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FOREWORD

Increasing pressures on our vital water resources
signify that confidence in the quality of streamflow
records is today, more than ever, an essential
prerequisite for the sustainable management of
these critical resources.

WMO Publication No. 519 Manual on Stream
Gauging was first released in 1980. Since then,
however, there have been significant advances
both in the approach and the methodologies
employed.

Consequently, at its twelfth session (Geneva,
October 2004), the WMO Commission for
Hydrology decided to meet the identified needs of
the National Hydrological Services by revising the
manual to include the newer technologies which
have been introduced over the period and are
currently employed in this crucial field.

In this context, Volume | of the Manual on Stream
Gauging encompasses the topics of gauge height
measurement, stream velocity and stream
discharge, whilst Volume Il focuses on the
discharge rating relationship.

On behalf of WMO, | wish to commend both
volumes of this Manual and to express my

appreciation to all who contributed to this key
update.

(M. Jarraud)

Secretary-General






PREFACE

The preparation of the Manual was led by Mr Paul
Pilon (Canada), then member of the advisory
working group of the WMO Commission for
Hydrology (CHy). Mr Vernon B. Sauer made the
revisions to the Manual. The reviewers of the draft
text were Michael Nolan, Larry Bohman and Scott
Morlock (United States of America); Stewart Child,
James Waters and Reginald Herschy (United
Kingdom of Great Britain and Northern Ireland);
Pavel Polcar (Czech Republic); Kimmo Ristolainen
(Finland); Svein Harsten (Norway); and Julio Llinas
(Dominican Republic). The draft was edited by
James Biesecker (United States).

The activities were carried out in association with
the Open Panel of CHy Experts (OPACHE) on Basic
Systems (Hydrometry and Hydraulics).

I express my gratitude to the original authors of
the Manual on Stream Gauging (Mr R.W. Herschy

and Mr S.E. Rantz), the author of this revision
(Mr Sauer) and the reviewers for their contributions
to the preparation of the revised Manual.

The WMO Commission for Hydrology (CHy) is
planning to organize training courses in various
regions to train hydrological personnel in its use.
The translation of the Manual into other languages
will be considered soon by the Commission.

4?1 ed

(Bruce Stewart)
President, Commission for Hydrology






SUMMARY

Thirty years after the publication of its first Manual
on Stream Gauging, WMO is publishing this updated
edition, which encompasses the new technologies
that have emerged since 1980. The Manual is
again being published in two separate volumes
(Volume I: Fieldwork and Volume Il: Computation
of Discharge) to retain the concept of a “working
manual”. Volume |, which is aimed primarily at the
hydrological technician, contains ten chapters.
Three major topics are discussed in Volume I: the
selection of gauging station sites, measurement of
stage and measurement of discharge. Chapter 1
provides an introduction and a brief discussion of
streamflow records and general stream-gauging
procedures, while presenting some preliminary
definitions of the terminology used in the Manual.
Chapter 2 - Selection of Gauging station Sites,
discusses the general aspects of gauging station
network design, taking into account the main
purpose for which a network is being set up (for
example, flood or low-flow frequency studies), and
the hydraulic considerations that enter into specific
site selection. The section on the design of gauging
station networks is, of necessity, written for the
experienced hydrologist who plans such networks.
Chapter 3 — Gauging station Controls, reviews the
types of control, the attributes of a satisfactory
control and artificial controls, as well as the criteria
for selection and design of artificial controls.
Chapter 4 — Measurement of Stage, discusses the
basic requirements for collecting stage data, gauge
structures and instrumentations, typical gauging
station instrumentation configurations, dataretrieval
and conversion, new stage station design and
operation of stage measurement stations, as well
as safety considerations in operational stream
gauging. Chapter 5 — Measurement of Discharge by
Conventional Current Meter Methods, offers a
general description of conventional current meter
measurement of discharge, instruments and
equipment, measurement of velocity and depth, and
the procedure for conventional current meter
measurement of discharge. Chapter 6 —- Measurement
of Discharge by Acoustic and Electromagnetic
Methods, reviews three methods of gauging
introduced in the first edition and now commonly
used in stream gauging, namely the moving boat
method using Acoustic Doppler Current Profilers
(ADCPs), the Acoustic Velocity Meter (AVM) method
and the electromagnetic method. A fourth method,
which involves the Acoustic Doppler Velocity Meter

(ADVM), is also covered. Chapter 7 — Measurement
of Discharge by Precalibrated Measuring Structures,
discusses standard measuring structures. The
methods considered in Chapter 8 — Measurement of
Discharge by Miscellaneous Methods, include
velocity index methods, float measurements,
volumetric measurement, portable weir and Parshall
flume measurements, measurement of unstable flow
for roll waves or slug flow, tracer dilution methods,
remote-sensing and aircraft measurements, and radar
methods for measurements of discharge. Chapter 9 -
Indirect Determination of Peak Discharge, provides a
general discussion of the procedures used in collecting
field data and in computing peak discharge by the
various indirect methods after the passage of a flood.
Chapter 10, Uncertainty of Discharge Measurements,
addresses the uncertainty related to the various
methods discussed previously.

Volume II: Computation of Discharge, deals mainly
with computation of the stage-discharge relation
and computation of daily mean discharge. It is
aimed primarily at the junior engineer who has a
background in basic hydraulics. Volume Il consists
of six chapters. Chapter 1 — Discharge Ratings Using
Simple Stage-Discharge Relations, is concerned with
ratings in which the discharge can be related to stage
alone. It discusses stage-discharge controls, the
governing hydraulic equations, complexities of
stage-discharge relations, graphical plotting of rating
curves, rating for artificial and natural section
controls, channel control, extrapolation of rating
curves, shifts in the discharge rating, effect of ice
formation on discharge ratings and sand channel
streams. Chapter 2 — Discharge Ratings Using Velocity
Index Method, presents the basics of the velocity
index method, stage-area rating development and
velocity index rating development, and then
discusses discharge computation using the ADVM
velocity index as an example. Chapter 3 — Discharge
Ratings Using Slope as a Parameter, deals with
variable slope caused by variable backwater, changing
discharge, and a combination of both, as well as
shifts in discharge ratings where slope is a factor. It
also presents an approach to computing discharge
records for slope stations. Chapter 4 - Flow
Computation Models for Upland, Branched, and
Tidal Streams, starting from one-dimensional
unsteady flow equations, covers model formulation
and boundary conditions, model applications and
other empirical methods. Chapter 5 — Discharge
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Ratings for Miscellaneous Hydraulic Facilities,
discusses dams with movable gates, navigation locks,
pressure conduits, urban storm drains, and automated
computation of flow through water control
structures. Finally, Chapter 6 - Analysis and
Computation of Discharge Records Using Electronic
Methods, examines the different problems related to
electronic analysis and computation of discharge
records, such as entry of field data into the electronic

processing system, verification and editing of unit
values, verificationandanalysisoffieldmeasurements,
entry of rating curves into the electronic processing
system, rating tables and curve plots, discharge
measurement shift adjustments, primary
computations, hydrograph plots, computation of
extremes, estimation of missing records, monthly
and annual value computations, and station analysis
documentation.

RESUME

Trente ans apres la publication de son premier
manuel de jaugeage (Manual on Stream Gauging),
I’OMM présente une nouvelle édition mise a jour
qui prend en considération les nouvelles techniques
apparues depuis 1980. Comme la précédente, cette
édition se compose de deux volumes distincts
(Volume I: Fieldwork (Travaux sur le terrain) et
Volume Il: Computation of Discharge (Calcul des
débits)) afin de maintenir le principe d’'un «manuel
pratique». S’adressantessentiellementau technicien
en hydrologie, le Volume | traite de trois sujets
principaux, a savoir le choix de I'emplacement des
stations de jaugeage, les mesures de niveau et les
mesures de débit et comprend dix chapitres. Le
chapitre 1 — Introduction — donne un bref apercu
des relevés des débits d’un cours d’eau ainsi que des
méthodes de jaugeage d’application générale,
tout en donnant des définitions préliminaires pour
quelques-uns des termes employés dans le Manuel.

Le chapitre 2 — Selection of Gauging station Sites (Choix
de I’'emplacement des stations de jaugeage) — expose
les aspects généraux de la conception des réseaux de
stations de jaugeage en prenant en considération le
but poursuivi par la création d’un réseau donné
(étude des crues ou de la fréquence des débits
d’étiage, par exemple) et les facteurs hydrauliques
qui entrent en ligne de compte dans le choix d’un
site particulier. La section consacrée a la conception
des réseaux de stations de jaugeage s’adresse
naturellement a I’hydrologue expérimenté qui
élabore les plans de réseaux de ce type. Le
chapitre 3 — Gauging station Controls (Contrdles aux
stations de jaugeage) — traite des différents types
de troncons et de sections de contrble, des
caractéristiques auxquelles doivent satisfaire de tels
trongons ou sections, des ouvrages de contrble ainsi
que des critéres de sélection et de conception de ces
derniers. Le chapitre 4 — Measurement of Stage (Mesures
de niveau) — aborde les exigences de base en ce qui
concerne la collecte de données sur le niveau de

I’eau, les installations et instruments de mesure, la
configuration type des instruments équipant les
stations de jaugeage, I’extraction et la conversion des
données, la conception des nouvelles stations de
mesure du débit et le fonctionnement de ces stations
ainsi que la sécurité des opérations de jaugeage. Le
chapitre 5 — Measurement of Discharge by Conventional
Current Meter Methods (Mesure du débit par la
méthode classique du moulinet) — donne une
description générale de la mesure du débit effectuée
au moyen d’'un moulinet, présente les instruments et
I’équipement utilisés a cet effet et porte aussi sur la
mesure de la vitesse d’écoulement et de la profondeur
de I’eau ainsi que sur la méthode classique de mesure
du débit a I'aide d’'un moulinet. Le chapitre 6 —
Measurement of Discharge by Acoustic and
Electromagnetic Methods (Mesure du débit par des
moyens acoustiques et électromagnétiques) — passe
en revue trois méthodes de jaugeage présentées dans
la premiére édition et aujourd’hui couramment
utilisées, a savoir la méthode du bateau mobile
utilisant des profileurs de courant a effet Doppler
acoustique (ADCP), la méthode du moulinet
acoustique (AVM) et la méthode électromagnétique.
Une quatrieme méthode, qui fait intervenir le
moulinet acoustique a effet Doppler (AVDM) est
également présentée. Le chapitre 7 — Measurement of
Discharge by Precalibrated Measuring Structures (Mesure
du débit par dispositifs pré-étalonnés) — porte sur des
installations de mesure standard. Le chapitre 8 -
Measurement of Discharge by Miscellaneous Methods
(Mesure du débit a I'aide de diverses méthodes) -
porte sur les méthodes fondées sur I'indice de vitesse,
les méthodes a flotteurs, les méthodes volumétriques,
les mesures par déversoir portable et par canal
Parshall, la mesure de I’écoulement en ondes de
translations brusques (roll waves) dans le cas de
régimes instables, le jaugeage par dilution de traceurs,
les mesures par télédétection et par aéronef et, enfin,
I'utilisation du radar. Le chapitre 9 - Indirect
Determination of Peak Discharge (Détermination
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indirecte des débits de pointe) — donne une
description générale des procédures appliquées pour
recueillir des données sur le terrain et calculer les
débits de pointe par différentes méthodes indirectes
apres une crue. Le chapitre 10 — Uncertainty of
Discharge Measurements (Incertitude des mesures de
débit) - traite des incertitudes afférentes aux diverses
méthodes évoquées précédemment.

