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This document describes the use of a computer program thds i@ rating data for a
gauging station or structure and calculates a rating cusiggueast squares methods. It
is based on the author’s research described in two docupiesmson (2015), a technical
report, and Fenton (2018), a journal article. They descitieenature of rating data and
curves, the problems of obtaining rating curves from dategeating the use of two different
forms of approximation, polynomial and spline, and apmythem to several problems,
including allowance for the age of data points, the compurtatf historical curves, and the
concept of an envelope to the data. The program “Ratingedud@scribed here uses spline
approximation to solve just the classical problem, to fit atcmous curve to a number of
rating points.

All files necessary for the operation of the program arerisyram Files, a self-extracting
file that, when downloaded and executed (after your compagks you to say that it is
acceptable), unpacks the files, retaining the original filecture, under a directory of your
choice.

Thisreport is. Fenton, J. D. (2021) A computer program for stream ratingyesyr Alternative Hy-
draulics Paper Sttp://johndfenton.com/Rating-curves/Instructions.pdf
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1 Introduction

A rating curve is a relationship between the disch&pg# a stream and, the stage or surface elevation
at a gauging station or a structure. The curve is calculatad fi number ofh, Q) rating data points
from that station, using relatively infrequent measuretsiefthe velocity distribution, cross-section, and
stage of the stream. Then later, when routine measuremistizge are made, the flow can be estimated
from the rating curve.

Traditional methods for the calculation of stream ratingves are mistaken and outdated. They are
based on a belief that data points should lie on a straigbtvihen plotted on a graph with axes Qg
and logh—hg), wherehg is a value that has to be determined. Such a relationshigaeppbiquitously in
books, standards, and university lecture notes. Whergasadietimes a convenient approximation to the
relationshipQ(h) over the whole range of data, in general it is not. Itis calyanot expected to hold in a
piecewise sense, which apparently is a widespread bdlisfah unnecessary complication, while being
an over-simplification of the real hydraulics at many gaggstations. Such a formula is valid for an
infinitely-wide weir in infinitely-deep water or for uniforfitow in an infinitely-wide rectangular channel.
There is no reason for a real rating curve to follow such atiancclosely. Insufficient knowledge of
hydraulics has led to a misplaced belief in such a functiohis has led to complicated procedures in
some organisations where a great deal of trouble goes isttatiorious manual fitting of piecewise-
continuous straight lines on logarithmic axes by adjusthmg offsetshy for each on different vertical
log(h— hp) axes.

Fenton (2015, 2018) used least-squares approximatioméoatomatic computation of rating curves.
Two methods were considered.

Global polynomial approximation was discussed theoretically, revealing some dangers tiyanmake

it fragile and unreliable, which might explain the lack obation by the profession. A computationally-
robust method using Chebyshev polynomials was then des@lagnich overcame most such problems.
This was tested extensively by McMahon and Peel (2019) taioml#22 rating curves from 171 Aus-
tralian Bureau of Meteorology Hydrologic Reference StatioThey found that the method worked well
—with the exception of about 0.5% of the stations, wheregthexs difficulty approximating the low-flow
data.

A problem with such polynomial approximation is that infifsone does not know what the degree of the
polynomial should be. As the degree increases, graduditgrigreement with the data points is found,
however at some stage the degree of approximation becorndsigb and unacceptable oscillations

appear. That was not a problem for Fenton or McMahon and Réele the appropriate degree in each
case was found by monitoring and trial and error. Indeededhe characteristics of the data for any
particular station have been established by monitoring ptilynomial degree can be used for all future
calculations as more rating points are added. Howeverhdevelopment of a stand-alone computer
program such as the subject of this document, it is not quitelgnough.

Approximating splines was the second method developed, and which overcame théniegharob-
lems of polynomial approximation. The data is approximated piecewise sense, using a sequence of
second-degree polynomials. Whereas using global polyaisrtiie approximation can fail spectacularly
(and does every time if a too high degree of approximatiorseédy using splines the approximation is
rather more reliable, and at worst, if a problem is not sufidy accurately approximated, the problem
can be remedied by a judicious choice of stage knot pointseré#s this still requires initial monitoring
of the results in each case, the whole method is more flexitdeaiable.

With this in mind, the author decided that it would be praatie to release a working version of the
spline program for public use, which this document desstribe

Both global polynomial and spline approximation methodsvathe specification of a weight for each
data point, enabling the filtering of data, possibly incogbimg its age, and allowing the computation of



a rating curve for any day in the past up to the present (Fe2@ib, 2018). However that has, as yet,
not been included in the present computer program.

