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Foreword

The Commission for Hydrology (CHy) decided at its
twelfth session (Geneva, October 2004) to prepare a
manual on low-flow estimation and prediction to meet
the identified needs of National Hydrological Services.
The Manual on Low-flow Estimation and Prediction,
which consists of 13 chapters, was drafted by the Open
Panel of CHy Experts (OPACHE) on Disaster Mitigation
- Floods and Droughts (Hydrological Aspects). The list
of authors is provided on page IX.
The drafting team was initially led by Mr Siegfried
Demuth (Gennany), then by Mr Bmce Stewatt (Australia), who also took patt in the review process.
Mr Charles Pearson (New Zealand) and Mr Syed Moin
(Canada) were the reviewers.

The Manual's obj ective is to publish state-of-the-art
analytical procedures for estimating and predicting low
river flows at all sites, regardless of the availability of
observational data. The Manual will be usefi.tl for many
applications, including water resources planning, effluent dilution estimates and water resources management
dming low-flow conditions.
It is a great pleasme to express WMO's gratitude to
the authors, the review ers and to the president of CHy,
Mr Bmce Stewart, for their efforts during the preparation
of the Manual.
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PREFACE

Preface

More often than not, the thought of rivers conjmes up
the image of high water levels and even floods. However, many conummities depend on the availability of
water through non-regulated river systems for their water supply. Therefore, periods of low flow are critical
for managing their water resom-ces. Similarly, it is the
function and role of dams to level out the fluctuations
of high and low flows and to provide a balanced water
supply to meet demands. Knowledge of low-flow periods is therefore fimdamental for reservoir design and
detennining allocations.
Many factors have an impact on the low-flow regimes of
rivers. Whenever we change om- land uses, we change
the way in which water interacts with the landscape,
and this can affect the water available in rivers, lakes
and danlS. Most natio11S are experiencing population growth, resource depletion and the overextraction
of water. Low flows are critical elements in tenus of
meeting demands for often competing uses and requirements.

More recently, there have been growing conc.e ms over
the relationship between water and the environment,
and many cotu1ties are conducting research into the
requirements for, and delivery of, environmental flows.
The topic of tins Manual, namely low-flow estimation,
is thus of paramount importance for the development
and implementation of sustainable water resources management practices. I highly recommend this Manual
and congratulate its contributors on the guidance provided therein.
I note that the Manual does not have the fill! geographical coverage that the Commission for Hydrology
would like to see in its publications.
However, we consider tlus a challenge for future publications and will seek your suppo1t in addressing the
issue when we next address the topic. We would, of
cow-se, be interested in any feedback on the use and
implementation of this Manual.

~

President of the Conunission for Hydrology
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SUMMARY

Summary
The Manual's objective is to publish state-of-the-art analytical
procedures for estimating and predicting low river flows at all
sites, regardless of the availability of observational data. The
Manual will be used for estimating and predicting low flows
for many applications, including water resources planning,
effluent dilution estimates and water resources management
during low-flow conditions.
This Manual will be one of the technical guidance doctunents
included in the WMO Quality Management Framework in
Hydrology and discussed by the thirteenth session of the
Conunission for Hydrology.
Chapters 1 and 2 of the Manual introduce the obj ectives,
structure and major issues involved in predicting and forecasting low flows. Chapter 3 discusses the data requirements for
low-flow estimation, including river flow and associated
basin properties, for example, soil type, hydrogeology and
climate. Chapter 4 presents key low-flow processes and the
resulting wide range of low-flow response, an understanding
of which is essential for analysing and interpreting low-flow
information. Chapter 5 describes simple low-flow indices, including the 95 percentile exceedance discharge and base-flow
and recession characteristics. Chapters 6, 7 and 8 provide

step-by-step guidelines on estimating the flow-duration curve,
extreme value distributions and the analysis of strearnfiow
deficits, respectively.
Chapter 9 describes a range of methods for estimating low
flows at ungauged sites, including the use of short and nearby
flow records to reduce the uncertainty of flow estimation.
Chapter 10 presents key practical problems of how to estimate
low flows in rivers influenced by artificial controls, such as
abstractions, effluent returns and impoundments. Chapter 11
describes the main applications for which forecasts of low
flows are required and presents methodologies for forecasting
flows on a range of timescales. Chapter 12 presents a ntunber
of case studies on, among others, transbmmdary issues, a water
resources decision-support tool, a regional approach to estimating small-scale hydropower and the estimation of residual
flows below abstraction points.
Chapter 13 presents some significant conclusions and recommendations relating to data collection and capacity-building.
Together with the techniques presented in the rest of the Manual, it is hoped that these conclusions and recommendations
will reduce the m1certainty of estimating low flows and improve methods, for the benefit of all users.