Le Volume Il — Computation of Discharge (Calcul des
débits) — traite principalement du calcul de la
relation hauteur-débit et du débit journalier moyen.
Il est destiné principalement aux jeunes ingénieurs
ayant recu une formation de base en hydraulique et
comprend six chapitres. Le chapitre 1 — Discharge
Ratings Using Simple Stage-Discharge Relations
(Etalonnage des débits sur la base d’une simple
relation hauteur-débit) — analyse les cas ou le débit
ne dépend que de la hauteur. Il expose les questions
suivantes: contrbles de la relation hauteur-débit,
équations hydrauliques de base, complexité de la
relation hauteur-débit, pointage des courbes de
tarage, sections de contréle naturelles et artificielles,
troncons de contrdle, extrapolation des courbes de
tarage, détarage, effets de la formation de glace
sur le tarage et cours d’eau a lit sablonneux. Le
chapitre 2 — Discharge Ratings Using Velocity Index
Method (Etalonnage des débits la méthode fondée
sur I'indice de vitesse) — présente les principes de
base de cette méthode, I’établissement des courbes
hauteur —superficie et des courbes basées sur I'indice
de vitesse, puis aborde le calcul du débit en fonction
de I'indice de vitesse basé sur le moulinet acoustique
a effet doppler, a titre d’exemple. Le chapitre 3 —
Discharge Ratings Using Slope as a Parameter
(Etalonnage des débits utilisant la pente comme
parameétre) — porte sur les questions suivantes: pente

variable due a des remous variables, a un débit
changeant ou a une combinaison des deux facteurs,
détarage lorsque la pente entre en ligne de compte
et méthode de calcul des relevés de débit pour les
stations avec une pente marquée. Le chapitre 4 -
Flow Computation Models for Upland, Branched, and
Tidal Streams (Modeles de calcul de I'écoulement
pour les cours d’eau supérieurs, ramifiés et a
marée) — porte sur la formulation des modeéles et
les conditions aux limites, les applications de
modeles et d’autres méthodes empiriques.

Le chapitre 5 — Discharge Ratings for Miscellaneous
Hydraulic Facilities (Etalonnage des débits pour
diverses installations hydrauliques) — porte sur les
barrages a vannes mobiles, les écluses de navigation,
les conduites en charge, les canaux de drainage
urbains et le calcul automatique de I’écoulement
par des ouvrages hydrauliques. Enfin, le chapitre 6 -
Analysis and Computation of Discharge Records Using
Electronic Methods (Analyse et calcul des relevés de
débit par des moyens électroniques) — aborde les
différents problemes liés a I’'analyse et au calcul
électroniques des relevés de débit tels que
I'introduction des données de terrain dans le
systéeme de traitement électronique, la vérification
et I'ajustement des valeurs unitaires, la vérification
et I’analyse des mesures effectuées sur le terrain,
I'introduction des courbes de tarage dans le systeme
de traitement électronique, les baremes et les
courbes d’étalonnage, les corrections apportées a la
dérive des mesures du débit, les calculs primaires,
les hydrogrammes, le calcul des extrémes,
I’évaluation des relevés manquants, le calcul des
valeurs mensuelles et annuelles ainsi que la
documentation sur I’analyse des données recueillies
aux stations.

PE3IOME

Tpunnare et cuycrs mocae omyOIMKOBAHUA CBOETO
nepsoro Hacmasnenus no usmeperuto pacxooa 600bi
BMO mny6nukyer 310 IepepaboTaHHOe HM3IaHUE, B
KOTOPOM HallUTH OTPa’keHHe HOBbIe TeXHOJIOTHUH, I10-
apuslMecs nociae 1980 r. Hacmasnenue, Kak U B 1Ipe-
OBIAYIIEM caydae, OyleT M30aHO OBYMA OTHEIbHBIMU
toMamu (toM I: ITonesvie pabomot, u ToM 1I: Boruucnerue
pacxoda 600bt), C TeM YTOOBI COXPAHUTh KOHIIEIIIIHIO
«pabouero HacTaBieHHUs». ToM I, KOTOpBI MpenHas3-
HayeH IJIABHBIM 00pa3oM I TeXHUKOB-THPOJIOTOB,
COCTOHMT U3 IeCATH IIaB. B 9TOM TOMe 06Cy>KIAl0TCsA TPU
OCHOBHBIE TeMBI: BEIOOP MeCT PaCIIOIOKeHHSA THIPO-
METPHUYECKUX CTBOPOB, U3MEPEHHE YPOBHS BOUBI U
M3MepeHHe pacxofia Bofbl [1aBa 1 comep>kuT BBefeHHUe

U KpaTKoe OIMCaHMe JAaHHBIX HAaOTIONeHNN 32 PeYHBIM
CTOKOM M TIPOLELYP U3MEPEHUs CTOKA BOJbI; OHA TAKXKe
BK/IIOYa€T HEKOTOPbBIE IIPeNBAPUTE/IbHbIE OIPENeTEHNS
TE€PMUHOB, UCNIONb3yeMbIX B Hacmasnenuu. B tmase 2 —
Br160p MeCT pacHoNIOXKeHHs THAPOMETPUUECKUX CTBO-
POB, pacCMaTpPUBAIOTCA OOIIYE aCIEeKThI IPOEKTUPO-
BaHUs CETU I'MAPOMETPUYECKUX CTAHUUI C YIETOM
OCHOBHOJI IIe/I, /I KOTOPOM CO3IaeTcs ceTh (Hampu-
Mep, HaBOAKU MIM HCCAENOBAHUA IIOBTOPAEMOCTH
HHU3KOTO CTOKa), a TAK>Ke aCHeKThI IMIPaB/INKU, KOTO-
pBle CIelyeT YYUTBIBATh IIPU BBIOOPE MeCTa pacIojo-
JKeHHA KOHKPETHOTO CTBOpa. Pasnesn, mOCBAIEHHBIN
IIPOEKTUPOBAHMIO CETEN TUAPOMETPUIECKUX CTAHIIMIA,
MO0 CyTH, IpeJHasHa4YeH IJIA OIIBITHBIX THIPOJIOTOB,
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KOTOPBIE 3aHMMAIOTCA IIJTAHMPOBAaHUEM TaKHUX CETeH.
I'maBa 3 — MHCHeKnHA TMAPOMETPUIECKUX CTaHIUI,
COIep>XUT 00630p BHUO0B KOHTPOJIA, XapaKTEePHCTHK
YIOBJIETBOPUTENLHOTO KOHTPOJIA M MCKYCCTBEHHBIX
KOHTPOJIBHBIX CEYEeHUIl, a TaK>Ke KPUTepUH BBIOOpA U
MPOEKTUPOBAHUA UCKYCCTBEHHBIX KOHTPOJIbHBIX Cede-
Huit. B rmaBe 4 — VIsmMepeHne ypoBHA BOABI, pacCMar-
PHUBAIOTCS OCHOBHBIE TPeOOBaHUA K COOPY HaHHBIX 00
YPOBHE BOJIbL, BOIOMEPHBIM COOPY>KeHUAM U IIPUOOpaM,
TUIMYHON KOH(MUTYypaluy IpuOOpoB Ha BOJOMEPHBIX
IIOCTAaX, U3BJICYCHHIO TAaHHBIX U UX IIpeo6pasoBaHUIoO,
MPOEKTHPOBAHHUIO HOBBIX CTAHIIMI HU3MEPEHHS YPOB-
Hell Bo#bl ¥ (PyHKIIMOHUPOBAHUIO CTAHIIUI U3MEPeHU
YPOBHeIT BOIBI, @ TAKXKe COOOpakeHUs 6e30MacCHOCTH
IIpU OTlEpaTMBHOM M3MEPEHUHN pacxopa Bojwl. Imasa 5
— Hsmepenue pacxona BOIbI METOAMH, IPU KOTOPBIX
HCIONb3YIOTCA TUAPOMETPUYECKHE BEPTYIIKH, COTEPIKUT
of1I11ee omnycaHue OOBIYHOTO U3MEPEeHUs Pacxona BOMIbI,
npu6opoB U 000PYNOBAHUA, HU3MEPEHHUS CKOPOCTU U
DIyOMHBI ¥ IpOLeNypbl U3MEPEeHHs pacxona BOIBI C
IIOMOIIBIO OOBIYHBIX BepTyIllIek. B rmaBe 6 — I3mepe-
HUsA pacxofa BOJBI C IOMOIIIbIO aKYCTUIECKOTO U S/IEKT-
POMAarHUTHOTO METOJIOB, JA€TCA OIMCAHHUE TPEX METO-
JIOB M3MEPEHU, NIPEJCTAaBIEHHDIX B IEPBOM U3aHUU U
HIMPOKO MCIOIb3yeMBIX IJIA U3SMEPEHUI Pacxofa BOMBI,
a MMEHHO: METOJIa M3MEPEHHUs C JBIDKYIIErOCsA CyIHa C
HCIIOIb30BaHUEM aKyCTHYeCKHX IIpodmwioMeTpoB Jlom-
nepa misa usmepenus tedeHus (ADCPs), yribTpassy-
KOBOTO MeTOJIa U3MepeHNUA CKOPOCTH TedeHnus (AVM) u
9JIEKTPOMAarHUTHOTO MeTopa. PaccmarpuBaeTca u ger-
BEPTBIN METOM, KOTOPBIN IIPEANIOIATAET UCIIOIb30BaHUE
aKyCTHYIECKOTO JOIUIEPOBCKOIO M3MEPUTENA CKOPOCTH
(ADVM). I'maBa 7 — M3mepeHus pacxona BOIbI € IIOMO-
IO TUAPOMETPUYECKUX COOPYKEHMH, IMOCBAIEHA
CTaH/IAPTHBIM COOPY>KEHUAM. MeTOonbI, M3NI0KEHHbIE B
rmaBe 8 — l3sMepeHHsa pacxonoB BOABI Pa3HBIMHU METO-
IDaMH, BKIIOYAIOT B ce6s METONBI CKOPOCTb-UHIEKC;
M3MepeHHs ¢ IOMOIIBIO MTOIUIABKOB; 00'beMHbIe H3Me-
peHusA; USMEPEHMSA C ITOMOIIBIO TEPEHOCHBIX BOJOC/IN-
BOB WK JOTKOB Ilapimiasa; usMepeHns HEYyCTOMYHUBOTO
IIOTOKa JIs1 6OKOBBIX BOJH WIN NMPOOKOBBIX IIOTOKOB;
MeToJI pa30aB/IeHHA C UCIOTb30BaHHEM TPacCepoB; U3-
M€PEHHUA C IOMOIIBIO TUCTaHIMOHHOTO 30HIUPOBAHUA
M C CaMOJIETa, a TaKXKe PaJuOJOKAallMOHHBIE METOMBI
usMepeHus pacxona. I'laBa 9 — KocBerHoe ompenere-
HIe MaKCUMaJIbHOTO PACXOJa BOJBI, TaeT obIIee OMH-
CaHHe IPOLeNyp, UCIOIb3YeMbIX IpH cOOpe TaHHBIX
MOJIEBBIX M3MEPEHUN U IIPH BBIYUCIEHHUAX MAKCH-
MaJIbHOTO pacXofia ¢ IOMOIIBIO Pa3IMYHbBIX KOCBEHHBIX
METOJIOB TIOC/Ie NPOXOXKIEHNA NaBonka. B rmase 10 —
HeomnpeneneHHOCTh M3MepeHUI pacxopa, paccMaTpu-
BaeTCA HEOIPEENEHHOCTD, CBA3aHHAA C Pa3IMIHBIMU
MeTOJaMH, IPEICTABICHHBIMH BBIIIIE.

