effect will vary with the rg
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f vegetative growth is in itself a serious problem in this context. Variable seasonal gr
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create additional complications in deriving a stable stage-discharge relationship
ecially for low flows.
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(informative)

Software packages available to evaluate the stage-discharge
relationshipv

C.1 | General

There are a number of available software packages to aid the creation of the, Stage-discharge
relatjonship given a series of flow measurements at specific stages at the observation site. Some
packpges contain additional analytical tools that help describe the accuracy ‘and standard errors
asso¢iated with the rating curve. An example of such a package is the UK Environment Agency’s CES-
AES |software (Conveyance and Afflux Estimation System), which is freely available a www.river
-conveyance.net. This specifically determines rating curves, but also. fricludes a roughness advisor, a
backfwater calculator, and an uncertainty and afflux estimator. It is based on a depth-averaged velocity
apprpach, using the Reynolds-Averaged Navier-Stokes (RANS) formulae to give the depth-averaged
velodity, Vd, as a function of lateral distance, y. It is capable of dividing any river cross-sg¢ction into a

user{defined number of vertically sliced elements and solves.the governing formula for I7d = f{y}, from

which the discharge, Q may be obtained for a given value-of depth, h. A description of the [Conveyance
Estirhation System, abstracted from the CES Conveyance Manual (Defra/EA, 2004) is given in C.2.
However, more detail can be found in References [32]"and [37].

C.2 | CES

An ekample of a public domain softwate package is the CES. This includes a component] termed the
“roughness advisor”, which provides_advice on this surface friction or roughness, and § component
termed the “conveyance generator”, which determines the channel capacity based op both this
roughness and the channel /morphology. In addition, the CES includes a third component, the
“uncertainty estimator”, whi¢h' provides some indication of the uncertainty associat¢d with the

convgyance calculation.

C.3 | Componentsof the CES

Thesle outputs-are:

— foughness advisor: roughness values;

— (¢ohveyance generator: stage-conveyance relationship;

— uncertainty estimator: upper and lower bands for the stage-conveyance relationship.

The new approach to estimating conveyance is a method whereby the energy “loss” mechanisms, e.g.
lateral shear, transverse currents and boundary friction are treated individually. The channel section
is divided into a number of elements, through vertical slicing, and the contributions to the total
conveyance are determined within each slice. To this end, it is necessary to express the roughness in
terms of a unit roughness value, which may vary laterally across the section, and is only dependent on
the local boundary friction.

1) These are examples of suitable products available commercially. This information is given for the convenience
of users of this document and does not constitute an endorsement by ISO of these products.
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The roughness advisor was developed after an extensive review of available information on different
techniques for determining the roughness characteristics in channels. The advisor provides for three
roughness types: bed, bank, and floodplain. Within each type, the roughness will result from different
components. For the bed and bank types, the three components are bed material, irregularities and
vegetation. The components for the floodplain are similar except that ground material is used instead
of bed material. Reference [23] provides numerous tables for estimating the component roughness for
each roughness type.

The energy “losses” arise through the development of vortex structures on a variety of length scales.
Once vorticity is created, its rotational energy cascades down in length scale into increased turbulence
intensity until it dissipates as heat through viscosity. The stream wise translational kinetic energy is

thus transfd
channel con
these vortey

— Bounda

— Turbule
bounda
the mai

— Transvd
vary wi
bank flq
then gr3

— Water n
losses. ]

results in a greater shear as the floodplain flow passes-over the main channel flow, driving the vor

structul
Contrac

TTed 1N part to rotational KInetic energy, which no longer contributes to the stream
veyance capacity. It is possible to identify situations in which the vorticity is increaseq
structures may arise from the following.

ry friction caused by the resistance due to surface roughness.

nce due to lateral shearing in regions with steep velocity gradients, e.g. adjacent to a
Iy layer; and at the floodplain main channel interface, where the wdter is flowing fast
h channel than on the floodplains.

rse currents developing in regions of steep velocity gradients-'These secondary cur
th relative depth, i.e. they change their orientation as the flowmoves from in-bank to o}
w; and sinuosity, i.e. the secondary flows expand into the bend in a helical-type shapd
idually dissipate beyond the bend.

noving from the floodplain region into the main chidnnel, which is also subject to expal
'he velocity, i.e. both magnitude and direction of the flow, is important here, as high vell

'es. In meandering channels, this direction.miay retard or enhance the main stream rotat
tion losses may occur as water passes fr@m the main channel into the floodplain region.

wise
, e.g.

flow
er in

rents
t-of-
b and

nsion
ocity
ficity
ions.