Resume
Le present manuel a pour objet de faire largement connaitre
les methodes analytiques les plus avancees en matiere
d'estimation et de prevision des debits d' etiage en tous points
des cours d'eau, quelles que scient les donnees d'observation
disponibles, et cela dans la perspective de nombreuses applications, dont la planification des ressources en eau, les estimations de la dilution des effluents et la gestion des ressources en eau pendant les periodes d'etiage.

tivement des indications, etape par etape, sur 1' estimation de
la courbe des debits classes, la distribution des valeurs extremes et !' analyse des deficits d' ecoulement fluvial.

Les chapitres 1 et 2 portent sur les objectifs, la structure et les
principales questions relatives a la predetermination et a la
prevision des debits d'etiage. Le chapitre3 est consacre aux
donnees necessaires pour !'estimation de ces debits, y compris l'ecoulement fluvial et les proprietes des bassins connexes (types de sols, hydrogeologie, climat, etc.).

Au chapitre9 sont decrites uncertain nombre de methodes
d'estimation du debit d' etiage sur des sites non jauges, y
compris !' utilisation de releves de debit de courte duree et
executes a proxinllte afin de reduire !'incertitude des valeurs
estimees. Au cltapitre 10 sont present6s les principaux problemes pratiques que pose !'estimation des debits d'etiage
dans les cours d'eau somnis a l'infiuence de oontroles artificiels (derivations, renvois d'effluents, retenues, etc.). Au chapitre 11 sont abordees les principales applications necessitant
des previsions du debit d'etiage et les methodes de prevision
du debit a diverses echelles de temps. Au chapitre 12 sont presentees un certain nombre d' etudes de cas portant notarnment
sur des questions de caractere transfrontalier, tm outil d'aide
a la decision pour les ressouroes en eau, une approche regionale de l' estimation de 1' energie hydroelectrique a petite
echelle et I'estimation des debits residuels en aval des points
de derivation.

Au chapitre4 sont presentes les pri11cipaux processus lies aux
etiages ainsi que le large eventail des reponses possibles,
qu' il est indispensable de bien comprendre pour analyser et
interpreter les informations relatives aux etiages. Au chapitre5 sont indiques les indices d' etiage simples, y compris le
deoit de depassement correspondant au quatre-vingt-quinzieme percentile et les caracteristiques propres aux debits de
base et aux decrues. Les chapitres 6, 7 et 8 fournissent respec-

Au chapitre 13 figurent quelques conclusions et recommandations importantes concemant la collecte des donnees et le
renforcement des capacites. Il est a esperer qu'a l'instar des
techniques presentees dans le reste du manuel, oes conclusions et recommandations contribueront a attenuer !' incertitude
propre aux valettrs estimees des debits d'etiage et a ameliorer
les methodes employees, pour le plus grand profit de tous les
utilisateurs.

Ce manuel sera l'un des doctunents techniques d'orientation
qui seront pris en compte dans le Cadre de reference de
l' OMM pour la gestion de la qualite en hydrologie et qui serent examines par la Conunission d'hydrologie a sa treizieme
sess10n.

SUMMARY
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PeJroMe
Hacro.sunero HacraBJieHHll 3aKJIK)llaeTCJI B TOM, 'IT06hl
ony6nm<osan. cospeMeHHh!e aHaJIHTH11ecme npone.zzyph! .lVlll
pacqera H npomo3HpoBaHHJI HH3KOro pe11Horo CTOKa Ha scex
ofu.eKTax, He3aBHCHMO OT HaJIHliHJI .ZJ;aHHh!X Ha6mo,ne!IHH.
HacTaBJieHHe 6y.ner HcnOJib30Bar&CJI .lVlll pac11eTa H
npoi1103HpoBaHHll HH3KOI'O CTOKa .lVlli MHOrHX npHMeHeHHH,
BKJDO'IaJI IIJia.HHpOBaHHe BO.ZJ;HbiX pecypcoB, OUeHK)'
pa36aBJieHHll CTOKOB H ynpaBJieHHe BO,nHhlMH pecypcaMH B
yCJioBHJIX HH3KOro croKa
3ro HacraBJieHHe 6y.ner JIBJiliThCJI O.nHHM H3 TeXHH'IecKHX
PYKOBO.nJIIIUDt .noeyMeHToB, BKJDO'IeHHbiX B CTPYKTYPY
ynpaBJieHHll Ka'leCTBoM BMO Bo6mtcTH m.nponorHH, Koroph!e
6h!JIH o6cy)f(.ZJ;eHhl Ha rpHHa,nnaroii ceccHH KoMHCCHH no
m.nponorHH.

l.{em.