Tom II — Buuucnenue pacxoda 600vl, pacCMaTpHUBaeT
IJIaBHBIM 00Pa3oM BBIYUC/ICHHE 3aBUCHMOCTU Pacxofia

OT YPOBHSA U BbIYUC/IEHNE CPEHETO CYyTOYHOTO pacxoya.
OH npenHasHa4YeH /I MIAINX TEXHUKOB, 3HAKOMBIX C
ocHoBaMH runpaBauku. Tom II cocTout U3 mrectu ras.
B rmase I — KpuBble pacxona Bogbl Ha IprUMepe MPOCTOH
3aBUCUMOCTH PacxXoJjOB OT yPOBHS, PaCCMaTPUBAIOTCA
KPUBBIE, B KOTOPBIX PacXofi CTABUTCA B 3aBUCMMOCTD
TOJIBKO OT YPOBHS. B Hell ONICBIBAIOTCSA KOHTPOJIbHBIE
CeYEeHMA 1A U3MEPEHHS YPOBHA U PacXofia; OCHOBHELIE
YPaBHEHUsA TUAPABINKH; CIOKHOCTH, CBA3aHHBIE C
3aBHCHUMOCTBIO pacxofia OT YPOBHS; Ipaudeckoe IIoCT-
pOeHMe KPUBBIX PacXofia; KPUBBIE pacxoja IJd UCKYyC-
CTBEHHBIX M €CTECTBEHHBIX KOHTPOJBHBIX CEUEHHUI;
KOHTPOJILHOE PYC/IO; SKCTPANONALMA KPUBBIX PacXo/ia;
CMeIeHUs KPUBBIX Pacxola; BIUAHME 0Opa3OBaHUA
JIbJja Ha KpUBBIE pacxofa U fedopManuio pycia. [iasa 2
— KpuBble pacxona BOAbI C HCIIONb30BAHUEM METOMA
CKOPOCTb-MHJEKC, OTIMCBIBAET OCHOBBI METO/Ia CKOPOCTh-
WHJIEKC; MOCTPOEHNE KPUBOM YPOBEHb-IUIOIIAAb H
KPHMBOW CKOPOCTB-MHJIEKC; a TaK)Ke PaCCMaTPHUBaeT BBI-
YHUC/IEHNE PACXO/ia BOIBI C IIOMOIIBIO MHEKCA CKOPOCTH
ADVM B kauecTBe mpumepa. B rmase 3 — Kpussle
pacxoma BOABI Ha IpUMeEpPE MCIOIb30BaHUA YKJIOHA
BOJHOH ITOBEPXHOCTHU B Ka4eCTBe IapaMeTpa, pacCMaT-
pUBaeTCsA IE€PEMEHHBIN YK/IOH, BHISBAHHBIN MEHSIO-
IIHUMCSA TTOAIIOPOM, USMEHEHNEM PACXOfia U COYeTaHUEM
TOTO U IPYTOTO, a TAKXKE CMEIIEHHUA KPUBBIX PacXofa,
B KOTOPBIX YKJIOH siBJsieTcsl KoaddunueHntom. B Heit
TaK>Ke IIPENCTaB/IeH MONXO/ K BEIYUC/IEHUIO Pacxoa Ha
CTAaHIMAX, U3MEPAIOIINX YKJIOH. ['ltaBa 4 — Mopenu
pacdeTa IIOTOKA BOJBI /ISl HATOPHBIX, Pa3BeTBICHHBIX U
MIPIIMBHO-OT/IMBHBIX T€YEHHIT, HAYHHASA C OTHOMEPHBIX
YPaBHEHMII HEYCTAaHOBHUBIIETOCA IOTOKA, IOCBAIIEHA
$hopMyIHpPOBaHHIO MOMENTH M I'PaHUYHBIX YC/IOBUI,
NpUMEHEHUAM MOJe/lell M IPYTHMM SMIHUPHIECKUM
MeTonam. [ltaBa 5 — KpuBble pacxopia BOIbI I/Is1 pasind-
HBIX THIPOTEXHUYECKUX COOPY>KEeHHI, pacCMaTpHUBaeT
TaMOBI ¢ pasIBIDKHBIMU IIUII0O3aMH, HABUTAIIMOHHBIE
IIUTIO3b], HAITOPHbIE BOJOOTBONHBIE KaHa/Ibl, TOPOJCKHUE
BOJOCTOKH, a TaK)Ke aBTOMAaTHYEeCKOe BBIYHCIEHUE
TIOTOKA Yepe3 BOJOPEryIMPyYIOIIHe coopyKeHud. Hako-
Hell, B I7TaBe 6 — AHa/IN3 U BEIYUC/ICHHE PACXO/ia BOIBI
C MCIO/Nb30BAaHUEM 3JIEKTPOHHBIX METONOB, paccMmart-
PUBAIOTCS Pa3IMYHbIe IIPO6IEMBI, CBA3aHHBIE C 3/IeKT-
POHHBIM aHAJTM30M U BBIYMCIEHHEM PacXOfOB, TaKHe
KaK BBeCHUE JAaHHBIX IIOJEBbIX U3MEPEHHUI B 3/IEKT-
POHHYIO cHCTeMy 06pabOTKU TaHHBIX; BepUpUKAIUA U
pelakTHpOBaHMe eIMHUYHBIX 3HaYeHUI; BepUQUKa-
LM U peJaKTHPOBAHNE NAHHBIX ITOJIEBBIX U3MEPEHUI;
BHECEHHE KPUBBIX PAaCXOJOB B 3JIEKTPOHHYIO CUCTEMY
06pabOTKH TaHHBIX; TAOIHUIILI ¥ IpadUKU KPUBBIX pac-
XOJIa; IOTIPABKM Ha CMeEILeHNE B M3MEPEHUAX PACXO/a;
IIepBUYHBIe BBIYHC/ICHUS; TPadUKH, IPENCTaB/IAIOIIIe
rupporpaduyecKkue JaHHBIC; BBIYUCICHHUA 3KCTpe-
MaJIbHBIX 3HaYeHHI; pacyeT HENOCTAINUX JaHHBIX;
BBIYHC/ICHUS €KEMECSYHBIX U TONOBBIX 3HAYCHHUH U
TOKYMEHTAllUA C pesy/abTaTaMU aHa/IM3a JaHHBIX Ha0-
JTIONCHUN Ha CTAHIIUU.
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RESUMEN

Treinta afios después de la primera publicaciéon del
Manual on Stream Gauging (Manual sobre aforo de
caudales), la OMM presenta una edicion actualizada
del mismo para incluir las nuevas tecnologias que
han ido apareciendo desde 1980. De nuevo, y para
seguir con el concepto de “manual de trabajo”, esta
publicacién se divide en dos volumenes (Volumen |
“Trabajos sobre el terreno” y Volumen Il “Calculo
del caudal”). EI Volumen | “Trabajos sobre el
terreno” esté destinado esencialmente a los técnicos
en hidrologia y consta de diez capitulos. En dicho
Volumen se abordan tres cuestiones principales, a
saber: la seleccion del emplazamiento de las
estaciones de aforo, la medicion del nivel y la
mediciéon del caudal. En el capitulo 1 “Introduccion”
se exponen brevemente los registros del flujo de la
corriente y los métodos de aforo generalmente
utilizados, ofreciéndose ademas algunas definiciones
preliminares de la terminologia utilizada en el
Manual. El capitulo 2 “Seleccién del emplazamiento
de las estaciones de aforo” trata de los aspectos
generales del disefio de redes de estaciones de aforo,
teniendo en cuenta el objetivo buscado con el
establecimiento de dichas redes (por ejemplo,
estudios sobre la frecuencia de crecidas o periodos
de estiaje) y los factores hidraulicos que han de
tenerse en cuenta en la seleccién de un sitio
determinado. La seccidn dedicada al disefio de redes
de estaciones de aforo esta destinada, naturalmente,
a los hidrélogos experimentados que elaboran los
planes de este tipo de redes. El capitulo 3 “Controles
en las estaciones de aforo” estudia los distintos tipos
de control, las caracteristicas que deben reunir los
controles naturales satisfactorios y los artificiales,
asi como los criterios para seleccionar y disefiar los
controles artificiales. El capitulo 4 “Medicion del
nivel” analiza los requisitos basicos para la
recopilacion de datos sobre el nivel de las aguas, las
estructuras e instrumentos de medicién, las
configuraciones tipicas de los instrumentos de las
estaciones de aforo, la recuperacion y conversion de
datos, el disefio de las nuevas estaciones de nivel y
el funcionamiento de las estaciones de medicidn
del nivel, asi como las cuestiones relacionadas con
la seguridad durante las operaciones de aforo del
caudal. El capitulo 5 “Medicién del caudal por el
método clasico del molinete” facilitaunadescripcion
general de las mediciones del caudal efectuadas con
molinete, de los instrumentos y equipo necesarios,
de los métodos para medir la velocidad y la
profundidad, y de los procedimientos de medicion
del caudal con el método clasico del molinete. En el
capitulo 6 “Medicién del caudal por métodos
acusticos y electromagnéticos” se exponen tres

métodos de aforo del caudal introducidos en la
primera ediciéon y cuyo uso se ha generalizado, a
saber: el método del bote mdvil dotado de
perfiladores de corriente de efecto Doppler (ADCP),
el método de los medidores ultrasénicos (acusticos)
de velocidad (AVM) y el método electromagnético.
En este capitulo se presenta ademas un cuarto
método basado en medidores acusticos de velocidad
de efecto Doppler (ADVM). El capitulo 7 “Mediciéon
del caudal por medio de estructuras de mediciéon
precalibradas” se centra en las estructuras de
medicion normalizadas. El capitulo 8 “Otros
métodos de medicidon del caudal” pasa revista a
varios métodos como son los indices de velocidad,
las mediciones con flotadores, los métodos
volumétricos, los vertederos de aforo portatiles y los
medidores Parshall, las mediciones de los flujos
inestables de las ondas abruptas de traslacion (roll
waves), los métodos de dilucién de trazadores, las
mediciones realizadas por teledeteccién o desde
aeronaves y los métodos para medir el caudal
mediante radares. El capitulo 9 “Determinacion
indirecta de caudales maximos instantdneos” ofrece
un estudio general de los procedimientos indirectos
utilizados para la recopilacion de datos sobre el
terreno y para el calculo de caudales maximos
instantaneos después de una crecida. El capitulo 10
“Incertidumbre de las mediciones del caudal”
analiza las incertidumbres relacionadas con los
diversos métodos anteriormente mencionados.