26

© IS0 2020 - All rights reserved


https://standardsiso.com/api/?name=a6bb3b137c1866ee65e208cca3773021

IS0 18320:2020(E)

C.4 Calculating conveyance in CES

The approach for calculating conveyance in CES is based on the depth-integrated Reynolds Averaged
Navier-Stokes (RANS) formulae for flow in the stream wise direction, as shown by Formula (C.1):

1
2 v 2
gHS L (L P g d ()| ¢ Vi 4 - (C.1)
°© "8H? dy| \8 dy\ H Wdy| H
where
Y is the dimensionless depth averaged eddy viscosity;

()

is the gravitational acceleration;
q is the unit flow rate;
0) is the projection onto plane due to the choice of Cartesian coordinate system;

H is the local depth normal to the channel bed;

(@)

is the reach-averaged bed slope;

is the lateral distance across the channel;

)
f is the coefficient to account for influence«f local bed slope on the bed shear stresg;
bi local friction factor dimensionless eddy viscosity;

¢,, isthe meandering coefficient.

Formula (C.1) is a nonlinear, elliptic,.8econd order partial differential formula that is approximated
using linear finite elements. Thetcross-sectional area of flow represents the solution domain, which
is digcretised laterally into a number of elements, and the variable q is replaced with piecewise linear
apprpximations. The solutign;to the resulting system of discrete formulae is generated|through an
iterafive procedure, designed to converge nearly quadratically.

C.5 | Other packages

— AQUARIUS\{(Aquatic Informatics), see http://aquaticinformatics.com/products/aduarius-time
{series/better-rating-curves/

The AQUARIUS Time-Series Rating Development toolbox is a tool for building and maintaining

tatinag curvac I ic nead +0 oviga maoncniramante faorne an hudvalaaie yolatinane And ¢ 1ift or blend
e g ta vy Eor T o ottt o ot s C I C ot C i et T O Cu o Ot Ty S S99 e T S ot ooy ot ot

ratings to account for conditions, such as scour, fill, vegetation and ice.
— WISKI (Kisters Pioneering Technologies), see https://www.kisters.net.

SKED, the KISTERS rating curve editor, offers a diverse range of rating curve types and analysis
methods. BIBER and SKED fulfil many international standards (e.g. ISO, USGS British and German
standards). Complex tasks according to the stage-fall method, discharge hysteresis, USGS stage/
date shifts or various backwater methods can be solved with BIBER and SKED.

— Hydstra (Kisters Pioneering Technologies), see https://www.kisters.net.
The graphical rating editor provides:

— Rating Selection;
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The Hydro-Met Analysis System stores decoded data in a SQL Time Series Database. The schema
is capable of storing several years’ worth of decoded data online. A computation module handles
derived parameters, such as USGS ratings, table-lookup, interpolation, averaging and user-defined
formulae. It provides tools for limit and rate-of-change alarms, import/export, spreadsheet-access,
plotting and custom applications.
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Examples of a hypothetical rating curve
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Figure D.1 provides examples of a hypothetical rating curve showing the logarithmic plotting
characteristics for channel and section controls and for cross-section shape changes. Figure D.1 a) shows

a trg
logat
resu
adde
resu
(aboy
woull
resu

ratinlg curve, the slope will usually be greater than 2.

The
plott]
awal

ithmic plot of the rating curve, when plotted with an effective gauge height of zéro
ts in a straight-line rating curve has a slope less than 2. In Figure D.1 b), a flood pl3
d, which is also a channel control. There is a change in the shape of the contrgdl'¢ross-sg
ts in a change in the shape of the rating curve above the bankfull stage. lf the upj
e the transition curve) is re-plotted to the correct value of effective gauge height of
d also have a slope less than 2. In Figure D.1 c), a section control for Jow flow has been
ts in a change in rating-curve shape because of the change in control For the low-wate

examples shown in Figure D.1 are intended to illustrate-s¢me of the principles of
ing. The analyst should use these principles to the greatest’extent possible, but shoul
e that there are probably exceptions and differences that occur at some sites.

pezoidal channel with no flood plain and with channel-control conditions. The eorresponding

flow, e that
in has been
ction which
ber segment
zero flow, it
added. This
r part of the

logarithmic
d always be
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NOTE Theteftianmd-drawing imreachpairshows thechammetstape; the righttamd-drawing strows therating-

curve shape.

Figure D.1 — Relationship of the channel and control properties to the rating-curve shape
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Annex E
(informative)

Example of how hydraulic properties of a river channel properties

E.1

Exan
to E.|
discH

vary with stage

General

Figute E.1 shows the cross section of the channel. Figures E.2 to E.5 show how the wette

hydr|

iples of how the hydraulic properties of a river channel vary with stage are shown in Figures E.1
b for the River Severn at Montford Bridge, UK. They were obtained by repeated measjurements of
arge and individual point velocities, and illustrate some of the features ouitlined in 4.3

H perimeter,

hulic radius, cross section area and Manning, respectively, vary with ’stage at this sit¢. Figure E.6

shows the stage-discharge relationship for this site using the CES software, together with upper and

lowe

' estimates.
AN : , i
1\ ! : ‘ 1
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S G, -
- =
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N
b A
B
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| I | I |
14,0 S +1,50
463,0 Sg +23,0
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See Reference [30]
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Figure E.1 — Cross-section of River Severn at Montford Bridge
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Figure E.2 — Variation of wetted perimeter withstage, River Severn at Montford Bridge
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Figure E.3 — Variation of hydraulic radius with stage, River Severn at Montford Bridge
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Y dtagein metres

