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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.
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Hydrometry — Stage-fall-discharge relationships

1 Scope

This document specifies methods for determining stage-fall-discharge relationships for a stream reach
where variable backwater occurs either intermittently or continuously. Two gauging stations, a base
reference gauge and an auxiliary gauge are required for gauge height measurements. A number of

dischfirge measurements are required In order to calibrate the rating to the accuracy required by this

document.

The preparation of rating curves is not described in detail in this document.

NOTE For a more detailed description of preparing rating curves, see the metheds.described i 1ISO 1100-2.

2 Normative references

The fpllowing documents are referred to in the text in such a way that some or all of
constjtutes requirements of this document. For dated referenees, only the edition cited
undafed references, the latest edition of the referenced document (including any amendms

ISO 7Y 2, Hydrometry — Vocabulary and symbols

ISO 1]100-2, Hydrometry — Measurement of liquid flow’in open channels — Part 2: Determ
stagetdischarge relationship

3 Terms and definitions
For the purposes of this document, the térms and definitions given in ISO 772 apply.

Note,lhowever that the application'of the definition of backwater given in ISO 772 to the d
of digcharge under intermittent/or continuous backwater conditions should take into a
higher gauge height would prevail for a given discharge than would be the case if the variab
was rfot present.

[SO apd [EC maintaimterminological databases for use in standardization at the following

— I$0 Online brewsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at http://www.electropedia.org/

their content
applies. For
ents) applies.

nation of the

ptermination
count that a
le backwater

addresses:

4 Symbolsamdabbreviatedterms————————

4.1 Symbols

Symbol Meaning Units
H measured water level or stage at gauging station m
Hie total effective upstream head m
Hye total effective downstream head m
Himax maximum upstream total head above crest elevation m
h measured fall (difference between stage at main gauging station and m

upstream or downstream secondary gauge)

h¢ reference fall or unit fall for constant fall methods

8

© IS0 2017 - All rights reserved


https://www.iso.org/obp
http://www.electropedia.org/
https://standardsiso.com/api/?name=8e5263af007753a87df43445c383dacb

IS0 9123:2017(E)

Symbol
h*r

H,

Hu/s

Hqys

Hy/s- Hays
N

P

Q

Qc

Q*r

S2

UH

u(h)

u(H)
u(Ho)
U(Hu/s)
u(Hdys)
U(Hu/s'Hd/s)
U(Qe)
unc(Q)

urc(Q)

u(6)
UlIn(Qpr)

a

B

p
Subscripts

u/s
d/s

4.2 Abbr

HUG
GUM
SFD

Meaning

reference fall or rating fall in limiting fall method

separation pocket head

stage/water level measurement at gauge zero/cease to flow level
upstream stage/water level

downstream stage/water level

effective fall

number of gaugings

number of rating-curve parameters estimated from the N gaugings

non-dimensiona

non-dimensiona

1
1

measured discharge

rating-derived discharge for unit and constant fall method
rating-derived discharge for limiting fall method
estimated variance

uncertainty in the stage/water level measurement
uncertainty in the measured fall

standard uncertainty in the recorded value of the stage
standard uncertainty in the gauge zero

uncertainty in the recorded value of the upstream stage
uncertainty in the recorded value of the downstream stage
uncertainty in the effective fall

uncertainty in the estimated (computed) discharge

uncertainty caused by neglecting all other physical parmeters that
affect discharge

m3s-1
m3s-1

m3s-1

mer non-dimen
m or non-dimen
m
m
m
m

m or non-dimen

uncertainty in the stage-fall-discharge relation, mainly related to im-
proper knowledge of hydraulic processes, shape of the assumed function

and errors in parameter estimates

percentage uncertainty due to neglecting all other physical parameters

standard uncertainty of prédiction

Non-dimensiond

Non-dimensiong

scale factor that is numgrticdlly equal to the discharge when the effective

depth of flow/stage (H\—Hp) is equal to 1
slope of the rating‘etirve when plotted on logarithm scales

power parameter

denotes the upstream value

denetes the downstream value

tional

tional

tional

vittions
TorcroTt

Hydrometric uncertainty guidance
Guide to the expression of uncertainty in measurement

Stage-fall-discharge
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5 General considerations

5.1 Importance of backwater

Most programmes for collecting records of discharge of streams are based on the fact that a relatively
simple relationship exists between gauge height and discharge so that, by simply recording gauge height
and developing the stage-discharge relationship, a continuous record of discharge can be computed.
Several factors, however, can cause scatter of discharge measurements about the stage-discharge
relationship at some stations. Backwater is one of these factors and is defined as a condition whereby
the flow is retarded so that a higher gauge height is necessary to maintain a given discharge than would
be necessary if the backwater were not present. Backwater is caused by constriction such as narrow

reac

or tidal reach of a stream. All these factors can increase or decrease the energy gradier
dischprge and cause variable backwater conditions. For example, in tidal streams the’ensg

duri

5.2

Const
disch
of sin

may have variable backwater virtually all of the time, whilecther streams will have on

backy
backy

Actud
is un
hydra
be us
linea
for th

s of a stream channel or downstream structures such as dams/bridges, downstreal

flood tides is less than the energy gradient during ebb tides.

Backwater conditions

ant backwater, as caused by section controls for instance, will not adversely affe
hrge relationship. The presence of variable backwater, on the ¢ther hand, does not 4
iple stage-discharge relationships for accurate determination of discharge. Reguld

vater from downstream tributaries, vegetal growth;, from the return of overb
vater from the sea.

lly, the method is valid for steady, gradually waried flows. Large errors occur w
steady, and/or it is rapidly varied. Then, the' computed fall between the two g3
ulically meaningless. In such situations, othét techniques including water volume ba

relationship in terms of hydraulic gradient between the auxiliary and reference sites
s relationship to be compromisedby,for example, variable weed growth between thg

m tributaries
t for a given
rgy gradient

ct the stage-
1llow the use
ited streams
y occasional
ank flow or

hen the flow
uges can be
lances might

bd, not the stage-fall-discharge method Further, this methodology appears to assunpe a constant

[tis possible
sites. Hence,

the fl ns when the

flow i

bw gaugings at these sites should be taken simultaneously or at least during conditi
s the same at both sites.