The author would welcome any criticism, feedback or sugges; atiohndfenton@gmail.com.

2 Method

This section provides some theoretical background to thgrpm.

2.1 Use ofQY as the quantity to be approximated

Fenton and Keller (200156.3.2) suggested that there are advantages in writing axpalial approxi-
mation forQ raised to the powev, specifieda priori, i.e: QY = f(h), where f(h) is the function to

be determined. They recommended a value ef 2, on the basis of that being the mean value in the
hydraulic discharge formulae for a sequence of weir and mlacross-sections that modelled local and
channel control (Fenton, 2001). The use of such a fractieedak ofv has two effects:

1. For small flows, witth andQ small, the data usually is such that
Q' =ap+ah, 1)

wherev = % is a surprisingly good approximation when compared witlvgrofunction approx-
imations in whichv is a free parameter, as shown in Fenton (2384). We note that on the
above-scornedlogQ,log(h— hp)) axes, equation (1) would indeed plot as a straight line. i th
small flow limit more general polynomial and spline approatians just have to simulate nearly-
linear variation, which, in particular splines, can easity

2. For larger flows, when variation witihis more general, the use @ with a fractionalv, maybe
%, means that the magnitude of the dependent variable to bexapmted is numerically much
smaller, so that, instead of a range of s@ 1 to 10! m3s™?, for v = 1 a numerical range
QY2 ~ 1 to 1 has to be approximated. This is a simple version pbwaer transformation used
in more formal data analysis applications to stabiliseararé and to make the data more normal
distribution-like.

The experience of the author is that using splines, as ingiéaad in the accompanying program, the
value ofv = % is always good enough and it is not necessary to use any afsdemethods outlined in
Fenton (2015§3.2) to calculate a more general value. If, for any gaugiafat, problems were found,
these would be reduced by using more spline knot points dowhdow end.

2.2 Approximating splines

Using piecewise-continuous splines, the parameters gbithielem are the number and stage values of
knot points between which simple quadratic or cubic splimecfions are used. This does not mean that
the knot points are interpolation or approximation points#y the values of stage are specified.

A simple automatic method for the placing of those knotss$s fo require that there be the same number
of data points in each interval between knots. This usuativke/well. Otherwise, in difficult cases the
values of stage for the knot points could be specified, suah i@gjions of rapid variation.

In the usual application of splines, they interpolate atiadaoints; here they are required to perform
least-squares approximation. The method is in a sense dxahdnd partly-global, in that a sequence of
local polynomials is used, each of which approximates jastqf the range of data, but which is required
to merge smoothly with its neighbours, so that they and #garoximated data points also have some
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influence. It seems to be relatively simple, to have a readilyerstandable physical significance and a
good level of continuity. Figure 1 shows the principle behépline approximation.

Hole ® Data point and contribution to error
~<O> Spline knot point with freedom to move
h —— Spline y h
L Q" =Py(h)
Hy -
Hs |
Ha PL=P,P =P
)
Q" =Py(h)
Hi

QV

Figure 1: Piecewise-continuous second-degree splineog&jppation of rating points, showing the ability of knot
points to move so as to minimise the total error, while mairitg continuity of function and slope
tacross the knot point

Consider a number of data paifs,, Qp) for n=1,2,...,N. Let the range of stag€®imin, hmax be
subdivided inta] intervals byJ + 1 knot points, at each of which the stagédis j =1...J+ 1 andHo =

hmin andH; = hmax. They must be separate and ordered, suchHhat > H; for all the j. The points
are to be approximated over each interval by a polynomiakgfeeM =2 or 3. So, forj=1,...,J—1

ande <h< Hj+12

M
Pj(h—Hj) = Zocj,m(h—Hj)ma @)

such thaP; (h— Hj) is the polynomial of degrel! which holds between stage knot poiktgandH;_ 1,
expressed as a function of- H;, the height of stagh above the preceding knot point.

At each knot there are continuity conditions between thgnmohials on either side, agreeing in value
and first derivative for quadratic splines, and additiontile second derivative for cubic splines. Thg
may be set as data or automatically allocated such that éinerdhe same number of data points in each
interval, for example.