B rnasax 1 H 2 HacraBJieHHll npe.ncTaBJieHh! neJIH, CTPYKTYPa
H OCHOBHh!e BOnpOChl, CBJI3aHHh!e C npe,nCKa3aHHeM H
npomo3HpoBaHHeM HH3Koro croKa. B rnase 3 pacCMa'IpHBa!OTCJI
rpe6oBaHHJI K .ZJ;aHHh!M .lVlli OUeHKH HH3KOI'O CTOKa, BKJDO'IaJI
pe11HOHCTOKHCBJI3aHHhleCHHM CBOHCTBa6acceiiHOB, HanpHMep,
THn no'IBhl, m.nporeonorHJI H KJIHMaT. B rnase 4 npe.ncraBJieHh!
KJDO'IeBh!e nponecch! HH3KOro CTOKa H nonyqaeMhlii nmpoKHii
.ZJ;HaiTa30H peampOBaHHll HH3KOro CTOKa, ITOHHMaHHe KOTOporo
Heo6XO.ZJ;HMO .lVlli aHaJIH3a HTOJIKOBaHHJI HHcl!OpManHH 0 HH3KOM
CTOKe. B rnase 5 OnHCbiBaiOTCJI npoCThle HH,neKChl HH3KOI'O
croKa, BKJDO'IaJI 95-nponeHTHlll>Hoe npeshlllleHHe pacxo.na
H xapaKTepHCTHKH 6a3HCHOro CTOKa H HCTOIIIeHHll CTOKa.
B rnasax 6, 7 H 8 npe.ncraBJieHh! no3TanHh!e PYKOBO.n.sunHe

npHHUHIThl .lVlli paC'IeTa KpHBOH npo,nOJDKHTeJThHOCTH CTOKa,
pacnpe.neneHHli3KcrpeMam.HbiX3Ha'leHHii HaHaJIH33 .necl!HUHTa
pe'IHOI'O CTOKa COOTBeTCTBeHHO.
B rnase 9 OnHChlBaeTCJI pAA Mero.nos .lVlll oneHKH HH3KOro
CTOKa Ha yqaCTKax, rne He npoBO.ZJ;JITCJI ITOCTOJIHHh!e H3MepeHHJ1,
BKJDO'IaJI HCITOJTh30BaHHe KpaTKOCpO'IHhlX .ZJ;aHHh!X 0 CTOKe C
6JIH3Jiex<3111HX CTaHUHH BUeJIJIX CHHlKeHHll Heonpe,neJieHHOCTH
npH pacqere croKa. B rnase 10 onHChlBalOTCJI KJDO'IeBh!e
npaKTH'IeCKHe npo6JieMh!, KaCalOIIIHeCJI paC'IeTa HH3KOro CTOKa
BpeKax no.n BJIHJIHHeM HCKYCCTBeHHblX KOHTpoJn.HbiX Ce'leHHii,
TaKHX KaK OTBO.ZJ;hl, B03BpaT HCTOKOB H3anpj')KHB3HHe. B rnase
11 OnHcaHh! OCHOBHh!e npHMeHeHHJI, .lVlli KOTOpb!X rpe6)'lOTCJI
nporH03hl HH3KOro CTOKa, H npe,nCTaBJieHh! MeTO,nHKH .lVlli
nporH03HpOBaHHJI CTOKa ITO.ZJ;Hana30ey BpeMeHHbiX Macnrra6oB.
B rnase 12 npe.ncraBJieH pAA TeMaTH'IecKHX HCCJie,noBaHHii,
ITOCBJUneHHbiX, Cpe.nH npo11ero, 'IpaHcrpaHH'IHh!M BOnpOCaM,
HHcrpyMeHTY, no.n.neplKHBalOIIIeMY npHHliTHe pemeHHii,
KaCalOmHXCJI BO.nHh!X pecypcos, pemoHam.HOMY no.nxo.ny K
oneHKe m.npooHeprHH B He6om.mHX MacmTa6ax H pacqeros
OCTaTO'IHOI'O CTOKa HHlKe TO'IeK OTBO.ZJ;a.
B rnase 13 npe.ncraBJieHh! HeKOroph!e BIDKHh!e Bh!BO.nhl H
peKOMeH,nanHH, KaCalOIIIHeCJI c6opa .ZJ;aHHh!X H HapamHBaHHll
nOTeHUHana. Hapg.ny c Mero.na.MH, npe.ncraBJieHHh!MH B
OCTaJibHOH 'laCTH HaCTaBJieHHll, Bb!piDKaeTCJI Ha.ZJ;el!C,!J;a,
'ITO 3TH Bh!BO,nhl H peKOMeH,nanHH IT03BOJIJIT ITOHH3HTh
Heonpe.neneHHocn. npH pacqere HH3Koro CTOKa H ynyqmHTh
MeTO.ZJ;HKY Ha 6Jiaro BCex ITOJTh30BaTeJieH.