5.3 [Gauging requirements

using a base
of discharge
p, preferably

of the backwater. affected sites can be operated as stage-fall-discharge stations by
gaugq at which gaugetheight is measured continuously and current-meter measurements
are made occasionally. An auxiliary gauge some distance away from the base gaug
downfstream, is operated to measure gauge height continuously.

Many]|

The apxiliary-gauge should be located downstream of the base gauge because

a) if is-preferable to set up the main station as far away as possible from the variable backwater

1
causeana

b) when the upstream gauge becomes free from variable backwater (i.e. free-flowing conditions), the
measured fall is not representative of the slope of the flow around each gauge and the downstream
gauge is still impounded: then the upstream gauge can be rated using a stage-discharge curve, not
the downstream one. There is generally no advantage in choosing the downstream gauge as the

base gauge.

When the two gauges are set to the same datum, the difference between the two gauge height records
is the water-surface fall and provides a measure of water-surface slope. Inflow between these gauges
should be minimal. The locations of the base and auxiliary gauge are based on the characteristics of the
slope reach. The length of the reach should be such that ordinary errors that occur in the determinations
of the gauge heights at gauge stations will cause no more than minor error in computing the fall in the
reach. Reliable discharge records can usually be computed when fall exceeds about 0,15 m. Precise time
synchronization between the base and auxiliary gauges is very important when gauge height changes

© IS0 2017 - All rights reserved 3
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rapidly, or when fall is small. Timing and gauge-height errors that are trivial at high discharges become
significant at very low flow[16].

It is also essential that the two gauges are levelled accurately to the same datum to minimize the errors
not only in the individual stage readings but also the corresponding estimated fall. Therefore, the
gauges shall be set to the same zero based on accurate survey techniques.

Channel slope in the reach should be as uniform as possible. The shorter the slope reach, the closer the
relationship between measured fall and water-surface slope. On the other hand, the longer the slope
reach, the smaller the percentage of error in the recorded fall. The reach should be as far upstream
from the source of backwater as is practicable, and inflow between the two gauges should be negligible.
If possible, r i i i aches
with sharp bnds or unstable channel conditions.

Rarely a slope reach will be found that has all of the above attributes, but these attributés-should be
considered ifi making a selection from the reaches that are available for slope measureniént.

5.4 Typesd of stage-fall-discharge relationships

d the
hship.

5.4.1 Unddgr conditions of variable backwater, the fall as measured betweén the base gauge ar
auxiliary gauge is used as a third parameter, and the rating becomes a stage=fall-discharge relatio
Stage-fall-digcharge methods fall into the following two broad categories:

a)

b) variable

constant-fall method, of which the unit-fall method is a specialcase;

fall method.

The applical ter is

intermittent

le method for a stream reach depends to atfarge degree on whether the backwa
or always present.

5.4.2 The
can sometim

onstant-fall method works best when-backwater is always present at all gauge heights, but

bs be adapted to intermittent backwater conditions.
5.4.3 The E
unit-fall met

nit-fall method is the simplest and requires the least amount of data for calibration. The
od should be used as a starting point before attempting more complex methods.

5.4.4 Variable-fall methods are~the most complex and require the most data for calibration. The
variable-fall method works bestfor the intermittent backwater condition.
NOTE Thp unit-fall methed, the constant-fall method and the variable-fall method are also referred to fin this

document as the unit-fall.rdting, the constant-fall rating and the variable-fall rating.

6 Unit-falll method

6.1 General

The unit-fall method is a special case of the constant-fall method, where the constant fall is unity (1 m).
The unit-fall method is used with the assumption that the relationship between the discharge ratio
(Q/Q¢) and the fall ratio (h/h¢) is exactly a square root relationship, as given by the following formulae:

Q/Qc=(h/h)*® =(h/1)"* =h°S

Q=Q.h”

®or Q.= Q/h%

M

(2)

© ISO 2017 - All rights reserved
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where

Note
equat

6.2

The unit-fall rating shall be developed by plotting each measured discharge'divided by thg
of the
shall

6.3

Ther
base

rating
and the datum of the two gauges are within about-0,01 m.

If bac
is notf
of the
curve
may |

The fi
which
two discharges shall be gonsidered to be the true value.

is the measured discharge, expressed in cubic metres per second;

Q
h

Qc

is the measured fall, expressed in metres;

the constant fall and the base gauge height;

h.__is the constant fall, expressed in metres (1 m for the unit-fall method).

is the discharge, expressed in cubic metres per second, from the rating curve corresponding to

that the value 0,5 of the (h/h¢) exponent is justified by a channel control as modelled
ion or the Manning-Strickler equation.

Method of analysis

measured fall against the base gauge height for the discharge measurement. The
then be fitted to these plotted points.