The program calculates all the coefficients so that the sutmeo$quares of the differences between data
points and functions are minimised. Only those data poaitim§ within a certain interval contribute to
the total sum using the function for that interval, as givegn (2), such that

J

M 2
= E n j,m hn — H;j m_ r‘1 5 3
82 =1 n;j " (IIZIZOCJ' ( J) Q ) ( )

wherel; is the set of data point reference numbers in intejyahe summations are a mathematical
statement of the obvious “over all the intervals, considerngdata point in that interval and calculate its
contribution to the total error using the polynomial fortthaerval” .

The spline nature of the approximation requires the satisiaacross each interior knot of the continuity
of function value plus all derivatives up td — 1 at the knot points, giving extra conditions on all the
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coefficientscj m. From equations (2) at left and right of each interior knahpand using; = H;j 1 —H;
for the interval length, the conditions become, fot 2...J:

M M
—1
Cj+170 = z Cj’mé'm, Cj+l7l = Z ij7m5jm s and
m=0 m=1

Cj+12 =Cj2+3¢Cj39;, ifM=3. 4)

The solution procedure to determine the unknasyp by minimising &, in Eqn (3) is, first to use the
continuity equations (4) to eliminate those variables @nléfft sides, then to solve for the remainicig,
by minimising the value of,. Because of the high degree of continuity enforced by Eghstiié net
number of unknowns is not large, jus# M. In the present work, quadratic splings= 2 was found to
be best, and might have a maximum value of, say, 10.

To allocate the knot pointhlj, they could simply be equally spaced between minimum andmuan
values. Another automatic method, that which was used here simply programmed and which often
worked well was where knot points were calculated such treetwere approximately the same number
of data points in all intervals. However, the knots can alsopl/ be assigned as data. Such hand
adjustment of the knot positions was sometimes useful tordesregions of high curvature. It was
usually found necessary to place a knot point near isoladtal gbints for extreme floods. It should be
emphasised that only the values of the stage knot péiptsere specified, there was no attempt to pin
the approximation by specifying the discharge there.

The approximating spline method worked well in all the exagonsidered, with occasional improve-
ment by hand allocation of knot points.

The program was written in the C language, and uses spédafisvare provided in Press et al. (1992),
including routinessort2 to sort the input, angowell and subsidiary routines to perform the optimisa-
tion.



3 Obtaining and using the program files

All files are in http://johndfenton.com/Rating-curves/Program-Files.exe, which is a self-extracting file
that contains the original directory structure. The basectliry to which the files are extracted can be
anywhere in the file system.

Table 1: File structure in the self-extracting file (direi¢s are shown bold). The directoata and sub-
directories are not strictly necessary. They give some giesito test the running of the program. As
explained on the next page the program can approximate ttatdsanywhere on the computer, it just
needs to be instructed.

Your-directory-name

Instructions.pdf This document.
Rating-curve.exe The program, can be run by usual methods.
Control.dat The first line of this tells which directory anthieh

data files to use. Will have to be edited for every new
data set. All lines after the first, probably reflecting
the user’s history, are ignored.

Settings.dat These should not have to be changed.

Plot.plt A Gnuplot file. After software for that is installed
and allocated to *.plt, can be run by double clicking
in a file browser, or run in a Gnuplot screen with
changing directory to this one and opening it.

Source.plt A file created each run, telling Gnuplot where to
look for data.
Run-and-plot.bat Running this executes the program, patssee

output summary, and then runs Gnuplot. It will have
to be edited to give a program location.

Data
Mystery Data-with-no-knots.dat  An everyday example, with no krgien.
Australia ~ Shannon.dat A case that was difficult using polynomial magho
but is not a problem for splines — with the knots pro-
vided.

Shannon.knots
Mirza Ganges92.dat Relatively few data points. Using 10 interraght
be overfitting, but it seems to work well.
Ganges92.knots
USGS Noxubee70s.dat lllustrating the power of the method, without mess-
ing around with various straight lines on log-log
axes.
Noxubee70s.knots

Fitting a rating curve to data can now be done very simplyhanfirst line of the fileControl.dat provide

the name of the directory “C:/.../Mydirectory” and the naofithe data set “Mydata” separated by a space
or tab. Then inC:/.../Mydirectory provide a fileMydata.dat which, after a header line for identification
purposes, contains two columns of (possibly unsortedestag discharge values.

After that you might care to tweak the program using a knogsafd described below.


http://johndfenton.com/Rating-curves/Program-Files.exe

Control.dat — the program reads just the first line which contaibsectory without “/” and Filename
without extender).