Resumen
El objetivo del Manual es publicar Ios procedimientos analiticos mas avanzados para estimar y predecir el caudal de estiaje en cualquier lugar, con independencia de la disponibilidad
de datos de observaci6n. El Manual se usara para estin1ar y
predecir el caudal de estiaje, lo que facilitara la realizaci6n
de numerosas aplicaciones -tales como la planificaci6n de Ios
recursos hidricos, la estimaci6n de la diluci6n de efluentes y
la gesti6n de Ios recursos hidricos- cuando se de un caso de
estiaje.
Este Manual sera uno de Ios documentos de orientaci6n tecnica que se incluyan en el Marco de gesti6n de la calidad de
la OMM - Hidrologia y que examine la Comisi6n de Hidrologia en su decirnotercera reunion.
En Ios capitulos 1 y 2 del Manual se enuncian Ios objetivos,
la estructura y las principales cuestiones pertinentes de la predicci6n y previsi6n del caudal de estiaje. En el capitulo 3 se
estudian Ios datos que se necesitan para realizar estimaciones
del caudal de estiaje, entre ellos el caudal fluvial y las propiedades relacionadas de las cuencas hidrognificas, como por
ejemplo el tipo de suelo, la hidrogeologia y el clima El capitulo 4 presenta procesos fundamentales del caudal de estiaje
y la amplia gama resultante de respuestas existente en ese ambite, cuya comprensi6n es esencial para analizar e interpretar
la informaci6n sobre el caudal de estiaje. En el capitulo 5 se
describen indices sencillos de caudal de estiaje, en particular
el percentil 95 de excedencia de caudales y las caracteristicas
del caudal de base y de la recesi6n. En los capitulos 6, 7 y 8
figuran directrices de fases progresivas sobre la estirnaci6n

de la cmva de duraci6n de caudales, la distribuci6n de los
valores extremos y el analisis de los deficits de flujo fluvial
respectivamente.
En el capitulo 9 se describe un conjunto de metodos para estimar el caudal de estiaje en lugares que no han sido aforados,
entre los que cabe citar la utilizaci6n de registros de caudales
de periodos cortos y de lugares cercanos para reducir la incertidunlbre de su estimaci6n. En el capitulo 10 se presentan
problemas practices fundamentales de la estimaci6n del estiaje en rios que estan bajo la infiuencia de controles artificiales, tales como las extracciones, los retomos de efluentes
o las retenciones. En el capitulo 11 se describen las principales aplicaciones para las que se necesitan las predicciones
del caudal de estiaje y se presentan metodos para predecir el
caudal en diversas escalas temporales. En el capitulo 12 se
presentan varies estudios de casos sobre, entre otras cosas,
cuestiones transfronterizas, asi como un instrumento de apoyo para la adopci6n de decisiones sobre Ios recursos hidricos,
un enfoque regional para estimar la energia hidroelectrica en
pequefia escala y la estimaci6n de Ios caudales residuales por
debajo de los puntos de extracci6n.
En el capitulo 13 se presentan algunas conclusiones y recomendaciones importantes relacionadas con la recogida de dates y la crea.ci6n de capacidad. Se espera que estas conclusiones y recomendaciones, junto con las tecnicas presentadas en
el resto del Manual, sirvan para reducir la incertidumbre de
las estimaciones del caudal de estiaje y para mejorar los metodes utilizados a tal fin, en beneficio de todos los usuaries.
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1. Introduction

1.1

Objectives

One of the aims of the World Meteorological Organization (WMO) is to promote the standards of meteorological and hydrological observations and ensure the
consistent and appropriate analysis of enviromnental data.
A number of WMO guidance manuals have been published which describe in detail the practices, procedures
and specifications that WMO Members are invited to
implement. This Manual is a contribution to this task, and
its key objective is to publish state-of-the-art analytical
procedm·es for estimating, predicting and forecasting low
river flows at all sites, regardless of the availability of
observational data.
The Manual will be used by operational agencies to
predict and forecast low flows for a wide range of applications, including national and regional water resources
planning, abstraction management, public water-supply
design, instrean1 flow detemlination, effluent dilution
estimates, navigation, the nm design of river hydropower
schemes, the design of in·igation schemes and water
resources management during low-flow conditions.
The Manual will also make it possible to mitigate the
hydrological in1pacts of low flows and facilitate the
design of flow-monitoring networks. The Manual includes a description of cull'ent methodologies used
for low-flow prediction and forecasting and practical
examples of operational applications. It addresses the
estimation oflow flows from continuous flow re.cords,
at ungauged sites and from short flow records including
natmal and attificially influenced catchments. The
Manual will be of value prin1arily to hydrologists
fmm operational agencies where low-flow estin1ation
procedures are being developed or updated and to
professionals teaching short technical courses and
first degree and Master of Science courses in applied
hydrology.