El Volumen Il “Calculo del caudal” se ocupa
principalmente del calculo de la relacién altura-
caudal y del caudal medio diario. Esta destinado
principalmente a los ingenieros noveles que tienen
conocimientos basicos en hidraulica y consta de
seis capitulos. El capitulo 1 “Calibraciéon del caudal
mediante una simple relacion altura-caudal” analiza
los casos en que el caudal se relaciona Unicamente
con la altura. En este capitulo se abordan cuestiones
como los controles de la relacién altura-caudal, las
ecuaciones fundamentales de la hidréaulica, las
complejidades de la relaciéon altura-caudal, la
trascripcion grafica de las curvas de gasto, el aforo
en los controles de las secciones artificiales y
naturales, el control del canal, la extrapolacion de
las curvas de gasto, las fluctuaciones del caudal, los
efectos de la formacién de hielo en el caudal y los
rios de lecho arenoso. En el capitulo 2 “Calibracion
del caudal mediante el método del indice de
velocidad” se exponen los principios basicos del
método del indice de velocidad y del establecimiento
de curvas de gasto fundamentadas en la relacion
altura-superficie y en el indice de velocidad. Ademas,
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se presenta el calculo del caudal utilizando como
ejemplo el indice de velocidad ADVM. El capitulo 3
“Calibracion del caudal utilizando la pendiente
como parametro” trata de las cuestiones siguientes:
pendiente variable debida a remansos variables, a
un caudal variable o0 a una combinacién de ambos,
y fluctuacion de las curvas de gasto cuando la
pendiente constituye un factor. Asimismo, presenta
un método de calculo de los registros del caudal
para la estaciones en pendiente. El capitulo 4
“Modelos de calculo del caudal aguas arriba y en
rios ramificados y con mareas a partir de ecuaciones
unidimensionales de flujos variables” estudia la
formulaciéon de modelos y condiciones de contorno,
asi como las aplicaciones de los modelos y otros
métodos empiricos. El capitulo 5 “Calibraciéon del
caudal en diversas instalaciones hidraulicas” aborda
las cuestiones relacionadas con las presas con
compuertas moviles, las esclusas de navegacion, las

tuberias de carga, los canales de drenaje urbano y el
calculo automatico de la corriente mediante
estructuras de control del agua. Finalmente, el
capitulo 6 “Analisis y calculo de registro del caudal
mediante métodos electronicos” examina diferentes
problemas relacionados con el andlisis y el calculo
de los registros del caudal como son: la introducciéon
de datos de campo en un sistema de procesamiento
electronico, la verificacion y ajuste de valores
unitarios, la verificacion y analisis de mediciones
sobre el terreno, la introduccion de curvas de gasto
en el sistema de procesamiento electrénico, la
transcripcion gréafica de curvas y tablas de gasto, los
ajustesaportadosalasdesviacionesde lasmediciones
del caudal, los célculos primarios, los hidrogramas,
el calculo de extremos, la estimacion de los registros
faltantes, los calculos de valores mensuales y
anuales, y los documentos de andlisis de la
estacion.




CHAPTER 1

INTRODUCTION

11 STREAMFLOW RECORDS

Streamflow serves man in many ways. It supplies
water for domestic, commercial and industrial use;
irrigation water for crops; dilution and transport
of wastes; energy for hydroelectric power; transport
channels for commerce; and a medium for
recreation. Records of streamflow are the basic
data used in developing reliable surface water
supplies because the records provide information
on the availability of streamflow and its variability
in time and space. The records are therefore used
in the planning and design of surface water related
projects, and they are also used in the management
or operation of such projects after the projects
have been completed. Streamflow records are also
used for calibrating hydrological models, which
are used for forecasting, such as flood forecasting.

Streamflow, when it occurs in excess, can create a
hazard - floods cause extensive damage and
hardship. Records of flood events obtained at
gauging stations serve as the basis for the design
of bridges, culverts, dams and flood control
reservoirs, and for flood plain delineation and
flood warning systems. Likewise, extreme low
flow and drought conditions occur in natural
streams, and should be documented with reliable
streamflow records to provide data for design of
water supply systems. It is therefore essential to
have valid records of all variations in streamflow.

The streamflow records referred to above are
primarily continuous records of discharge at
stream-gauging stations; a gauging station being a
stream site instrumented and operated so that a
continuous record of stage and discharge can be
obtained. Networks of stream-gauging stations are
designed to meet the various demands for
streamflow information including an inventory of
the total water resources of a geographic area. The
networks of continuous record stations, however,
are often augmented by auxiliary networks of
partial record stations to fill a particular need for
streamflow information at relatively low cost. For
example,anauxiliary network ofsites, instrumented
and operated to provide only instantaneous peak
discharge data, is often established to obtain basic
information for use in regional flood frequency
studies. An auxiliary network of un-instrumented
sites for measuring low flow only is often

established to provide basic data for use in regional
studies of drought and of fish and wildlife
management.

This Manual is a revision of the previously
published Manual on Stream Gauging (WMO-
No. 519), Volumes | and Il, 1980. Much of the
original material is used in this manual where
procedures and equipment are still relevant.
Likewise, material from a similar 2-volume manual
by Rantz (1982) is also used. In many cases, the
two manuals are identical.

1.2 GENERAL STREAM-GAUGING
PROCEDURES

Once the general location of a gauging station has
been determined from a consideration of the need
for streamflow data, its precise location is selected
to take advantage of the best locally available
conditions for stage and discharge measurement
and for developing a stable stage-discharge relation,
also called a “discharge rating”, or simply a
“rating”.

A continuous record of stage is obtained by
installing instruments that sense and record the
water surface elevation in the stream. Discharge
measurements are initially made at various stages
to define the relation between stage and discharge.
Discharge measurements are then made at periodic
intervals, usually monthly, to verify the stage-
discharge relation or to define any change in the
relation caused by changes in channel geometry
and/or channel roughness.

Artificial controls such as low weirs or flumes are
constructed at some stations to stabilize the stage-
discharge relations in the low flow range. These
control structures are calibrated by stage and
discharge measurements in the field.

In recent years, it is increasingly common to have
real-time, automatic, transfer of data from gauging
stations to hydrological analysis centres. During
certain events, such as imminent flood threats,
real-time data are used as input to hydrological
models to simulate water behaviour and provide
flood forecasts for authorities. Real-time data are
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frequently published on internet sites for
immediate use by the general public. Real-time
data are used for several purposes and users should
be made aware that real-time data are always
considered preliminary and have not been quality
controlled.

Data obtained at the gauging stations are reviewed
and analyzed by engineering personnel throughout
the water year. Discharge ratings are established,
either by graphical methods or by computer
methods. Unit values of recorded gauge heights
are used to compute unit and daily values of gauge
height and discharge. The mean discharge for each
day and extremes of discharge for the year are
computed. The data are then prepared for
publication and are considered final.

1.3 DEFINITIONS

A few common terms as defined by Sauer (2002)
that are used throughout this Manual (Volumes |
and I1) will be defined in this section. This is not
intended to define all stream gauging terms.
Additional definitions will be given as needed in
other sections of the Manual.

Gauge height, stage, and elevation are interchangeable
terms used to define the height of the surface of a
water feature, such as a stream, reservoir, lake, or
canal. For a stream gauging station, gauge height
is the more appropriate terminology, but the
more general term “stage” is sometimes used
interchangeably. For lakes, reservoirs and tidal
streams, the height of the water surface usually is
referred to as elevation. Gauge height (also stage)
is measured above an arbitrary gauge datum,
whereas elevation is measured above an established
vertical datum, such as mean sea level. Gauge
heights and elevations are principal data elements
in the collection, processing, and analysis of
surface-water data and information. Gauge heights
and elevations are measured in various ways, such
as by direct observation of a gauging device, or by
automatic sensing through the use of floats,
transducers, gas-bubbler manometers and acoustic
methods. Gauge heights and elevations should be
measured and stored as instantaneous unit values.
Subsequent data processing and analysis will
provide the means for any required analysis, such
as averaging.

Stream velocity is another data element in a stream
gauging system. Unit values of stream velocity
are measured at some sites for the purpose of
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computing stream discharge. This is done most
commonly where variable backwater conditions
are present. Unit values of stream velocity are
measured at some sites where variable backwater
is not present to improve the calculation of
discharge. The three principal instruments for
measuring stream velocity are the deflection vane
gauge, the electromagnetic velocity meter and
the acoustic (ultrasonic or Doppler) velocity
meters.

Stream discharge is a very important element, and
frequently the ultimate goal in stream gauging.
Discharge cannot be measured directly, but must
be computed from other measured variables such
as gauge height, stream depth, stream width, and
stream velocity. Daily mean values of discharge are
usually computed from instantaneous unit values
of discharge, using computer methods. This differs
from some of the methods used in the past where
daily mean values of discharge were computed
from daily mean values of gauge height. It also
differs from procedures where mean values of
gauge height for subdivided parts of a day were
used to compute discharge.