Data/Mystery Data-with-no-knots
Data/Australia Shannon
Data/Mirza Brahmaputra92
Data/Mirza Ganges92
Data/USGS Noxubee70s
C:/Your-full-directory-path-without-a-terminatindesh  Filename
..[..IYour-relative-pathname without slash Filename

Filename.dat contains the rating data. It has the following structure y-lares that are not blank or data
must start with #, which is a comment for the plotting progr@muplot which is recommended:

# Brief description/label of the data set or site that willgsated out and shown on figures
Zero or more blank lines

Then the rating points: on each line a data pair in the formmg8tDischarge”, separated by
a space or tab, then possibly other information, which vélignored. The program senses
the end of file itself. The data can be in any order, the progsarts them according to
Stage.

As far as units are concerned, the program doesn'’t care menibyou are in Liberia, Myanmar or the
USA where you can use the customary Imperial units, or elseswvhereS.. units are usual, or even in
the author’s native Australia where discharge might berimseof the quaint Megalitre-per-day units.

Filename.knots—if you provide a knots file, it has the structure:

# A heading line for identification that is ignored

Zero or more blank lines

An integer number  If the number is positive, the program getsnumber of inter-
vals to this, and the knot points are calculated autométicahy
numbers below are ignored. If the number read is negatise, it
numerical value is meaningless, and the program reads Butie
sequentnterior spline knots stages, one on each line.

Zero or more blank lines

A number, with or without decimal point for the firstterior knot

A second number

And so on. The program stops reading when it finds the last eunmbthe
file, which is the lastnterior spline knot. The program then sets
the first and last knots to be the minimum and maximum stages.

Settings.dat should not have to be changed

# Standard settings file. Could be changed if required, mbgly not necessary

0.5
8

2
100
2

Value ofv. Should not have to be varied

Default number of intervals in case no knots file is present

Degree of splines. Could be 2 or 3. For rating curves 2 ighedtis too flexible

The number of rating point pairs output

Spacing in stage of points output: 1 linearly, 2 quadriyi¢decimal values possible)




4 Output and plotting of rating curves

The program produces, in the same directory as the datsofilelata.dat, an ASCII file Yourdata.res
containing two columns, of 100 (specifiableSattings.dat) pairs of Stage and Discharge values, from the
smallest to the highest stage, sorted according to stadespated linearly or quadratically (much closer
together at the bottom) also as specifie@éttings.dat. These could then be read into a spreadsheet such
as “Calc” in Libre Officehttps://iwww.libreoffice.org/ (or any other spreadsheet or software that you might
know :-)

T T T T
118  Shannon, Western Australia - splines: 7 intervals, knot stages automatic

116 - .
114 - .
112 .

110 - R

Stage

108 R
106 - R
104 R
102 R

100 i

102 10t 10° 10t
Discharge

Figure 2: Typical figure produced by Gnuplot and scriptRlet.plt

For plotting, the solution that the author prefers is thegpan Gnuplothttp://www.gnuplot.info/. The
present rating curve program, in addition to outputtingrérilts tovourdata.res outputs a filéSource.plt
which tells the Gnuplot fil®lot.plt where to find the data filgourdata.dat and to plot it and the results
file Yourdata.res. One might have to instruct the computer to associate theditee extender “*.plt”
with Gnuplot. After that, appropriate clicking dpiot.plt in the home directory of the program should
produce a figure. The little batch filun-and-plot.bat provided does just what it says, double clicking
on it in a file browser runs the program and after pausingsplod figure. That can then be copied, or
saved as a graphics file or a PDF file. An example is shown inr€igubased on the site described in
the Introduction that was troublesome for polynomial agpration. In fact, it was unusual in that it
consisted of a compound V-notch weir. The present splingrara managed the problem well — after
some experimentation with knot placement.