1.2

Backgl'ound

The Manual is part of a new series of WMO publications consisting of several manuals and guidelines

within the WMO Quality Management Framework in
Hydrology. The manuals all have a practical approach
to hydrological and water resources design and are
targeted at meeting the needs of National Hydrological
and Meteorological Services. These manuals indude
theoretical infotmation only when it is needed for a better
understanding of the subject. fu this series, manuals are
plarmed on the following subjects: flood forecasting;
probable maximtml precipitation/probable maximtun
floods; design floods; low-flow estimation; and water
resources assessment. These manuals will complement
the i.nfonnation available in the Guide to Hydrological
Practices (WMO-No. 168) and the WMO Technical
Regulations (WMO-No. 49).
This Manual complements the Hydrological Operational Multiptupose System (HOMS) established by
WMO for the transfer of technology in hydrology and
water resources. This technology is usually in the
fmm of descriptions of hydrological instruments,
technical manuals or computer programs. The material
included in HOMS is used operationally by the Hydrological Services of WMO Members. This ensmes
that the technology transfell'ed is not only ready for
use, but also works reliably. Patticipating cotmtries
designate a HOMS National Reference Centre
(HNRC), usually in the National Hydrological Setvice.
This centre provides national components for use in
HOMS, handles national requests for the HOMS
components to be supplied by other HNRCs, advises
users on HOMS, and generally coordinates and publicizes HOMS activities.
The tetminology used in this report is consistent with
the UNESCO and WMO International Glossary of
Hydrology (UNESCO/WMO, 1992) and Hydrological
Drought - Processes and Estimation Methods for
Streamflow and Grotmdwater (Tallaksen and van Lanen,
2004). The latter also provides a broader perspective
on a wide range of drought issues, including the hydrological processes controlling drought response, and
methods for analysing river flows and groundwater
droughts, stream ecology and flow management.
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1.3

Manual structru·('

The Manual presents a range of different techniques for
analysing hydrological data to provide operational information for low-flow prediction and forecasting.
These are suilllllarized in Table 1.1 , which lists different
ways of describing the low-flow regin1e of a river, the
specific property of the analysis technique, data requirements and some co1nn1on applications. The Manual
provides step-by-step guidance for calculating these
low-flow properties from recorded flow data and presents
methods for estin1ating them at tmgauged sites and for
forecasting low flows on a range of time scales. Analysis
techniques are illustrated by practical examples of their
use in operational hydrology.
This chapter and Chapter 2 of the Manual introduce the
objectives, stmcture and key issues involved in predicting and forecasting low flows. These are followed by
Chapter 3, which provides a comprehensive review of
the data requirements for low-flow estimation, including
river-flow and associated catchment properties, for example, soil type, hydrogeology and climate. Chapter 4
presents key low-flow processes and the resulting wide
range of low-flow response, an tmderstanding of which

is essential for analysing and interpreting low-flow information. Chapter 5 describes simple low-flow indices,
including the 95 percentile exceedance discharge and
base-flow and recession characteristics. Chapters 6, 7
and 8 provide step-by-step guidelines for estimating the
flow-dmation curve, extreme value distributions and the
analysis of streamflow deficits, respectively.
Chapter 9 describes a range of methods for estin1ating
low flows at tmgauged sites, including the use of short
and nearby flow records to reduce the uncertainty of
flow estimation. The key practical problems of how to
estimate low flows in rivers influenced by artificial controls, such as abstractions, effluent returns and impotmdments, are presented in Chapter 10. Chapter 11
describes the main applications for which low-flow
forecasts are required and presents methodologies for
forecasting flows on a range of timescales. Chapter 12
presents a number of case studies, which include the topics of transboundary rivers, a water resomces decisionsupport tool, a regional approach to estimating snlallscale hydropower and the estimation of residt1al flows
below abstraction points. It is hoped that some of the
procedures described in the analytical chapters will
thereby be placed in a broader context.

Table 1.1 Summary of low-flow regime measures (based on Gustard and others, 1992)

Mean flow

Arithmetic mean of the flow series

Daily or monthly flows

Resource estimation

Coefficient of varia·
tion in annual mean
flow

Standard deviation of annual mean
flow d ivided by mean flow

Annual mean flow

Understanding of regime interann·
ual variability; definition of carryover storage requirements

Flow-duration curve

Proportion of time a given
flow is exceeded

Daily flows or flows averaged over
several days, weeks or months

General regime definition; licensing abstractions (water rights)
or effluents (discharge consents);
hydropower design

Annual minimum
series

Annual lowest flows
(of a given duration)

Annual min imum flows- daily or
averaged over several days

Drought return period; preliminary
design of major schemes; first step
in some storage/yield analyses

Streamflow deficit
durations

Frequency with which the flow
remains below a threshold for a
given duration

Periods of low flows extracted
from the hydrograph followed by a
statistica.l analysis of durations

More complex water quality problems, such as fisheries and amenity,
navigation; general indication of
drought frequency

Streamflow deficit
volumes

Frequency of requirement for a
given volume of "make-up"water
to maintain a threshold flow