The term unit value is used to denote a measured or
computed value of a variable parameter that is
associated with a specified instantaneous time and
date. In addition, unit values generally are part of
a time-series data set. For surface-water records,
unit values for all parameters always should be
instantaneous values. Some parameters, such as
velocity, tend to fluctuate rapidly and a true
instantaneous value would be difficult to use in
the analysis and processing of the records. Some
instruments are designed to take frequent (for
example, every second) readings, temporarily store
these readings, and then compute and store a
mean value for a short time period. For these
situations, the field instruments are programmed
to record mean unit values for very short time
intervals (1 to 2 minutes) so they can be considered
for practical purposes to be instantaneous unit
values. Data recorded for very short time intervals
are sometimes referred to as high time-resolution
data.

Daily values are measured or computed values of a
parameter for a specific date. The time of the daily
value is not required, although for certain daily
values, time sometimes is stated. Examples of daily
valuesaredaily meanvalue, maximuminstantaneous
value for a day, and minimum instantaneous value
for a day. In the case of maximum and minimum
instantaneous values for a day, the time of the value
usually is stated.
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CHAPTER 2

SELECTION OF GAUGING STATION SITES

21 INTRODUCTION

The selection of gauging sites is dictated by the
needs of water management or the requirements
of the hydrologic network. Those needs and
requirements dictate locations of the gauging sites,
butthe process of general site selection isdependent
on the specific purpose of the streamflow record.
For example, the general location of a gauging
station is immediately fixed if the streamflow
record is needed for the design of a dam and
reservoir at some specific site, or if the record is
needed for operating or managing a completed
project. However, for a regional water resources
inventory and for the formulation of a long-range
water development plan, a network of gauging
stations must be established to study the general
hydrology of the region. Judicious thought is then
required in selecting the general location of
gauging stations to ensure optimum information
is obtained for the money spent in data collection.
To augment the network of continuous record
gauging stations to study regional flood-frequency
a network of crest stage gauges (see Chapter 4,
section 4.7) may be established. Judicious thought
is required in selecting the general location of crest
stage gauges to ensure an adequate sampling of
the many possible combinations of climatic and
physiographic characteristics in the region. The
general aspects of network design are discussed in
section 2.2.

As mentioned earlier, once the general location
of a gauging station has been determined, its
precise location is selected to obtain the best
locally available conditions for stage and discharge
measurement and for developing a stable
discharge rating. The hydraulic considerations
that enter into specific site selection are discussed
in section 2.3.

2.2 GAUGING STATION NETWORK
DESIGN

The procedures for network design are described in
the following sections. Additional information on
network design can be found in WMO-No. 168 -
Guide to Hydrological Practices, Fifth edition, 1994
and in Rantz (1982).

221 Network design for water resources

development

Two types of gauging stations are usually needed in

a stream gauging network designed for a regional

study of water resources development, namely,

hydrologic and special stations”.

(@) Hydrologic stations are those established to
determine the basic streamflow characteristics of
the region. They are established only on streams
that have natural flow, or on developed streams
whose records can be adjusted, by the use of
auxiliary records, for such manmade effects as
diversion, storage and import of water. There
are two types of hydrologic stations — principal
and secondary:

(i)  Principal hydrologic stations (called
primary stations in some countries) are
intended to be operated permanently; in
showing time trends they furnish data
of importance to regional hydrologic
studies;

(i) Secondary hydrologic stations are
intended to be operated only long enough
to establish the flow characteristics of
their watersheds, relative to those of
a watershed gauged by a principal, or
primary, hydrologic station. The length of
time that a secondary hydrologic station
is operated is dependent on how well its
records correlate with those of a principal
station. The better the correlation, the
shorter the required period of operation.
It should be noted that where full range
measuring structures are employed in the
network they are generally, by definition
and cost, regarded as permanent stations.

(b) Special stations are those established to provide
specific information at a site for one or more of
the following purposes:

()  Inventory the outflow from a basin, either
developed or undeveloped, to show the
quantity of water potentially available for
later development. If the station measures
natural flow, it may be operated for a
definite time period, the length of which
is dependent on the degree of correlation
with a principal hydrologic station;

*  The networks in many countries include principal and
special stations only.
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(i)  Management and operation of an existing
project, A station to be operated during
the entire life of the project;

(iii) Fulfilment of legal requirements,
agreement, or basin compact. A station
to be operated during the entire life of the
legal requirement;

(iv) Design of aproposed project. If the station
measures natural flow, it may be operated
for a definite term that is dependent on
the degree of correlation with a principal
hydrologic station.

In designing the network, all types of stations
should be considered simultaneously, because
both principal and secondary hydrologic stations
may often be strategically located to also serve as
a special station. For example, a hydrologic
station, by virtue of its location, may provide the
data for one or more of the special purposes listed
above.

A minimum network should include at least one
principal hydrologic station in each climatologic
and physiographic province in a region, because
the runoff characteristics of streams are related to
the climatologic, topographic and geologic
characteristics of the basins they drain and can be
highly variable. The annual volume of runoff of a
stream may be large or small and may be derived
from storm runoff, or snowmelt runoff, or a
combination of both. Daily discharge rates may be
highly variable or relatively steady. The streamflow
may be ephemeral, intermittent, or perennial, and
if perennial, base flow may be well or poorly
sustained. A stream that flows through more than
one province should be gauged at the boundary
between provinces. An obvious example is a stream
that flows through a mountain province and enters
an alluvial valley province; commonly, the runoff
of the two provinces will differ greatly.

Itisalso desirable that there be one or more principal
hydrologic stations in a basin. The total number of
stations depends on basin size, the number of key
sub-basins, and the potential for future land use
change. Basin size is a factor because principal
hydrologic stations will be correlated with secondary
hydrologic stations, and as a rule-of-thumb, it is
generally unsatisfactory to correlate streamflow
records for two stations where one station has more
than ten times the discharge of the other.
Consequently, if the drainage pattern is such that
streams draining areas as small as 50 km? have a
potential for development, there should be some
principal hydrologic stations with drainage areas
smaller than 50 km?Z.
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Secondary hydrologic stations should be established
and operated for a limited number of years at study
sites in each of the climatologic and physiographic
provinces in the region. They should function just
long enough to establish a satisfactory correlation
between their records and those of principal
hydrologic stations that have similar runoff regimes,
or between their records and the climatological and
physical characteristics of their watersheds. By
moving the secondary hydrologic stations to new
sites after satisfactory correlations have been
established, the entire region can eventually be
covered with a dense network based on the principal
hydrologic stations that are to be operated
permanently. Generally speaking, the results of
correlations between station runoff and basin
characteristics will be adequate only for academic
study of regional runoff characteristics or for gross
generalizations about runoff at a site. If the site of a
secondary hydrologic station is also the site of a
proposed project, its correlation with a principal
hydrologic station is of more than academic
importance. Accordingly, such a station should
generally be operated for a period longer than that
of a secondary hydrologic station whose streamflow
record is primarily for a special hydrologic study.

A minimum network will also include some special
stations. To obtain information on the water
resources potential of the region, special stations
should be established to measure the outflow of
major basins or sub-basins. Where a proposed project
is of significant economic importance to the region,
high priority should be given to the establishment of
a special station at the project site for project design.
The general location of a special station is fixed if it
is to be established for the operation of an existing
project or if it is to be established to fulfil a legal
requirement. If any of the above special stations
gauge natural flow, that special station also functions
as a hydrologic station.

The design of the gauging station network must be
tailored to the drainage characteristics of the region
or its sub-regions. For example, the foregoing
discussion was principally applicable to a region or
sub-region having large well-developed stream
systems. The design technique requires some
modification in dealing with a region or sub-region
where all streams are relatively small and do not
combine to form large rivers. A stream pattern of
that type occurs, for example, where many relatively
small streams drain the seaward flank of a coastal
mountain. In that situation principal hydrologic
stations would be established on streams that are
typical of an area and secondary hydrologic stations
would be added to give wide geographic coverage
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on each of the hydrologic areas. It is important not
to neglect the watersheds that have low runoff;
having all gauges on the more productive streams
can give a false impression of the water resources
potential of the region. For that reason it would be
prudent, before deciding on the network pattern, to
make a reconnaissance of the region, using discharge
measurements, precipitation maps, remote sensing,
and other methods to define hydrologic boundaries
and to characterize streams with respect to their
runoff productivity. An attempt should be made to
predict the sites where streamflow data will be most
urgently needed, and to endeavour, where possible,
to have hydrologic stations double as special
stations, thereby reducing the number of gauging
stations needed.

The gauging station network, once designed,
requires evaluation from time to time. It has already
been mentioned that secondary hydrologic stations
are intended to be moved to new sites when
statistical analysis indicates that they have fulfilled
their purpose at their present sites. Project
development in a basin brings changes to the
network as hydrologic stations that served as special
stations for the design of a proposed project, lose
their utility as hydrologic stations after the project
is completed. Change in location may or may not
be necessary for those stations if they are to be used
for the operation of the completed project.
Additional special stations will often be required for
the unanticipated monitoring of salinity in tidal
reaches, or the monitoring of pollution at sites of
intensive basin development.

2.2.2 Network design for flood frequency

study

Regional flood frequency studies are used for the
design of dam spillways, bridges, and culverts, and
for the delineation of flood plains. The basic data for
such study are records of annual peak discharge at
stream sites throughout the region. Peak discharge
data will be available for the principal streams at sites
in the network of continuous record gauging stations
that were established for the study of regional water
resources. In addition, such data will usually be
available for a number of smaller streams. However,
amyriad of small streams is usually found in a region,
and because of the high number of such streams, it
is not economically feasible to gauge more than a
small percentage of them. The network of standard
gauging stations should therefore be augmented by a
network of relatively inexpensive crest stage gauges
(see Chapter 4, section 4.7) to provide more adequate
coverage. Crest stage gauges are sometimes referred
to as partial record gauges because they obtain peak
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flow data only. Other types of gauges, such as low
cost pressure transducers and ultrasonic gauges,
coupled with inexpensive data loggers, may also be
used to expand a data network.

Even though the network of gauges is expanded by
the addition of the partial record crest stage gauges
or other inexpensive gauges, it is still essentially a
sampling of a large number of streams in a given
region. In analysing the data collected, peak
discharges will be related to climatic and basin
characteristics. The resulting relations will be used
to estimate peak discharge at un-gauged sites. A
stratified sampling technique should therefore be
used in selecting the general location of crest stage
gauges to ensure an adequate sampling of the many
possible combinations of climatic and basin
characteristics.

The design of a stratified sampling procedure
depends on the climatic and physical characteristics
of the region. As an example, the procedure used in
a current flood frequency study will be described.

Three hundred auxiliary crest stage gauges were to
be installed on watersheds ranging in size from 0.5
to 40 km?Z, in a region of rugged relief encompassing
about 400 000 km2. A generalized soils map and a
generalized isohyetal map of 100-year intensities of
1-hour storms were available for defining sub-
regions of geologic and climatologic homogeneity.
To delineate the boundaries of such sub-regions one
map was superimposed upon the other; 23 sub-
regions of apparent homogeneity were defined. It
was expected that the peak discharge data eventually
collected would show those boundaries to be in
error; that is, it was expected that many of the sub-
regions could eventually be combined and that
some would require splitting. However, that
preliminary classification of sub-regions gave a
starting point for the distribution of the gauges — an
average of 13 gauges per sub-region.