As discharge can vary by some three or four orders of magmitiad plotting it is recommended to use
the traditional horizontal scale of 6y However, for stage the use of logarithmic scales has sorasti
made representation and understanding difficult and caeseds. Fenton (201554.3) reported on
elementary mathematical mistakes in then-current soffwiaing logarithmic axes. Unless one were
using the traditional power function with vertical axis (bg- ho) beloved of traditionalists, the logarithm
of stage has no meaning or utility and there is no reason tit.use

Usually a gauging station has an arbitrary local datum sdmesvbelow the lowest possible water level,
so that stages plotted are typically in the range of grehtar 0 m to something like 10 m or rather less,
but where they have no external physical significance. Usirgoresent software it would be possible
always to use the actual elevation above mean sea levelhwioald have certain advantages, as that
is often important in water engineering. There would no &mige such a need to maintain an arbitrary
local benchmark and refer measurements to that.
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5 Results

To examine the performance of the methods described abate,flm six sites are considered, two
from Australia, two from Bangladesh, and two from the Unigtdtes of America. Wherever necessary
results were converted 8 units. Results are shown in Fig. 3. All results are for quadrsplines,

M = 2. No advantage was found using cubic splinds; 3. In the first four cases in Fig. 3, automatic
allocation of knot points was used, with about the same nuwifgata points in each interval; in the two
remaining examples, especially at large flows where there fegv data points, the knot poinits were
allocated manually by specifying in a data file. The methaztlus shown on each figure.

It can be seen that the figures represent a variety of behaaiminumbers of gaugings. Not the least
problem is the wide gap for high flows in Figure 3a, yet therggdimake a plausible bridge. The method
can still work with few data points in an interval. The perfance seems to be uniformly good.

-8 (a) Avon River 2012-2015
© Spline knots, Hj automatic
—— Splines: 3 intervals

(b) Brahmaputra River 1992
© Spline knots, Hj automatic

&+

—— Splines: 3 intervals
-6

T18 :
E
! +16 .
L5 114 :
0.1 1 10 100 1000 3000 10000 30000 100000
(c) Choctawhatchee R. 2002-2015 (d) Ganges River 1992
-6 O Spline knots, Hj automatic g © Spline knots, Hj automati
—— Splines: 4 intervals 12 —— Splines: 10 intervals E
g -10 .
=
L g i
156 1
10 100 1040 1000 3000 10000 30000

|10 (¢) Gwydir River 1991-1998
© Spline knots, Hj specified
— Splines: 6 intervals

1 10 100

-14 (f) Noxubee River 1970s
© Spline knots, Hj specifie
(12— Splines: 5 intervals

-10

+

A O ©©

10 100 1000

IlogQ, (Qin m3s 1)

Figure 3: Typical rating curves obtain

| logQ, (Q in m3s™1)

ed from second-degpdine approximations

Figure 3d shows a demanding problem, if one accepts thatribesfiucture (“lumps”) in the data are
real. It has been chosen here to do that as a test of the mditheligh it might be over-fitting it. If
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one knew the reliability of the data, it might have been fdassio use a smoother approximation, with
fewer intervals. The splines have performed well, eveneflacement of the knots has yet again been
performed automatically, and there are actually few datatpin each interval.

Again, Figure 3e shows data with some large gaps. Usingespliautomatic allocation of equally-

populated intervals did not give such good results for higlv$l So, for the first time in Figure 3, knots
were allocated by hand, placing one at 8 m, which caused thmesgo pass very close to the high flow
points as shown. Some of those data points were obtainely frar a boat floating above flooded

agricultural land — possibly a rougher approximation woude been more justified. In any case with
splines one has quite a lot of power to experiment with pdatgment.

6 Scattered, looped, and historical data

The current program performs a relatively simple task. Intée (2015§510-12) and Fenton (20186)
the author considered several other problems which can hdidthby rather more general programs.
If one knows the age of every rating point it is relatively ye#s generate rating curves for any day in
history, and to show the movement of the rating curve at #ostat

In the case of scattered data such as at highly alluvial, shegpresent methods of approximation can be
used to generate envelopes to the data, so that for a givgs, stiae can also obtain the maximum and
minimum likely values.

With data approximation as used here, the incorporation afemecent and possibly outlying data is
capable of being handled more rationally than the Procanstise of straight lines on log-log axes. If a
discrepant rating point is determined, there is no poinbaally distorting the rating curve by using a
shift curve, as the next time that the interval of validitytieé shift is visited by a flow event, conditions
in the stream might be quite different. This has been digzliaslength in the two papers cited above.

7 Conclusions

The problem of rating curve generation benefits little frame hydraulic formulae, and is essentially
one of data approximation, for which least-squares metbadsbe used. They too have their problems
if used without knowledge and overcoming of intrinsic corgional difficulties. Using piecewise-
continuous splines overcomes most of these problems. &naie done with no information other than
the rating data and letting the program choose a certain auaflixnot points, or specifying that number.
Sometimes specification and manipulation of knot pointestajues might be necessary.
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