Computation of discharge

hting shall be used to compute discharge by determihning the value of Q. from the ratii
pauge height, and multiplying this discharge by thé’square root of the measured fall
r will usually be satisfactory when backwater is‘always present, fall is greater than :

kwater is intermittent, it is also necessary to develop a free-fall rating or rating whe
present. Gaugings not affected by backwater will normally be those that tend to plo
stage-discharge plot. If the stage-discharge points are plotted, an outer envelope sta
can be derived which should hopefully reflect the gaugings which are backwater-f]
elp illustrate this point.

ee-fall rating shall be used at all times except during periods when backwater is susp
times discharge shouldbe computed from both the free-fall and unit-fall ratings. The¢

by the Chézy

P square root
rating curve

hg for a given
This type of
\bout 0,15 m,

e backwater
t to the right
e-discharge
ree. Figure 4

ected, during
e lower of the

6.4 |Example ofunit-fall method
Figurp 1 and Table 1 illustrate the unit-fall rating for a site with high backwater from a poyer dam. The
backwater exists at all gauge heights and at all times.
Table 1 — Unit-fall calibration measurements
Measurement Gauge height h Q 0 Ji Qc Difference
no. m m m3/s m3/s %
327 5,907 1,917 1160 838 840 -0,2
328 7,105 2,182 1520 1030 1030 0
332 5,026 1,597 889 703 700 0,4
373 7,013 2,225 1490 1000 1000 0
384 11,558 2,880 2830 1670 1700 -1,8
385 8,108 1,920 1640 1180 1190 -0,8
386 8,638 2,652 1990 1220 1260 -3,3
387 3,139 0,808 399 444 410 7,7
© IS0 2017 - All rights reserved 5
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Table 1 (continued)

Key

X  dischargg, Oc/in m3/s

Measurement Gauge height h Q 0 Jn Qc Difference
no. m m m3/s m3/s %
391 2,755 0,701 317 379 360 5,0
398 2,963 0,616 289 368 388 -5,4
400 2,359 0,204 156 345 300 13,0
401 2,286 0,290 145 269 290 -7,8
404 3,206 0,927 411 427 426 0,2
428 2,036 6,058 399 166 255 =536
429 2,012 0,061 66,0 267 250 6,4

Y 4

20 T T

10 —

5 -

) 428o

) | . | o .
100 200 500 1000 2000 X

Y gauge height,in m

NOTE1 Fall,hc=1m.

NOTE 2  The numbers on the plot refer to the measurement number (see Table 1).

Figure 1 — Unit-fall rating

© ISO 2017 - All rights reserved
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onstant-fall method

General

The constant-fall method is more complex than the unit-fall method in that it uses two relationship
curves. In addition, it does not require that the constant fall be equal to unity, but can be any selected
value. The constant fall is usually selected to be equal to the average fall in the gauging reach. The
constant-fall method requires the use of the following two curves:

a) the relationship between gauge height and discharge for a constant fall of some specified value;

b)

A uni
the s3

7.2

One 1
6.2. T

Q/Qc,
gauge
then
be co
resulf
thatt

A sed
corre
corre
avera
round

To de
is plo
initia
disch
again

The t
shall
usual
relati

t =

ue feature of the constant-fall method is that the base gauge and auxiliary gauge n
me datum.

Method of analysis

hethod of developing a constant-fall rating is to compute first a_tnit-fall rating, as
his relationship between gauge height to discharge can then be used to compute disc
for each discharge measurement. These ratios shall be plottéd against the meas;
differences, to define the relationship between the fall aitd,the discharge ratio. Thi
be used to refine the stage-discharge relationship. Alternate refinements of the two
ntinued until little or no improvement occurs. This usually takes only two or thrg
ant stage-fall-discharge relationship is similar to_a“unit-fall rating but without the
he ratio curve varies as a square root function.

ond method of developing a constant-fall rating is to develop a stage-discharge
sponding to the average fall in the slopé“reach. This will result in a stage-disc
sponding more closely to average conditions. The average fall is computed by a

ed to a convenient value and is desighated as the constant fall, h,

fine the rating, first each measured discharge is divided by the square root of h/hc, th
'ted against the corresponding gauge height at the base gauge. The square root shall
ly and shall be later adjustéd. A curve shall be fitted to the plotted points and the c
hrge Qc, shall be determined for each discharge measurement. The ratio of Q/Q. shd
5t the measured fall-#; for each discharge measurement and a curve shall be fitted to

wvo curves, gauge height versus discharge, Q. and measured fall, h, versus discharg
be refined by alternately adjusting one while holding the other fixed. Two or thr
y be adequate. For clarity, variables denoted with a star (*) are those determined di
bnshipseurve.

ced not be at

described in
harge ratios,
ured fall, or
s curve shall
curves shall
e trials. The
assumption

relationship
harge rating
rithmetically

ging the measured falls occurring ufder various conditions of backwater. This nuimber may be

en this value
only be used
irve value of
111 be plotted
these points.

e ratio, Q/Qc,

be trials will
rectly from a

7.3

Computation of discharge

Disch

arge is computed from constant-fall ratings by the following procedure.

a) Enter the constant-fall rating with the gauge height and determine the rating discharge Q*..

b) Enter the constant-fall ratio curve with the measured fall, h, and determine the ratio (Q/Q¢)*.

c) Multiply the rating discharge, Q*. by the ratio (Q/Qc)* to obtain the true discharge, Q.

7.4

Example of constant-fall method

Figures 2 and 3 and Table 2 illustrate the constant-fall method developed from the same data used
in Table 1, and corresponding to a constant fall of 1,3 m. This rating was developed using the second

© IS0 2017 - All rights reserved
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procedure described in 7Z.2. The curves in Figures 2 and 3 are the final results of several trials and
refinements.

The unit-fall example described in 6.4, and the constant-fall ratings described in this clause give
essentially the same results! and indicate the unit-fall method is as good as the constant-fall method
in this instance. Both ratings indicate large percentage errors in the low-discharge range, as would be
expected, because of the larger relative error in stage and discharge measurement.

Y |
20 T T T T 1
10 — —
5 —
> - 4-28O ]
1 | | I B B R | -
100 200 500 1000 3000 X
Key
X  dischargg, Qc, in m3/s
Y gauge height,inm
NOTE1 Fall,hc=1nx
NOTE 2  Thp numbers on the plot refer to the measurement number (see Table 1).

Figure Z — Constant-iall stage discharge-rating curve

1) The unit-fall method yields good results in this example because the constant fall (1,3 m) is close to 1 m. This is
not the general situation.