The next step was to distribute the 13 gauges in each
sub-region. The climatology and physiography of
the region is such that over large areas altitude tends
to correlate with precipitation, basin slope, depth of
soil mantle, and basin shape. Basin altitude was
therefore selected as the single parameter to represent
all parameters other than basin size, in each of the
23 sub-regions. A matrix was set up, as shown below,
to indicate the sampling design for each sub-region.
Each of the 12 boxes in the matrix represents a crest
stage gauge, and the 13th gauge was arbitrarily added
to one of the boxes so that a total 13 gauges were
provided in the sub-region. In each sub-region the
total range of altitude was divided into thirds. A, B,
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and C in the matrix represent altitude ranges, where
A represents the highest third in the sub-region, B
the middle third, and C the lowest third. Four ranges
of drainage area size, as shown in the matrix, were
used in each sub-region.

Table 1.2.1. Matrix for sampling design

Drainage area in square kilometres
0.5-4.0 4-10 10-20 20-40
A A A A
Altitude B B B B
C C C C

The purpose of the above matrix was to ensure a
relatively unbiased sampling of the basins which
would include most combinations of physical and
climatic variables.

2.2.3 Network design for low flow
frequency studies

Regional studies of low flow magnitude and
frequency are useful in the planning, design, and
management of water supply facilities. Low flow
data provided by the network of continuous record
gauges in a region can be supplemented by
establishing a more comprehensive network of low
flow partial record sites. These low flow sites should
be distributed to measure natural flow streams in the
region, including ephemeral, intermittent, and
perennial streams. They should include a wide range
of drainage, physiographic, and climatological
characteristics. A low flow partial record network can
be designed in a similar manner to a crest stage gauge
network, as described in the preceding section.

Low flow magnitude and frequency can be defined at
each low flow partial record site by statistical regres-
sion methods. A minimum of 8 to 10 low flow
discharge measurements spanning a period of 3 to
4 years are recommended at the low flow partial
record site. The corresponding (same date and time)
discharge at a nearby long term hydrologic station in
the same region is also determined. A statistical regres-
sion of the corresponding discharges is used to define
the low flow magnitude and frequency relation for
the partial record low flow site, based on the low flow
magnitude and frequency relation at the long term
hydrologic station. After sufficient low flow measure-
ments are obtained to define a frequency relation at
the low flow site, that site can be discontinued and a
new site established on another stream in the region.
In this way, low flow magnitude and frequency can be
defined for a region at a much reduced cost.
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Low flow partial record gauges usually do not
require permanent field equipment. They are
established for the purpose of making occasional
discharge measurements of low flow, and do not
require the measurement of stream stage. For this
reason, low flow stations are inexpensive to operate
and are virtually maintenance free.

2.3 CONSIDERATIONS IN SPECIFIC SITE
SELECTION

After the general location of a gauging station has
been determined, a specific site for its installation
must be selected. For example, let us suppose that
the outflow from a reservoir is to be gauged to
provide the streamflow data needed for managing
reservoir releases. The general location of the
gauging station will be along the stretch of stream
channel between the dam and the first stream
confluence of significant size downstream from the
dam. From the standpoint of convenience alone,
the station should be established close to the dam,
but it should be far enough downstream from the
outlet gates and spillway outlet so that the flow is
fairly uniformly established across the entire width
of the stream. On the other hand the gauge should
not be located so far downstream that the stage of
the gauged stream may be affected by the stage of
the confluent stream. Between those upstream and
downstream limits for locating the gauge, the
hydraulic features should be investigated to obtain
a site that presents the best possible conditions for
stage and discharge measurementand for developing
a stable stage-discharge relation if the velocity area
method is to be used (see Section 5.6.1).

If the proposed gauging station is to be established
for purely hydrologic purposes, unconnected with
the design or operation of a project, the general
location for the gauge will be the reach of channel
between two large tributary or confluent streams.
The gauge should be far enough downstream from
the upper tributary so that flow is fairly uniformly
established across the entire width of stream, and
far enough upstream from the lower stream
confluence to avoid variable backwater effect. Those
limits often provide a reach of channel of several
kilometres whose hydraulic features must be
considered in selecting a specific site for the gauge
installation.

The ideal gauge site satisfies the following criteria,

many of which are defined in ISO 1100-1:

(@) The general course of the stream is straight for
about 10 times the stream width, upstream and
downstream from the gauge site if the control
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is a river reach (channel control). If the control
is a section control, the downstream conditions
must be such that the control is not drowned.
The water entering a section control should
have low velocity (see (f) below);

(b) The total flow is confined to one channel
at all stages and no flow bypasses the site as
subsurface flow;

(c) The stream-bed is not subject to scour and fill
and is relatively free of aquatic vegetation;

(d) Banks are permanent, high enough to contain
floods, and are free of brush;

(e) Unchanging natural controls are present in the
form of a bedrock outcrop or other stable riffle
for low flow and a channel constriction for
high flow — or a waterfall or cascade that is un-
submerged at all stages. If a natural control is
not available, then channel conditions should
allow for the construction of an artificial control
such as a weir or flume (see Chapter 3);

() A pool is present upstream from the control
at extremely low stages to ensure a recording
of stage at extremely low flow, and to avoid
high velocities at the streamward end of stage
recorder intakes, transducers, or manometer
orifice during periods of high flow. The
sensitivity of the control should be such that
any significant change in discharge shall result
in a measurable change in stage;

(g) The gauge site is far enough upstream from the
confluence with another stream or from tidal
effect to avoid any variable influence the other
stream or the tide may have on the stage at the
gauge site;

(h) A satisfactory reach for measuring discharge
at all stages is available within reasonable
proximity of the gauge site. It is not necessary
for low and high flows to be measured at the
same stream cross-section;

(i) Thesiteisreadily accessible for ease in installation
and operation of the gauging station;

(1) Within reach of a suitable telemetry system;

(k) Good conditions for discharge measurements
at all stages;

() Instruments, shelter, and housing above all
flood levels. Sensors with a range to measure
floods and drought.

Rarely will an ideal site be found for a gauging
station and judgment must be exercised in choosing
between adequate sites, each of which may have
some shortcomings. Often adverse conditions may
exist at all possible sites for installing a required
gauging station and a poor site must be accepted.
For example, all streams in a given region may have
unstable beds and banks, which result in continually
changing stage-discharge relations.
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The reconnaissance for a gauging site essentially
starts in the office where the general area for the
gauge site is examined on topographic, geologic,
and other maps. Reaches having the following
pertinent characteristics should be noted: straight
alignment, exposed consolidated rock as opposed
to alluvium, banks subject to overflow, steep banks
for confined flow, divided channels, possible
variable backwater effect from a tributary or
confluent stream or from a reservoir, and potential
sites for discharge measurement by current meter.
The more favourable sites will be given critical
field examination and they should be marked on
the map, access roads should be noted, and an
overall route for field reconnaissance should be
selected.

In the field reconnaissance the features discussed
earlier are investigated. With regard to low flow, a
stable well defined low water control section is
sought. In the absence of such a control, the
feasibility of building an artificial low water control
is investigated. If a site on a stream with a movable
bed must be accepted - for example, a sand channel
stream — it is best to locate the gauge in as uniform
a reach as possible, away from obstructions in the
channel, such as bridges, which tend to intensify
scour and fill. Possible backwater resulting from
weeds in the channel should also be investigated.
If the gauge is to be located at the mouth of a gorge
where the stream leaves the mountains or foothills
to flow onto an alluvial plain or fan, reconnaissance
current meter measurements of discharge should
be made during a low flow period to determine
where the seepage of water into the alluvium
becomes significant. The station should be located
upstream from the area of water seepage in order
to gauge as much of the surface flow as possible;
the sub-surface flow or underflow that results from
channel seepage is not “lost” water, but is part of
the total water resource.

With regard to high stages, high water marks from
major floods of the past are sought and local
residents are questioned concerning historic flood
heights. Such information is used by the engineer
in making a judgment decision on the elevation at
which the stage recorder must be placed to be above
any floods that are likely to occur in the future. The
recorder shelter should be so located as to be
protected from water-borne debris during major
floods. Evidence is also sought concerning major
channel changes, including scour and deposition at
stream banks that occurred during notable floods of
the past. That evidence, if found, gives some
indication of changes that might be expected from
major floods of the future.
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The availability of adequate cross-sections for
velocity area measurement of discharge should
also be investigated. Ideally, the measurement
cross-section should be of fairly uniform depth,
and flow lines should be parallel and fairly uniform
in velocity throughout the cross-section. The cross
section should be free of large bed forms such as
boulders and sand dunes. The measurement
section should be in reasonable proximity to the
gauge to avoid the need for adjusting measured
discharge for change in storage, if the stage should
change rapidly during a discharge measurement.
However, a distance of as much as a kilometre
between gauge and measuring section is acceptable
if such distance is necessary to provide both a good
stage measurement site and a good discharge
measurement site. Low flow discharge
measurements of all but the very large streams are
made by wading. For flows that cannot be safely
waded, the current meter is operated from a bridge,
cableway, or boat. It is most economical to use an
existing bridge for that purpose, but in the absence
of a bridge, or if the measuring section at a bridge
site is poor, a suitable site should be selected for
constructing a cableway. If construction of a
cableway is not feasible because of excessive width
of the river, high water measurements may be
made by boat. The cross-section used for measuring
high flows may not be suitable for measuring low
flows, and wading measurements are therefore
made wherever measuring conditions are most
favourable.

Without knowledge of stage and discharge at a
potential gauge site and of concurrent stage at the
stream confluence or reservoir, an engineer or
hydrologist can only conjecture concerning the
location on the stream where backwater effect
disappears for various combinations of discharge
and stage. A safe rule is the following: given a
choice of several acceptable gauging sites on a
stream, the gauging site selected should be the one
farthest upstream from the possible source of
variable backwater. If it is necessary to accept a site
where variable backwater occurs, there are basically
two choices for defining a method to compute
discharge. One is to use a measurement of water
surface slope, and the other is to use a measurement
of stream velocity, in addition to the measurement
of stream stage. These measurements are used to
define a multi-variable relationship to compute
discharge. Slope is sometimes used where variable
backwater is infrequent, or affects discharge
computations only during high stages. A uniform
reach for measurement of slope should be sought,
along with a site for the installation of an auxiliary
gauge. If an auxiliary gauge is used to measure the
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water surface fall between it and the principal
gauge, the site of the auxiliary gauge should
preferably be downstream from the principal
gauge, and it should be far enough downstream to
provide a fall of at least 0.1 metre. For gauge sites
that have frequent, or constant, backwater it is
preferable to use some type of velocity index
measurement instead of water surface slope.
Velocity index gauges, such as electromagnetic or
acoustic, can usually be installed at the same
location as the stage gauge.