X  dross section area in m?2

Figure E.4 — Variation of cross section area with'stage, River Severn at Montford Bridge
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Higure E.6 — Stage-discharge prediction for the River Severn, based on the CES spftware
The $olid line in FigureE)5 shows that if the river is treated as a single channel, then the fomposite n
valug, Neompositer decteases with increasing depth from 0,036 to 0,030 at the bankfull level, as might
be expected for most inbank flows. However, with further increase in stage above bankfyll, ncqp,osite
appeprs to decrease sharply to around 0,020, before increasing again to join the origingl trend line
of th stage ¥\ relationship at n = ~0,029. This apparent reduction in overall resistance goefficient is
entirely fictitious and due to the use of Formula (2) with the changes in the hydraulic radius observed
in Figuré.E.3. In fact, the overall resistance of the river actually increases when overbank Flow occurs,

due o the effects of bankside and floodplain vegetation.

Using measured water surface slope and velocity data, and dividing the channel into three zones, the
left-hand floodplain (panels 1 and 2 in Figure E.1), the main channel region (panels 3 to 5) and the
right-hand floodplain (panels 6 and 7), then the effective n value for the main channel n . (effective),
based on the main channel area, appears to increase from 0,030 to around 0,038, and the effective n
value for the floodplains ng, (effective), based on the inundated floodplain areas, appears to decrease
from 0,030 to 0,012. The estimated floodplain roughness, based on type of vegetation in the floodplain,
is about 0,040.

The physical explanation for this anomaly is that by dividing the channel into separate zones, typically
using vertical lines that form panel boundaries, then using measured U, A, and S; values, the
resulting zonal Q,,. takes no account of the retarding effects of the shear layers between the slower
moving floodplain flows and the faster moving main channel flow. Consequently, to match the observed

Qmmc @ larger resistance is apparently needed. The reverse is true of the zonal floodplain flow, Qg
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where it appears that an impossibly low resistance value is required to account for the accelerating
effects of the main channel flow on the floodplain flow (0,012 compared with the estimated value of
approximately 0,040). This highlights just one of the difficulties of dealing with overbank flows. The
approach used in the CES software considers this issue from first principles and accounts for this and
other effects, being based on extensive experimental data and observations.

Figure E.6 shows the stage-discharge rating curve for the River Severn at Montford Bridge produced by
the CES software. Such rating curves as this should ideally take into account all of the effects described
in this annex, particularly when dealing with overbank flows. Care should be taken to distinguish
between resistance coefficients defined by the section-mean velocity, U,, the zonal velocity U,, the
depth-mean velocity, Uy, and a local near bed velocity, u, used in the so-called “law of the wall” in any
€ four friction factors used in 1-D, 2-D and 3-D river models, are generally reiérred

turbulence
to as “global

: :(i
° 18

(glob

1-Dm
[t should be
on the bed
represented

NOTE In
this annex.

", “zonal” and “local”, by Formula (E.1):

£, o f;

al) (zonal/sub-area) (local/depth-averaged) (local/turbulence) (E.1)

pdel quasi 1-D model 2-D model 3-D model

noted here that, within the CES, the third option is used, withthe boundary shear stress
assumed to be in the same streamwise direction as Uy. The topic of how resistance is

in numerical models is addressed more fully by Morvan, ét al. (2008)[=11,

Formula (E.1) and discussion in the preceding three paragraphs, the symbols used relate oply to
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Table F.1 and Figure F.1 demonstrate the use of shift curves. Measurements 366 to 368 and 372 to
375 from Table 1 in 5.2.2 have been modified to represent a period of deposition or vegetation growth

that
occu
shift

the 1
mea
segn

shift

then

© ISO

Table F.1 — List of discharge measurements modified from Table 1

ID number Date Effective/dépth Discharge
(yyyy/mm/dd) m m3/s
366 1973/08/21 0,957 7,080
367 1973/10/10 0,890 4,928
368 1973/11/26 0,909 5,296
372 1974/07/10 0,973 7,703
373 1974/08/22 0,970 7,590
374 1974/10/01 0,814 3,483
375 1974/11/11 1,832 3,313
NOTE The effective depths of measurements 366 to 368 were modified to represent
deposition in the stream channel and the effective depths of measurements 372 to 375
were modified togepresent channel scour.

pccurred at least between 21 August and 26 November 1973, and a period of channél scour that
fred at least between 14 July and 11 November 1974. Measurements 366 to 368 [ceflect a +0,05
from the lower end of the base rating curve. Measurements 372 to 375 reflectra’~ 0,06 shift from
ase rating curve. Measurements 369 to 371, which were made between _the-other
urements, show that the shift did not occur in the transition zone betweemthe two sedtion-control
ents of the rating curve. The measurements define the shift curves. The-actual periods of the two
5 would be defined during a hydrographic analysis of the stage and-discharge data t
nost likely time when the deposition or vegetation growth and scodioccurred.

two sets of

b determine
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