8 © IS0 2017 - All rights reserved
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Key

< >
2 =

easured fall, h, in m
scharge ratio, Q/Qc

Figure 3 — Constant-fall stage discharge-rating curve

<y
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Table 2 — Constant-fall calibration measurements (h. = 1,3 m)

. . * c d i
Measurement 1?:;53 h Q h/hc Q a Q/Q | Q/Q’b Qc Q Dilrff;ree;sc_e
ured value
of Q

no. m m m3/s m3/s m3/s | m3/s %
327 5,907 1,917 | 1160 | 1,475 980 1,184 1,185 979 1160 0
328 7,105 2,182 | 1520 | 1,678 | 1200 | 1,267 1,260 | 1210 | 1510 0,7
332 5,026 1,597 889 1,228 825 1,078 1,075 827 887 0,2
373 %043 2225—1—3+490—+—+HA2 11496131252 27— +190—34-510 +3
384 11,558 | 2,880 | 2830 | 2,215 | 2030 | 1,394 | 1,396 | 2030 | 2830 0
385 8,108 1920 | 1640 | 1,477 | 1380 | 1,188 1,185 | 1380 | 1640 0
386 8,638 2,652 | 1990 | 2,040 | 1480 | 1,345 1,350 | 1470 | 2000 -1)5
387 3,139 0,808 399 0,622 500 0,798 0,755 530 378 538
391 2,755 0,701 317 0,539 | 440 0,720 0,700 440 308 2,8
398 2,963 0,616 289 0,474 465 0,622 0,660 438 307 -6J2
400 2,359 0,204 156 0,157 375 0,416 0,350 446 131 16)0
401 2,286 0,290 145 0,223 355 0,408 | 0,430 337 153 -5)5
404 3,206 0,927 411 0,713 510 0,806 | 0,805 511 411 0
428 2,036 0,058 39,9 | 0,045 305 0,131 0,180 222 54,9 -376
429 2,012 0,061 66,0 | 0,047 303 0,218 0,175 377 53 19)7

NOTE For clafity, variables denoted with a star (*) are those determineddirectly from a relationship curve.

a  Value taken from the curve in Figure 2.

b Value taken from the curve in Figure 3.

c QC - _Q_ .

Q/4)*
4 Q=0x{@/Q)*.

8 Variable-fall method

8.1 Genenal

Variable-fall|methods~are the most complex of all stage-fall-discharge relationships?), and chn be
grouped intd the following two types which differ according to how the stage-fall and stage-discharge
ratings are defined:

alfall mothad in which thae fiald data aftan fail ta indicate 2 limitina nacition forthae & -
a) the normal-fallmethod inwhich the field data oftenfail to-indicate a limiting positionfor the stage

discharge rating and the relation between gauge height and fall is defined by drawing a curve
through the average fall experienced at each gauge height;

b) the limiting-fall, or free-fall method in which the relation between gauge height and discharge
represents both non-backwater conditions and the maximum value of discharge for each gauge
height and the fall is defined by drawing a curve through the minimum fall in the reach under those
non-backwater conditions.

However, a transition towards a backwater-unaffected control for high enough discharge, and/or low
enough downstream boundary condition can occur, especially upstream of a dam that is gradually
opened when flood discharge increases. Then, segmentation of the curve has to be considered. The

2) A more complete description may be found in Rantz et al. (1982) Volume 2[16] and in the WMO Manual on
Stream Gauging (2010)[18].
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transition stages (breakpoints) between the SFD curves and the unique backwater-unaffected curve
can be computed using continuity constraints.

8.2 Normal-fall method

The method for developing a normal-fall rating is similar to that for developing the limiting-fall rating
and will not be described here in detail. In the normal-fall method, the stage-discharge relationship will
correspond to average-fall conditions and can be used only when backwater is present. A separate rating
is needed to compute discharge if there are times when backwater is not present. For this situation,
discharge shall be computed by both ratings, and the lesser of the two values shall be considered to be
correct.

8.3 [Limiting-fall method

8.3.1] General

The ljmiting-fall method is best for gauging stations where there are times when backwater is not
present. In this method, the rating curve of gauge height versus discharge defines a confdition where

backwater is not present. This same rating curve can be used to compute discharge at othe
backwater is present. This feature makes the limiting-fall method the most versatile of
disch

8.3.2

The f
heighf and label each point with the measured fall, h.'A stage- discharge curve shall be di
pass

Secor
shall
For m
falls ¢
fall rg

Thirdly, values of Q* and h*gshall be determined from the discharge rating and from t}

hrge methods for streams where backwater is intermittent:

Method of analysis

rst step in the limiting-fall method is to plot allmeasured discharges against th

hrough those measurements which are not affected by backwater.

d, the measured fall, h, shall be plotted@n a separate plot against the base gauge he
be drawn through those points representing the minimum fall, but which are free
ost sites, there will be points both-to the right and left of this curve. Points to the rig
xceeding the limiting, or minimurn, fall which is affected by backwater. Thus, the nz
ting.

I times when
1l stage-fall-

e base gauge
awn so as to

ight. A curve
f backwater.
rht represent
ime limiting-

e fall rating,

respefctively, for each discharge measurement and the ratios Q/Q*; and h/h*; shall be computed. These

ratiod shall be plotted against each other and an average ratio curve shall be drawn.

Final
be earh in turn réfined by holding two of them constant while recomputing and replott
one. Two or threg trials will usually be adequate.

8.3.3| CGomputation of discharge

, each of the three curves, i.e. the stage-fall, stage-discharge and limiting fall ratio

curves, shall
ing the third

The t

a) Determine the gauge height and corresponding measured fall, h, for which discharge is to be
computed.

b) Enter the measured discharge rating, Q, with the gauge height, and determine the rating discharge,
Q*y, from the limiting-fall stage-discharge rating curve.

c) Enter the fall rating h with the gauge height, and determine the rating fall, h*; from the limiting-fall
stage-fall relationship curve.

d) Compute the fall ratio by dividing the measured fall, h, by the rating fall, h*.

e) Enter the discharge ratio rating with the fall ratio, h/h*, and determine the discharge ratio, (Q/Q*y)

from the limiting-fall ratio curve.