In cold regions the formation of ice always presents
a problem in obtaining reliable winter records of
streamflow. However in regions that are only
moderately cold, and therefore subject to only
moderate ice “build-up”, forethought in the selec-
tion of gauge sites may result in streamflow records
that are free of ice effect. Gauge sites that are desira-
ble from that stand-point are as follows:

(@) Below an industrial plant, such as a paper mill,
steel mill, thermal power plant, or coal mine.
Waste heat may warm the water sufficiently or
impurities in the water may lower the freezing
point to the extent that open water conditions
always prevail;

(b) Immediately downstream from a dam with
outlet gates. Because the density of water is
maximum at a temperature of 4°C, the water at
the bottom of a reservoir iscommonly at or near
that temperature in winter. Most outlet gates
are placed near the bottom of the dam, and the
water released is therefore approximately 4°C
above freezing. It would take some time for
that water to lose enough heat to freeze;

(c) On a long fairly deep pool just upstream from
a riffle. A deep pool will be a tranquil one.
Sheet ice will form readily over a still pool, but
the weather must be extremely cold to give
complete cover on the riffle. At the first cold
snap, ice will form over the pool and act as an
insulating blanket between water and air. Under
ice cover the temperature of the streambed
is generally slightly above the freezing point,
and may, by conduction and convection, raise
the water temperature at the base of the riffle
to slightly above freezing, even though water
enters the pool at 0°C. That rise in temperature
will often be sufficient to prevent ice formation
on the riffle;

(d) The station must be placed so that it is not
destroyed by moving ice.

After the many considerations discussed on the
preceding pages have been evaluated, the precise
sites for the water level recorder and for the cableway
for discharge measurements (if needed) are selected.
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Their locations in the field are clearly marked and
referenced. The maximum stage at which the low
water control will be effective should be estimated;
the intakes, transducers or orifices should be located
upstream from the low water control, a distance
equal to at least three times the depth of water on
the control at that estimated maximum stage. If the
water level sensors are located any closer to the
control, they may lie in a region where the
streamlines have vertical curvature. Water level
determination in that region is hydraulically
undesirable. If an auxiliary gauge such as a
downstream stage gauge, or a velocity index gauge,
is required, then similar field information should
be marked and referenced. If a section control exists,
then a cross section of the control should be
surveyed.
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The gauging stations shown in Figures 1.2.1 and
1.2.2, satisfies most of the requirements discussed in
this chapter. Low flow measurements are made by
wading in the vicinity of the gauge. The bridge site in
Figurel.2.1providesaccessibility,conveniencetopower
lines, and a good location for an outside reference
gauge and high flow discharge measurements. Figure
1.2.2 shows another example with a cableway, solar
panel, and satellite transmission antenna.

Up to this point there has been no discussion of
specific site location for crest stage gauges. Those
gauges provide peak stage data only and should be
installed in a straight reach of channel that can be
utilized in computing peak discharge by defining a
stage-discharge relationship, or by measuring peak
discharge indirectly by using one of the indirect

Figure 1.2.2. Gauge with walk-in shelter, solar panels, satellite antenna, and cableway
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methods such as the slope-area method, the
contracted opening method, or the culvert method
(see Chapter 9).

Site section for low flow partial record gauges
requires a good location, easily accessible, for
making current meter measurements of low
discharges. There usually are no requirements for
measuring stream stage.
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CHAPTER 3

GAUGING STATION CONTROLS

3.1 TYPES OF CONTROL

The conversion of a record of stage to a record of
discharge is made by the use of a stage-discharge
relation. The physical element or combination of
elements that maintains the relation is known as a
control. One major classification of controls
differentiates between section controls and channel
controls. Another classification differentiates
between natural and artificial controls. Artificial
controls are structures built for the specific purpose
of controlling the stage-discharge relation, such as
a weir, flume, or small dam. A third classification
differentiates between complete, partial, and
compound controls.

Additional information about controls can be found
in Carter and Davidian (1968), Rantz and others
(1982), Manual on Stream Gauging (WMO-No. 519)
and Guide on Hydrological Practices (WMO-No. 168)
and 1SO (1983, 1995, 1996, 1998).

Section control exists when the geometry of a single
cross-section is such as to constrict the channel, or
when a downward break in bed slope occurs at a
cross-section. The constriction may result from a
local rise in the streambed, as at a natural riffle or
rock ledge outcrop, or at a constructed weir or dam;
or it may result from a local constriction in width,
which may occur naturally or be caused by some
man-made channel encroachment, such as a bridge
whose waterway opening is considerably narrower
than the width of the natural channel. Examples of
a downward break in bed slope are the head of a
cascade or the brink of a waterfall.

Channel control exists when the geometry and
roughness of a long reach of channel downstream
from the gauging station are the elements that
control the relation between stage and discharge.
The length of channel that is effective as a control
increases with discharge. Generally speaking, the
flatter the stream gradient, the longer is the reach
of channel control.

A complete control is one that governs the stage-
discharge relation throughout the entire range of
stage experienced at the gauging station. More
commonly, however, no single control is effective
for the entire range of stage and thus a compound
control will exist for the gauging station. A common

example of a compound control is the situation
where a section control is the control for low stages
and channel control is effective at high stages. The
compound control sometimes includes two section
controls, as well as channel control. In that situation
the upstream section control is effective for the very
low stages, a section control farther downstream is
effective for intermediate stages, and channel
control is effective at the high stages. At very high
stages the control may be a combination of channel
control and overbank conveyance where overbank
flow is a significant part of the total flow.

With regard to complete controls, a section control
may be a complete control if the section control is
a weir, dam, cascade, or waterfall of such height
that it does not become submerged at high
discharges. A channel control may be a complete
control if a section control is absent, as in a sand
channel that is free of riffles or bars, or in an artificial
channel such as a concrete lined floodway.

A partial control is a control that acts in concert with
another control in governing the stage-discharge
relation. That situation exists over a limited range in
stage whenever a compound control is present. As
an example, consider the common situation where a
section control is the sole control for low stages and
channel control is solely operative at high stages. At
intermediate stages there is a transition from one
control to the other, during which time submergence
is “drowning out” the section control. During this
transition period the two controls act in concert,
each as a partial control. Where the compound
control includes two section controls, the degree of
submergence of the upstream section control will be
governed by the downstream section control, during
a limited range in stage. When that occurs, each of
the section controls is acting as a partial control. A
constriction in channel width, unless unusually
severe, usually acts as a partial control, the upstream
stage being affected also by the stage downstream
from the constriction.

3.2 ATTRIBUTES OF A SATISFACTORY
CONTROL

The two attributes of a satisfactory control are
stability and sensitivity. If the control is stable the
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stage-discharge relation will be stable. If the control
is subject to change, the stage-discharge relation is
likewise subject to change, and frequent discharge
measurements are required for the continual
recalibration of the stage-discharge relation. This
increases the operating cost of the gauging station
and likely reduces the accuracy of the streamflow
record.

The primary cause of changes in natural controls is
the high velocity associated with high discharge. Of
the natural section controls, a rock ledge outcrop
will be unaffected by high velocities, but boulder,
gravel, and sand bar riffles are likely to shift, boulder
riffles being the most resistant to movement and
sand bars the least resistant. Of the natural channel
controls those with unstable bed and banks, as
found in sand channel streams, are the most likely
to change as a result of velocity induced scour and
deposition.

Another cause of changes in natural controls is
aquatic vegetation. The growth of aquatic
vegetation on section controls increases the stage
for a given discharge, particularly in the low flow
range. Vegetation on the bed and banks of channel
controls also affects the stage-discharge relation by
reducing velocity and the effective cross sectional

area. In the temperate climates, accumulations of
water-logged fallen leaves on section controls each
autumn clog the interstices of alluvial riffles and
raise the effective elevation of all natural section
controls. The first ensuing stream rise of any
significance usually clears the control of fallen
leaves.

Controls, particularly those for low flows, should be
sensitive. Sensitivity may be defined as an indication
of the quickness and extent of response to an increase
in discharge by an increase in stage. Generally a low
water control is considered to be sensitive if a change
of no more than 2 per cent in discharge is represented
by a change of one unit of recorded stage. This unit
is usually taken to be 3 mm in the United Kingdom
of Great Britain and Northern Ireland and the United
States of America. The following tables show typical
computation of sensitivity for Crump and Flat-V
weirs based on this concept.

It will be noted from the tables that the percentage
change in discharge is referred to the lower of the
two discharges considered and that percentage
sensitivity decreases as stage increases. The fact that
sensitivity cannot be defined by a single value has
probably resulted in its lack of general usage as a
quality indicator. This is unfortunate because it

Table 1.3.1. Crump weir

Discharge/metre width Difference Sensitivity
Stage, m 3 3
m>s/s m3/s percentage
0.050-0.053 0.022-0.024 0.002 9.1
0.250-0.253 0.245-0.249 0.004 1.6
0.500-0.503 0.693-0.699 0.006 0.7
0.750-0.753 1.273-1.281 0.008 0.6
1.000-1.003 1.960-1.969 0.009 0.5
1.500-1.503 3.601-3.611 0.010 0.3
2.000-2.003 5.544-5.556 0.012 0.2
Table 1.3.2. Flat-V weir
Discharge/metre width Difference Sensitivity
Stage, m 3 3
m>/s m3/s percentage
0.050-0.053 0.017-0.020 0.003 15.5
0.250-0.253 0.969-1.000 0.031 3.0
0.500-0.503 5.495-5.558 0.063 1.0
0.750-0.753 15.121-15.276 0.155 1.0
1.000-1.003 31.050-31.283 0.233 0.8
1.500-1.503 85.573-85.853 0.280 0.3
2.000-2.003 175.650-176.302 0.652 0.3
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affords a means of comparing the quality of gauging
stations. To overcome this difficulty, sensitivity may
be calculated at some previously determined
probability level of discharge, for example at the
95 percentile, the flow equalled or exceeded for
95 per cent of the time. In this context sensitivity
may be defined as the increase in stage in millimetres
caused by an increase in discharge of say one per
cent at the stage corresponding to the long-term
95 percentile level of discharge. This means that on
average the sensitivity of the control, and therefore
of the stage-discharge relation, will be better than
the adopted value for 95 per cent of the time.