Same as above, except the analysis
focuses on the volume below the
threshold

Preliminary design of regulating
reservoirs; general indication of
drought frequency

Recession indices

Rate of decay of hydrograph

Daily flows during dry periods

Short-term forecasting; hydrogeological studies;
modelling

Base-flow index

Proportion of total flow which
comes from stored catchment
sources

Daily flows

Hydrogeologlcal studies; preliminary recharge estimation
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Chapter 13 presents some key conclusions and recommendations relating to data collection, operational hydrology and capacity-building. Together with the techniques presented in this Manual, it is hoped that these
will lead to a reduction in the W1ce1tainty of estimating
low flows and to improved methods for transfen·ing this
infonnation to a range of stakeholders.

1.4

Methodologies not included in the Manual

Although the most common procedW'e for mitigating
the in1pact of low flows is to provide reservoir storage,
storage yield relationships for reservoir design are outside the scope of tllis Manual. An excellent review of
this topic. is provided in McMal10n and Mein (1978).
Trends in hydrological data are discussed in the context
of identifying inhomogeneities in streamflow data in
Chapter 3 (section 3.3.3). However, tllis Manual does
not describe the wide range of techniques available
for trend detection which are fully described in WMO
(2000). Although catchment modelling is presented in
Chapter 9, primarily from the perspective of flow estinlation at ungauged sites, the Manual does not present a
detailed review, description or step-by-step procedlU'es
for model design, calibration, evaluation and validation. Beven (200 1) reviews the principles and practice
of hydrological modelling, and contains comprehensive references to their application. A sinlllar approach
is adopted in relation to low-flow forecasting. The key
issues associated with different forecasting periods and
forecasting methodologies are reviewed; however, a detailed step-by-step description of how forecasting models can be calibrated and operated in real time is also
beyond the scope of this Manual. Although the Manual
highlights the imp01tance of ecological issues in lowflow design, it does not review the ecological processes
and models used for setting instream flows. These are
reviewed in detail in Tallaksen and van Lanen (2004).

1.5

Guidelines fo1· national practices

It is difficult to present standard guidelines for national
practices for all aspects oflow-flow estimation because
of the diversity of hydrological environments and water
resoW"ces problexns, the extent of existing data, model
availability and the tin1e and skills needed to address a
specific problem. Where possible, guidance for specific
aspects of low-flow estimation has been provided. This
is appropriate where a methodology is largely fltlly
presc1ibed, for example, in calculating low-flow indices
or fitting distributions to axmual nllnima. However,
max1y of the components for establishing national hydro-
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metric networks that undetpin low-flow estimation,
the development of statistical regional models, deterministic catchment models and comprehensive forecasting procedW"es cailllot be sunmmrized as a se1ies of
simple steps. Each specific approach will often involve
choosing from a range of available options, which, in
tW'n, requires the skills of the hydrological analyst and
the experience gained from hydrological research and
operational practice. This strategy can be applied usefully to developing national low-flow estimation procedW'es. There are clear advantages to having stax1dard
procedures f01mally approved by the national agencies
responsible for water resotu·ces policy. However, this
should not be extended to prescribing each and every
aspect of low-flow estimation. Some usefltl guidance
on the advantages and disadvantages of standax·dizing
national flood design is given by Reed (1999). Much of
this guidance is also relevax1t to low-flow estimation.
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2. Estimating, Predicting and
Forecasting Low Flows

2.1

Introduction

There are three primary scenarios when low-flow information is required. The first is when a water resources
scheme is being developed. This nmmally requires a
pre-feasibility study to determine whether the objectives
of the proposal can be achieved. For schemes with a
large capital investment, this is followed by much
more detailed design work, including estin1ates of the
frequency of low flows. The second is during the operational phase of a water resources scheme once it is
constructed, and includes decisions on how to manage
the scheme on a day-to-day basis. For example, it may
be necessaty to detemline how much water can be
diverted from a river for hydropower purposes >vithout
infringing legal abstraction conditions. These may depend on the time of the year or on the river discharge at
a downstream point. In many cmmtries, such operational
constraints are not fonnalized and the operator must be
aware of, and sympathetic to, the needs of many
do·wnstream water users. For example, water could be
needed by households, or for agriculture, electricity
production, navigation, industrial abstractions, totu1sm,
the dilution of industrial or domestic effluent, maintaining an ecosystem for food production, or maintaining
the natural biodiversity of a river. The third scenario is
when it is necessary to make operational decisions today
based on estimates of future river flows which look
days, weeks or sometimes months ahead. These forecasts
can increase the efficiency of water use and are of economic impmtance in tenns of reducing the operational
costs of water resources schemes. More general wamings
of below average precipitation several months in advance are of value for long-term planning and for making
contingency plans for severe droughts (Chapter 11 ).
Historically, most applications oflow-flow infonnation
have been in the design and operation of schemes for
a specific water sector, such as public water supply,
inigation, energy, navigation and industty. It is now
recognized that there is a need to provide long-tem1
baseline monitoring and analysis of low flows to suppot1
integrated t"iver basin management. This provides a