© IS0 2017 - All rights reserved
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f) Compute the true discharge, Q* by multiplying the rating discharge, Q*, times the discharge ratio,

(Q/Qn)*.

8.3.4 Example of limiting-fall method

Figures 4, 5 and 6 and Table 3 illustrate a limiting-fall rating for a site with intermittent backwater.
These curves represent the final results after making several trials and refinements. In Figure 5, the
plotted points show the fall after adjustment by the fall ratio. The measured fall has been omitted from
this plot, except for those measurements where backwater is not present.

In the limiting-fall method, the stage-discharge rating is essentially a non-backwater rating and can

be used tO CJllllJbltC diDLhCll SC C;thcl VVhCll ba\,}\vvqt61 ;D lJl CDCllt Ul VVhCll lt ;D llUt lJl CDCllt. Thl lS an
advantage of the limiting fall method, because a separate non-backwater rating is not requifed as in
the normal-fpll method. The limiting-fall method is the most complex of all the various fall fatings, but
provides for the best use of available data.
10 T T T T T T T ] T T T T T T 1
B 67 (1,570) 77 (1,570
68(1,192) . ‘<7 X 111 (2,475)
B 69 (1,000) ~~ 75 (2033) 76 (2463),
= 83 (0,902) > SN N N 78 (2,482)
n 70 (0,866) 164 (L146) ™ "~ 110'(1,881) i
71(0817) ~—__ ==
5 F 106 (1L631)~__ ~~-_o -
150 (1,259) ~—_ “~_
i 7200590~ "0 o979 (1,626) ]
107 (1,103)——————-
B 112 (0,920)0 -
73 (0,485) O—————
2 —_
169 (0,546) 108 (0,930)0
105 (2,198
1 ] ] ] ] AN N | ] ] ] ] L1 11
10 20 50 100 200 500 1000 [X
Key
A Measurementsdvhere no backwater is present.
Measurements affected by backwater.
Measurements adjusted for a condition when backwater is present.
X dischiarge, Qr, in m3/s
Y gauge height, in m

NOTE The numbers on the plot refer to the measurement number with the measured fall, i, given in parentheses
(see Table 3).

Figure 4 — Limiting-fall stage-discharge-rating curve
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Key
Measurements where no backwater is present.

o Measurements affected by backwater.

X adjusted fall, hy, in m

Y gauge height, in m

Figure 5 — Limiting-fall stage-fall relationship curve

© IS0 2017 - All rights reserved
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0,8 — O —

0,6 - —

Key
X fall ratio, h/hy
Y discharge ratio, Q/Qr

Figure 6-— Limiting-fall ratio curve
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- * * * * d i - e
Meas:|hawge| M| @ lgia | qrg Kb | i |(@rg)re | Ot \Differ (]
ment value

of Qr
no. m m m3/s | m3/s m m3/s| % m3/s
67 5956 | 1,570 214 213 1,005 | 1,609 | 0,975 0,99 216 1,4 1,00 | 1,570
68 5907 | 1,192 178 211 0844 | 1,609 | 0,741 0,85 209 -09 ,73 | 1,630
69 5,614 | 1,000 154 198 0,778 | 1,600 | 0,625 0,77 200 1,0 0,63 | 1,587
70 5,246 | 0,866 134 181 0,741 1,588 | 0,545 0,72 186 2:9 0,58 | 1,492
71 4,865 | 0,817 119 165 0,721 1,573 | 0,519 0,70 170 3;0 0,55 | 1,485
72 3,725 | 0,594 70,5 119 0,591 1,527 | 0,389 0,60 118 -1,4 0,38 | 1,564
73 2,916 | 0,485 | 48,7 87,2 0,558 | 1,454 | 0,333 0,55 88,6 1,5 0,34 | 1,425
75f[ | 6,559 | 2,033 217 242 — 1,628 — — 217 | -10,3 — —
76f 7,705 | 2,463 391 379 — 1,646 — - 391 3,2 — —
77 6,514 | 1,570 233 240 0,973 1,625 | 0,966 0,98 238 | -0,7 0,95 | 1,652
78f| | 8,077 | 2,482 767 736 — 1,646 — — 767 4,2 — —
79f|] | 3,868 | 1,625 134 125 — 1,536 O — 134 7,2 — —
83 5,416 | 0,902 133 189 0,706 | 1,591 (0,567 0,73 183 -3,3 0,53 | 1,702
1054 | 1,512 | 2,198 25,7 26,6 — 0,698 — — 25,7 | -34 — —
106 3,895 | 1,631 120 126 — ;536 — — 120 | -4,8 — —
107] | 3,487 | 1,103 89,8 110 0,817-/71,509 | 0,731 0,84 107 -2,7 ,69 | 1,599
108 1,859 | 0,930 36,8 43,9 0,839 | 1,280 | 0,726 0,84 43,8 | -0,2 72 | 1,291
1104 | 6,690 | 1,881 259 248 — 1,631 — — 259 4,4 — —
111 8,001 | 2,475 524 549 — 1,646 — — 524 | -4,6 — —
112 3,158 | 0,920 78,2 96,9 0,807 | 1,478 | 0,623 0,77 102 4,8 0,68 | 1,354
150 | 3,697 | 1,259 110 118 0,928 1,527 | 0,824 0,90 122 31 ,87 | 1,447
164| | 5,334 | 1,146 156 185 0,841 1,591 | 0,720 0,84 185 0,1 ,73 | 1,570
165 1,817 | 1,704\ 43,0 41,9 — 1,237 — — 43,0 2,6 — —
169 1,585 | 0,546y 23,8 30,0 0,792 | 0,832 | 0,656 0,80 297 | -11 9,65 | 0,839
NOTE| For clarity, variables denoted with a star (*) are those determined directly from a relationship curve|
a  Value taken from the curve in Figure 4.
b Value taken from the curve in Figure 5.
¢ Valuetaken from the curve in Figure 6.
. -
@Q/Q)H*
e h = L .
" (Wl h)*
f Measurement where no backwater is present.
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9 Rating curves and tables

All rating curves for stage-fall-discharge methods shall be prepared in accordance with methods
described in ISO 1100-2 (under revision as ISO 18320)3). Each of the rating curves can be adapted to
rating tables for easy application. Rating tables should show the discharges and falls corresponding
to gauge heights in ascending order. The discharge ratios corresponding to either the measured fall
(constant-fall method) or the fall ratio (limiting-fall method) should also be arranged in ascending order.