In practice the importance of sensitivity is reflected
in the reading of stage to a specified uncertainty.
For instance if the stage is read with an uncertainty
of 5 mm at a station having a sensitivity of 5 mm
then the uncertainty in the computed discharge is
one per cent which is regarded as acceptable.
However, if at a station with a sensitivity of
0.5 mm the stage is read with an uncertainty of
5 mm, then the uncertainty in the computed
discharge would be 10 per cent which may be
regarded as unacceptable. In this latter case it may
be considered desirable to operate the station to a
standard that would ensure a more accurate
reading of stage.
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Figure 1.3.1. Gauging stations with natural section
controls

Controls are therefore designed to ensure a satisfactory
sensitivity requirement. To meet this requirement it is
necessary that the width of flow at the control be
greatly constricted at low stages. In a natural low
water control such constriction occurs if the control is
in effect, notched, or if the controlling cross-section
roughly has a flat V shape or a flat parabolic shape.
These shapes will ensure that the width of flow over
the control decreases as discharge decreases.

In the interest of economy a gauging station should
be located upstream from a suitable natural control
(Figure 1.3.1). However, where natural conditions
do not provide the stability or the sensitivity
required, artificial controls should be built if they
are economically feasible.

3.3 ARTIFICIAL CONTROLS

An artificial control for a velocity area station is a
structure built in a stream channel to stabilize and
constrict the channel at a section, and thereby
simplify the procedure of obtaining accurate records
of discharge. The artificial controls built in natural
streams are usually broad-crested weirs that conform
to the general shape and height of the streambed.
(The term “broad-crested weir”, as used in this
manual, refers to any type of weir other than a thin-
plate weir.) In small canals and drains, where the
range of discharge is limited, thin-plate weirs and
flumes are the controls commonly built. Thin-plate
weirs are built in those channels whose flow is
relatively sediment free and whose banks are high
enough to accommodate the increase in stage
(backwater) caused by the installation of a weir. A
suppressed rectangular weir is shown in Figure 1.3.2.
Flumes are largely self-cleaning and can therefore be
used in channels whose flow is sediment laden, but
their principal advantage is that they cause relatively

Figure 1.3.2. A suppressed rectangular weir
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Figure 1.3.3. A Parshall
measuring flume

little backwater (head loss) and can therefore be used
in channels whose banks are relatively low. Flumes
are generally more costly to build than weirs. A
Parshall flume (Figure 1.3.3) is an example of such a
flume.

Artificial controls eliminate or alleviate many of the
undesirable characteristics of natural section
controls. Not only are they physically stable, but
they are not subject to the cyclic or progressive
growth of aquatic vegetation. Algal slimes that
sometimes form on artificial controls can be
removed with a wire brush, although care should
be taken so that the surface of the weir is not
damaged. The controls are usually self-cleaning
with regard to fallen leaves. In moderately cold
climates artificial controls are less likely to be
affected by the formation of winter ice than are
natural controls. The artificial control can, of course,
be designed to attain the degree of sensitivity
required for the gauging station. In addition, an
artificial control may often provide an improved
discharge measurement section upstream from the
control by straightening the original angularity of
flow lines in that cross-section.

In canals or drains, where the range of discharge is
limited, artificial controls are usually built to
function as complete controls throughout the entire
range in stage. In natural channels it is generally
impractical to build the control high enough to
avoid submergence at high discharges, and the
broad-crested weirs that are usually built are
effective only for low, or for low and medium,
discharges. Figures 1.3.4 and 1.3.5 illustrate broad-
crested weirs of two different shapes; the crests of
both have a flat upward slope from the centre of the
stream to the banks, but in addition, the weir in
Figure 1.3.5 has a shallow V-notch in the centre for
greater sensitivity.
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Figure 1.3.5. A concrete, broad-crested artificial
control with a shallow V notch in the centre

Attributes desired in an artificial control

include:

(@) The control should have structural stability
and should be permanent. The possibility
of excessive seepage under and around the
control should be considered, and the necessary
precautions should be prevented by means
of sheet-piling or concrete cut-off walls and
adequate abutments;

(b) The crest of the control should be as high as
practicable to eliminate, if possible, the effects
of variable downstream conditions or to limit
those effects to high stages only;

(c) The profile of the crest of the control should
be designed so that a small change in discharge
at low stages will cause a measurable change in
stage. If the control is intended to be effective
at all stages, the profile of the crest should be
designed to give a stage-discharge relation of
such shape that it can be extrapolated to peak
stages without serious error;

(d) The shape of the control structure should
be such that the passage of water creates
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no undesirable disturbances in the channel
upstream or downstream from the control;

(e) Artificial controls are often built to conform to
the dimensions of laboratory-rated or field-rated
weirs or flumes. The question arises whether to
use the pre-calibrated rating or to calibrate each
new installation in place. There are two schools
of thoughtonthesubject. Inmany countries, the
pre-calibrated rating is accepted and discharge
measurements by current meter or by other
means are made only periodically to determine
if any statistically significant changes in the
rating have occurred. If a change is detected,
the new rating is defined by as many discharge
measurements as are deemed necessary. The
most serious error where a calibration rating or
formula is used may occur in the measurement
of stage over the control. This is especially so
at low flows. Care should always be exercised
in setting the “zero” of the reference gauge and
the recorder to the crest of the control. In other
countries, most notably in the United States of
America, the position is taken that it is seldom
desirable to accept the rating curve prepared
for the model structure without checking the
entire rating of the prototype structure in the
field by current meter measurements, or by
other methods of measuring discharge. The
experience inthose countries has been that there
are invariably sufficient differences between
model and prototype to require complete in-
place calibration of the prototype structure. The
most notable exceptions are standard thin-plate
weirs with negligible velocity of approach. The
relative merits of the two schools of thought
will not be debated here.

If the stream carries a heavy sediment load, the
artificial control should be designed to be self-
cleaning. Flumes have that attribute; broad-crested
weirs can often be made self-cleaning by a design
modification in which the vertical upstream face of
the weir is replaced by an upstream apron that
slopes gently from the stream bed to the weir crest.

34 SELECTION AND DESIGN OF AN
ARTIFICIAL CONTROL

Cost is usually the major factor in deciding whether
or not an artificial control is to be built to replace
an inferior natural control. The cost of the structure
is affected most by the width of the stream and the
type or condition of bed and bank material. Stream
width governs the size of the structure, and bed and
bank material govern the type of construction that
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must be used to minimize leakage under and around
the structure.

If an artificial control is to be used, the type and
shape of the structure to be built is dependent upon
channel characteristics, flow conditions, range of
discharge to be gauged, sensitivity desired, and the
maximum allowable head loss (backwater).

Channel characteristics and flow conditions govern
the general choice to be made among the various
types of control structure. The standard types of weir
and flume are usually not suitable for steep channels
where the Froude number (Fr)" is greater than about
0.5. Best results are obtained for the type of structure
where the static head is the major part of the total
head, which may not be the case in steep channels
where the velocity head becomes excessively large.
Furthermore, structures act as sediment traps on
steep streams. A flume is superior to a weir for use in
sediment-laden streams, but even flumes are unable
to pass the larger bed material that is part of the
moving bed load in steep channels.

The three factors to be considered, namely, range of
discharge to be gauged, sensitivity desired, and the
maximum allowable head loss, must be treated
together in the precise determination of the most
suitable type of control structure, its shape, and
crest elevation. However, two preliminary steps are
first necessary.

First, the head-discharge relations for various artifi-
cial controls of standard shape are assembled. These
are found in Technical Note No. 117, (WMO-
No. 280), Use of Weirs and Flumes in Stream Gauging.
Head discharge relations for additional artificial
controls that were field-calibrated will usually be
available in the files of water resources agencies in
the area — some are given in Volume Il, Chapter 1 -
Discharge ratings using simple stage-discharge
relations. The head discharge relations that are
assembled need only be approximately correct,
because channel conditions at the site of the
proposed control will seldom match those for the
model control.

The second preliminary step is to determine an
approximate stage-discharge relation for the
anticipated range in stage in the unobstructed
channel at the site of the proposed control. This
may be done by a few current meter measurements
and/or by the use of an open-channel discharge

*  Fr=V2/ gd, where V and d are the mean velocity and
mean depth in the cross section, respectively, and g is
the acceleration of gravity.
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equation, such as the Manning equation, in which
uniform flow is assumed for the site and a value of
the roughness coefficientis estimated. The reliability
of the computed stage-discharge relation will be
improved if one or more discharge measurements
are made to verify the value of the roughness
coefficient used in the computations. The purpose
of the computations is to determine the tailwater
elevation that is applicable to any given discharge
after an artificial control is installed.

The next step is to consider the lower discharges
that will be gauged. The tail-water elevations
corresponding to those discharges are used to
determine the minimum crestelevations permissible
for the proposed artificial control under conditions
of free flow at the lower discharges. If a flume is to
be installed, the throat section should be narrow
enough to ensure sensitivity at low discharges. If a
weir is to be installed and if the stream is of such
width that a weir with a horizontal crest will be
insensitive at the low discharges, the use of a flat V
crest is recommended — for example, one whose
sides have a slope of between 1 vertical to
10 horizontal, and 1 vertical to 20 horizontal. The
sensitivity desired is usually such that the discharge
increases no more than 2 to 5 per cent for each
increase in stage of 0.003 m. It is also desirable that
the crest of the weir or critical-flow flume (Parshall
flume) be so shaped that the minimum discharge to
be gauged has a head of at least 0.06 m to eliminate
the effects of surface tension and viscosity.

Head discharge relations for weirs of various types
and shapes are computed for the anticipated range
in discharge, and a structure is selected that best
meets the demands of the site in acting as a control
for as much of the range as possible, without
exceeding the maximum allowable backwater effect
(head loss) at the higher stages and with minor
submergence effect at lower stages. In other words,
a high crest elevation minimizes submergence but
maximizes backwater effect which may cause or
aggravate flooding; a low crest elevation maximizes
submergence but minimizes backwater effect. The
engineer must select a control design that is
optimum for the local condition.

It was stated earlier that standard types of weirs and
flumes are usually not suitable for steep channels.
While this is true, it should also be noted that where
accurate discharge data are required for steep
sediment-laden streams whose unstable beds cause
unstable stage-discharge relations, the discharge
relations are sometimes stabilized by the
construction of specially designed weirs or flumes.
In general, this has been done only for research
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watersheds. The specially designed crest of the
broad crested weir or the floor of the flume is often
given a supercritical slope in the direction of flow to
prevent the deposition of sediment on the structure.
The intakes for recording stage are located in the
supercritical flow portion of the structure. Because
of the relative instability of supercritical flow it is
usually necessary to construct a laboratory model
of the reach of channel for use in designing a
control structure whose operation will be compatible
with channel conditions. The location and design
of the intakes for recording the stage of supercritical
flow is of prime importance in the model study. The
cost of designing and building a control of this kind
is usually prohibitive for routine stream gauging
but this of course depends upon the need for the
data.
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