framework for envirolllllental agencies to make decisions regarding the catchment-wide development of
water resow·ces and prevents ad hoc decisions fi:om
being made on a case-by-case basis. For example, by
compatmg cun·ent abstractions with estin1ates of low
flows for all tributaries in a catchment, t"ivers that can
no longer support further abstt·action catl be identified.
Sinlilarly, t"ivers that have potential for futther abstraction without damaging downstt·eam interests, including
ecological demands, catl be highlighted. Techniques for
assessing water resources will be desct1bed in detail in
the WMO Manual on Water Resources Assessment (in
preparation). Long-tenn baseline infonnation can also
be used to give early watning of any natural or at1ificial
chat1ge in the low-flow regime.

2.2

Low-flow information

2.2.1 Basin man agement
Low-flow infonnation is required for a wide rat1ge of
applications that are often controlled by national atld
intemational water law atld policy. For exan1ple, in
Europe the Water Framework Directive was adopted by
the European Parliament atld the Cotmcil of the European Union in October 2000. This Directive established
a strategic fran1ework for the sustainable management
of both surface water and grmmdwater resources. The
Directive requires management by river basin authorities and not by adnlinistrative or political botmdaries
(see 12.3.2). A key component is to produce long-tenn
river basin plans for integrated water resources management. Tllis, in ttun, will require estimates oflow flows
to mitigate the environmental in1pact of cun·ent abstractions atld plan future water resmu·ces development.
2.2.2 River abstr action
Traditionally, one of the most common uses oflow-flow
inf01mation has been the design and operation of public
water-supply schemes. Infotmation on the frequency of
low t"iver flows is required to assess the probability of
the abstraction not meeting the anticipated demand. The
abstraction could be direct to a water treatment plant
or reservoir storage facility. In tetms of hydrological
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analysis, the issues are similar for abstraction and ilrigation, although there is nmmally a much higher seasonal and interammal (in temperate climates) variability
in agricultural demand, which is dependent on crop
type and the local climate. A frequent objective is to
estimate the area that can be in·igated for a given crop
type with a given risk of failme. Although the design
of hydropower schemes is dependent on the complete
range of flows, low flows can be critical in detennining
how much water must bypass a run-of-river hydroplant
to maintain downstream river ecology and how much
is available for power generation in the dry season.
Thennal power stations are dependent on cooling water,
and infonnation on low flows when the availability of
water for abstraction and the dilution of cooling water
is at a minimum is essential for design pmposes. For all
these applications there may be a need to forecast flows
in order to implement restrictions on water use to minimize the risk of ve1y severe restrictions in the futm·e. In
some instances, licences to extract water in excess of
the available supplies have been issued, and, thus, lowflow forecasts are an essential management tool.

2.2.3 Emuent dilution
A common application of low-flow infmmation is that
of estimating the dilution of domestic or industrial discharge released into a river. A legal consent is frequently required to discharge a pollutant. Waterquality
models based on the rate and quality of the discharge
and the flow and quality of the receiving stream are
used to detennine the frequency distribution of
downstream water quality. The flow-duration curve
(cmnulative distribution ftmction) of receiving river
flows is the most commonly used fom1 of analysis
(Chapter 6). This design application contrasts with the
real-time application of assessing the in1pact of specific
pollution incidents, for example. a discharge of oil after
an industrial accident. Flow rates are required to estimate the rate of dispersion and time of travel so as to
wam downstrean1 public water-supply abstractors that
abstraction must be ceased.
2.2.4 Navigation
River systems provide an important transport facility
for both industrial and leisure navigation. Navigation is
interrupted dming low-flow periods because the reduced water levels cannot accommodate vessels and
the water available is insufficient for locks to be operational. The critical hydrological variable is water depth,
and, in the absence of field obse1vations, the depth profile must be estimated using the time series of river
flows and hydraulic models. These enable the frequency
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of intem1pted navigation for different vessel sizes to be
estimated and proposals can be made for improved
channel design, while protecting the natw-al ecosystem
Navigation is driven by long-term investment and the
related infrastructme cannot be easily relocated, redesigned or reconstructed. It is therefore important to
forecast low flows so that shipping agencies are wamed
of navigation restrictions and have an opportm1ity to
provide alternative means of transpmt in extreme
conditions.