10 Method of computation

Computatio

of occasional discharge values can easily be performed by hand calculations direct]

from

the curves a
for a water J
computer ca

11 Period

Stage-fall-dis
significant ¢
intervals sug
discharge ra
possible errg
over a periog
shift of the r3

12 Extrap

The stage-ve
data, by exte
the stage-fal
they fit Form

Any abrupt ¢
in the curva
extrapolatin

The extensig

are unaffect

hd tables. However, if extended periods of hourly or daily discharges are needed;’st
Fear, it is best to perform these repetitive calculations by programming the meth
culations.

ic checking of stage-fall-discharge ratings

charge ratings should be checked periodically to ascertain that there have be
hanges in the ratings. This can be done by making discharge-measurements at re
h as once every two or three months and plotting the fall-adjusted discharge on the

Fing. Deviations in excess of =10 % should alert the userto a possible shift, providg
r in the discharge measurement is not in excess of about + 10 %. Several measure}
| of time that all plot to one side of the rating, regardless of size of error, would indi
iting.

plations

rse-Q/Vh curve may be extrapolated with'caution, above or below the range of the obs
hding the curve at its end in accordanee with the general trend of the curvature. Gen
-discharge rating can be extrapelated with more confidence when the data are suc

ula (1) best.

hange in hydraulic elements of the channel section will produce a corresponding c
fure of the curve. In this)case, a correction for the change, if known, should be m4
b the curve and such flow estimate should be identified as being approximatel71[16]4)

ich as
d for

N No
gular
btage-
d the
ments
cate a

erved
erally,
h that

hange
ide in

n of stage-fall-discharge relationship curves beyond the limits of a significant chapge in
channel geonetry, e.g. out‘of bank flow is not generally recommended. The extension of curve

bd by backwater can be undertaken provided the physical properties of the chann

accounted fol, as deseribed in ISO 1100-2.

13 Evalua

Lion' of uncertainty in the stage-fall-discharge relation

s that
el are

13.1 General

This clause explains concisely the procedure for evaluating uncertainty in the stage-fall-discharge
relation. These relationships are established in Clauses 6, 7 and 8 for a stream reach by computational
conversion of the measurements to a normal fall (or a reference fall) using simultaneous measurement

3) Additional references regarding methods for building stage-fall-discharge curves and estimating their
uncertainties may include Petersen and Reitan (2009)[15]; Coz et al. (2016)I81.

4) However, if the use to which the data are to be put justifies the increased workload and cost, the extension of
rating curve can also be achieved by computational hydraulic modelling in up to three dimensions.
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of discharge, stage, and fall®). This is graphically incorporated into a three dimensional stage-fall-
discharge relationship manually using several trials.

The Guide to the expression of uncertainty in measurement (GUM) (ISO/IEC Guide 98-3:2008;
JCGM 100:2008) is considered as a reference document for explaining and implementing the procedure
for estimating the uncertainties in hydrometric measurements and flow determinations. The GUM was
drawn upon to develop ISO/TS 25377:2007, Hydrometric uncertainty guidance (HUG). The development
of the uncertainties sections of hydrometric standards are usually based on the HUG which is aimed
specifically at hydrometric practitioners. The HUG and the GUM have been used to develop the methods

described in 13.2 to estimate the uncertainties in discharge estimates under backwater conditions.

The

of the
for e{

disc
and

Subcl

disc
fall-

matri

13.2
disch

13.2.
This

stage
uncer|

13.2.

The

river
relati

stag
by t

indiv
Thesq

mea

which

duri

follo

whe

a

river channel and statistical interpretation of hydrometric data. A method is fr
timating uncertainty in a single discharge estimate from the use of an approepri
hrge relationship. A mathematical representation of the stage-fall-discharge relation
pth confidence level and prediction intervals are prepared and interpreted

h
b

huse 13.2 explains the concept and methodology relevant to uncertainty analysis
hrge relation based on the GUM. Finally, an example of estimating the uncertainty
scharge relation is demonstrated in 13.4. Annex A describes mathematical expressi
x representation for explaining uncertainty of the stage-fall-discharge relationship.

h
d

Implementing the GUM procedure for evaluatinguncertainty in the stage
jarge relation and derived estimates

I General

subclause implements the above-described¢GUM procedure, to evaluate the uncer
fall-discharge relationship and discharge‘estimates. The description of various cg
tainty, their propagation and evaluation-are explained in different subclauses as give

D

Propagation of uncertainty for-stage-fall-discharge estimates

Fror in any river discharge estimate originates from several sources®). In operational
discharge estimates (under/back-water conditions) are usually obtained by means o
bnship (rating curves), which is preliminarily estimated by the simultaneous mea
fall, and discharge. Thus in addition to the measurement errors, an additional err
e imperfect estiniation of rating curves. It is also important to note that the ery
dual discharge measurement are often not evaluated but rather accepted as normg
normalized érrors are based on several test measurements for different gauging cd
hrement techniques, and are usually given in hydrometric manuals?). In addition the|

e

e
h|

S

aracteristics
sented here
e stage-fall-
ship is made

of stage-fall-
of the stage-
bns and their

-fall-

tainty in the
mponents of
n below:

practice, the
Fa functional
burements of
br is induced
ors for each
lized values.
nditions and
e are errors

arise.due’to difference between reference hydraulic conditions and actual hydraullic conditions

expressed as

::F measurement. The combined uncertainty in discharge estimates, Qe, may be §
s

Q
oH

9Q
oh

+UI%IC

02 0,)-she ) [ mriiete)

]ZUZ(H)+(

re

3

5) This relationship can also be established by using Manning’s formula by introducing slope (or fall) as a third
parameter.

6) Dickinson (1967)[9] discussed several possible sources of systemic and random errors related to an individual
measurement.

7) The HUG (ISO/TS 25377:2007) is specific to hydrometry and employs the methods from the GUM that are most
applicable to hydrometry.
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U(Qe)
urc(Q)

u(H)

u(h)

is the uncertainty in the estimated (computed) discharge;

is the uncertainty in the stage-fall-discharge relation (rating curve) mainly related to

improper knowledge of hydraulic processes, shape of the assumed function and er
in parameter estimates;

is the uncertainty in the water level measurement; it propagates proportionally to

..

)

sensitivity coefficient i.e.

rors

the

is the uncertainty in the fall measurement; this also propagates proportionally to the

unc(Q)

The evaluati
described as

13.2.3 Uncg

13.2.3.1 Ge

This subclau
based on hy
discharge es
before proce

a)

river corj

b) there ex
measure
c) theauxi

Thus, it is d¢

minimum nujmber of parameters.

13.2.3.2 M4

As a first {
measuremer
and Clause 8
fitting and o
first a refere

20
SensiItvity coelricient % )

is the uncertainty caused by neglecting all other physical parameters that.affect
discharge.

bn of Formula (3) expressing different uncertainty components of dischdrge estimat
follows.

brtainty in rating curve

neral

se defines an appropriate relationship between stage,-fall, and discharge measurej
rdraulic characteristic and statistical interpretation to estimate uncertainty in

pding. It is assumed that
trol is stable during the period of discharge measurement,

ists a stage-fall-discharge relationship, or at least a mean relationship about whig
d values vary randomly, and

iary gauge is preferred to bejinstalled downstream.

sirable to choose a regréssion equation that adequately describes the relationship

thematical representation of stage-fall-discharge relationship

tep, it is required to define a functional relationship between stage-fall-disc
ts [12][17}-The manual procedures explained in Clause 6 (unit fall), Clause 7 (constan
(variable’or normal fall) for operational purposes need to be simplified by mathem

hcefall is selected from amongst the most frequently observed falls.

on, is

nents
river

timates under back-water effects. However, it isGmportant to make several assumjptions

h the

with

harge
t fall)
atical

ptimization for uncertainty estimation. Considering the procedure explained in Clause 7,

[The procedure explained in Clause 7 is for the constant fall method. However, the unit fall method
is a special case of the constant fall method in which the reference fall is assumed to be equal to
unity (i.e. hc = 1). The variable fall method is used for streams where backwater is intermittent, i.e.
there are times when backwater is not present. The hydraulic conditions (and controls) are different
for backwater affected measurements and which are not affected by backwater. Therefore, the
evaluation of uncertainty in such complex cases should be carried out separately for back water
affected measurements and measurements which are not influenced by back water conditions.]

18
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A rating curve, between stage H and the reference discharge Q, is then fitted directly by estimating:

A p

where p is a power parameter which typically varies between 0,4 and 0,6.

The relationship between the reference discharge, Q, and the gauge height can be approximated by
a power function, which can be represented by a straight line as shown in Figure 2 (in the logarithm
scale). This power function can be expressed as

Q=0 (H-Hy)" (5)

(H-Hp) is the effective depth of the water on the control;

H is the gauge height;

Ho is the effective gauge height of zero flow;

B is the slope of the rating curve when plotted onllogarithm paper;

a is a scale factor that is numerically equal tothe discharge when the effective depth of

flow (H-Hp) is equal to 1.
Combjining Formulae (4) and (5) and solving for Q;

sl h
Q=c(H-Ho) {h—} ©)

C

To empirically fit a stage-fall-discharge relation, a least squares regression is employed [as explained
below.

Fitting the stage-fall-discharge relationship:

The method of least squares is chosen for estimating the parameters of the Formula (6)|The method
is employed on the lagarithms® of discharge, treating the equation in a linear form as pxpressed in

Formula (7).
1(Q)=Ine+P1In(H-Hy)+p(Inh—Inh, )+¢; (7)

p—

For cTnvenience, the Formula (7) may be represented as (by substituting ¥; =In(Q); Xq; ¥In(H-H,);

— A7 17 1 -~ 1 hY
XZI = = 1iric), 411U G =111t J.

Y; =C+BXq; +pXyi +&; (8)

where ¢; is the random variable. Considering the least squares techniques as applied to logarithms, the
objective is to minimize the sum of squared deviations between the logarithms of the estimated and
observed values. Draper and Smith (1966)[10] provided a details description of least squares estimation
procedure for the multiple linear regressions. Annex A summarizes various results of multiple least
squares regression in matrix formation. Important results of least squares estimation relevant to
uncertainty evaluation of Formula (7) are discussed below.

8) The logarithmic transformation tends to stabilize the variance when it is proportional to the square of the
discharge, and the least square approach is applicable on the logarithms.
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13.2.3.3 Standard error of estimate

The statistical analysis of the scatter of the measurements around the stage-fall-discharge rating
provides an estimation of uncertainty in the relation. This consists of comparing measured discharge
with discharge estimated from the stage-fall-discharge relationship at the corresponding gauge height
and fall. The standard error of estimate (or standard deviation of residuals), S, characterizes the
uncertainty of the stage-fall-discharge relation as a whole, which is estimated from the dispersion of

stage-fall-discharge data around the rating using Formula (9) as shown below:

S[iee) (@] |

In(Q. )-In(Q —‘

- (N=P) J )
where

In(Q) {s the log of observed discharge value;

In(Qe) {1s the log of corresponding discharge estimated from the stage-fall-discharge rating;

N s the number of gaugings in the rating curve;

P s the number of rating-curve parameters estimated from thé.N gaugings.

The value of P depends on how many parameters are adjusted to fittherating curve to the gauging data.
13.2.3.4 Confidence intervals for the mean response?)
To place corffidence limits on In(Q,) where Q,=Xp it'is necessary to have an estimate fgr the
variance of In(Q.). In(Q,) is an estimate of ln(Q) at'the point Xy p (a 1xR vector) in R dimengional
space. B” is 4 Rx1 vector consisting of the estimate*of B. The variance of In(Q,) given by Drapgr and
Smith 1966401 is

-1 '

u? [InQe[H.h)|=0" Xy (X X') Xop), (10)
where Xy | corresponds to thedata points of interest. The variance of the mean response changes
with respect|to XH,h' , increases as XH,h' moves away from the multi-dimensional centre of the data.

1 ' '
In fact term Xy p ({( X ) Xy, s the leverage statistic, expressing the distance of Xy , from the
centre of the datas’Flie variance in Formula (10) can be estimated by replacing o2 with S4. The
uncertainty nterval around the estimated value InQ, (H,h), which is expected to contain specified
fraction of values that could reasonably be attributed to the discharge and can be expressed as

InQ, (H,h)=U[InQ, (H,h)] (11)

The uncertainties and their intervals are expressed in the natural logarithm scale. The corresponding
uncertainty interval for estimated discharge is found by taking anti-logarithm as shown in

Formula (12) below:

Qc (H,h)

o tU[INQe (H,1)]

9) Various matrix notations in BOLD are explained in Annex A.

20

(12)
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13.2.4 Uncertainty in the measured stage

The percentage (or relative) standard uncertainty in stage (or head) may be estimated from the
following equation:

Ju? (H)+u? (Ho)

u.(H-H,)= 13
r ( 0 ) (H _ HO ) ( )
where
H=Hgp isthe effective stage in meters;

u(H) is the standard uncertainty in the recorded value of stage in meters (the.recqmmended
values for the shaft encoders = + 0,003 m and for chart recorders = +0,005 m);

(Hp)  is the standard uncertainty in the gauge zero, in meters (the recommended
value = + 0,003 m).

=

13.2.5 Uncertainty in the measured fall

The plercentage (or relative) standard uncertainty in fall may be estimated from Formula ({14):

\/“Z(Hu/s)+“2(Hd/s)

ul.(h.)=u, [hur(Hu/s —Hd/S)J: (14)
(Huss —Hass)
wher¢
Hy/s—Hq/s is the effective fall, in meters;
u[Hyss)  is the standard uncertainty/in the recorded value of the upstream stage in neters
(the recommended valties'for the shaft encoders = 0,003 m and chart recqrd-
ers = 0,005 m);
ufdqys) is the standard uncertainty in the downstream gauge, in meters (the reconjmended

values for the'shaft encoders = #0,003 m and chart recorders = +0,005 m).

13.2.6 Prediction intervals of estimated discharge

The gstimated diS¢harge is generally considered to be a prediction of the discharge that would be
observed corresponding to observed gauge height and fall. The magnitude of difference |between the
predifted discharge and the discharge that would be observed provides a measure of upcertainty of

prediftion dénoted by u| In(Q . The standard uncertainty of prediction is computed by combining
pr

uncerftainty in the estimated discharge with standard error of estimate as shown in Formula (15):

?[1n(Qpr) =0 | 1+, (XX VX, | (15)

13.2.7 Uncertainty caused by neglecting all other physical parameters

The evaluation of this component of uncertainty requires consideration of what causes the spread of
gaugings about the estimated rating function (stage-fall-discharge relation). This spread is mainly caused
by error in discharge observations, errors in stage and fall observations and errors due to neglecting all
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other physical parameters. Assuming that these sources of errors are independent, their combined effect
may be measured by s? (estimated variance)19. This can be represented as shown below:

2 2
dQ \" 2 Q) 2 2
SZ=u?(Q)+]| == | u?(H)+| == | u?(h)+u?(0 16
(@)+[ 55 | w55 o e 16
where
u2(Q) is the uncertainty in the discharge measurements. The percentage uncertainty (at a

95 % confidence level) for the velocity area method using a current meter is 5 %;

NOTE The attainable uncertainties in a single discharge measurement for differgnt
measurement techniques are given by Herschy (1995, p. 486)[13].)

u(H) is the uncertainty in the stage measurement;

u?(h) is the uncertainty in the fall measurement;

: (6) is the uncertainty due to neglecting all other physical parametefs;
30 slope or sensitivity coefficient of the rating function at H;
oH

(BQ slope or sensitivity coefficient of the rating funetion at h.
oh

The Formulal(16) can be solved for u? (9) as shown in Formula (17).
2 2
2 2 Q) 2 90 \ .0
- - = H)-| —= h 17
u<Q>(aHju<>(ah]u<> 17)

Formula (17]) shows that u? (9) in unavoidably very sensitive to gauging error. Instances cpn be

n

u? (6)=

envisaged where a small positive error in estimating gauging error can lead to a negative vajue of
u? (6). In su¢h cases, u? (6) shouldbe set to zero.

Based on the procedure explained above, an example is worked out in 13.3.
13.3 Example

13.3.1 Gen¢ral

The various steps in the illustrated example follow the same computational sequences as described in
Clause 13 and its subsclauses. The stage-fall-discharge observations given in Table 2 are considered to
fit a relationship as shown in Formulae (7) and (8), using the least squares method (natural logarithm
scale). The example in Table 4 shows the step-by-step calculation of the overall uncertainty in the
estimated discharge.

10) Procedure explained by Dymond and Christian (1982)[11] for a rating curve.
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