2.2.5 Ecosystem protection and amenities
Ecosystems are most vulnerable during low-flow periods because of a reduction in the availability of habitats, water temperature extremes, a reduction in dissolved oxygen, a deterioration in water quality (owing to
reduced effluent dilution) and habitat fragn1entation
(caused by natural or rutificial ban'iers to fish movement). Related techniques include simple methods
based on low-flow indices often known as "standard
setting" and include the mean annual mininla of a given
dmation (Chapter 5) or a percentile from the flowdmation cmve (Chapter 6). The estimated dischru-ge is
then used to set a. 1ninimum flow in a 1'iver so that when
the dischru-ge falls below tlus level, abstractions should
cease (or be reduced). More advru1ced methods include
habitat modelling where the impact of specific flow reginles on different species ru1d life stages are assessed
(Tallaksen and van Lanen, 2004). In addition to supporting complex ecosystems, rivers are natlll'al assets
for spott and rec.reational activities (for exrunple, cruloeing, fishing, ornithology and walking). Ensm'ing adequate water depth or velocity even when flow rates ru·e
very low can rutificia.lly enhru1ce the natural appeal of
nvers.
2.3

Design issues

2.3.1 Estimation, t·isk and forecasting
This Manual employs tl1e general term "low-flow
estimation". This may be applied to a specific measured
discharge on a given day, a low-flow statistic calculated
from data, a statistic estimated from a model or a forecast
of futlU'e low flows. The tem1 "estin1ation" it11plies that
fuere is a calculation e1Tor ru1d that fue predicted value
will differ from fue observed one.
The WMO Guide to Hydrological Practices (WMONo. 168) considers estimation etTors in detail. Low
flows can be analysed in a number of different ways.
Some ru·e single values such as a recession constant,
the proportion of base flow or the mean of a se1'ies.

ESTIMATING, PREDICTING AND FORECASTING LOW FLOWS

18

These are called low-flow indices. More complex
methods estimate low-flow probability. For example,
the cumulative frequency distribution (flow-dm-ation
ctuve) of daily flows describes the relationship between
discharge and the percentage of time that a specific
discharge is exceeded (Chapter 6). Extreme value
techniques are used in Chapter 7 to estimate the nonexceedance probability of annual minima.. The essential
difference in the two techniques is that the flow-duration
curve considers all days in a tin1e series and hence the
percentage of time over the entire obsetvational period
that a flow is exceeded. In contrast, the extreme value
teclmiques applied to annual minima data estimate
the non-exceedance probability in years, or the average
interval in years (retum period) when the annual minima
are below a given value. It is therefore often helpful
to specify the design life of a particular water resomces
scheme. TI1e risk r of experiencing one or more annual
minima lower d1an the T-year minimum discharge during
a design life of M years is:

r = 1- (1- JIT)lf

(2.1)

forecasts have a typical forecast lead time of less than
seven days; meditun-term forecasts cover up to six
months, and long-tem1 forecasts over six months.
2.3.2 Annual, seasonal and different durations
Low-flow infom1ation has traditionally been based
on estinlating statistics from all the available data.
However, for many applications, it may be more appropriate to consider data according to months, groups of
months or specific seasons. For example, in designing
an in·igation scheme, the analysis should focus on the
period of the year when the abstraction for in·igation
will take place, and data for the rest of the year may be
redundant. Similarly, ecological modelling may establish
that the flow for a particular species and life stage are
important, and, once again, the analysis should focus
on a critical seasonal period. Atumal mininuun and
flow-duration analysis can both be carried out for specific months or groups of months. It may be appropriate
to c.onsider annual minin1a of different dmations, for
example 7-day, 10-day, 30-day and 90-day dmations,
to meet the requirements of a specific design problem.

The risk probability r of experiencing the 100 year
annual minin1a dming a design life of 100 years can
be estimated by setting T = 100 and M = 100 in the
above equation. This gives a probability of 0.63 and
provides a useful approach for demonstrating that the
probability of "failure" during the life of any scheme
is significant and that contingency plans for extreme
events should be incorporated into design aspects.
Although the design of water resomces schemes is
outside the scope of this Manual, it should be noted
that a key concept of any such scheme is the "level of
service" . TI1is is an estimate of how frequently and for
how long the planned demands of a water resotu'ces
scheme user will not be met. For example, an irrigation
scheme may provide only 50 per cent of the full design
abstraction for thre.e months, once evety 20 years.
Low-flow estimation is a key component in estin1ating
the level of setvice.

2.3.3 Scales of estimation
A key issue in operational hydrology is the management mut, wluch could be the river network or infrastructme (for example, reservoirs, aqueducts, pumps,
water treatment plants, distribution networks, sewerage
treatment plants). The prin1aty management unit for
environmental protection is the river basin, and the
importance of upstreatn hydrology and upstrean1 developments on downstream issues has highlighted the
need for integrated river basin management. For hydropower generation, the management tmit is often the
reservoir and tmbine facilities, with some consideration
given to release regimes to protect downstream interests.
Water-supply n1a11agement units are often very complex
atld may involve the combined use of surface water
and groundwater systems or fue reuse ofsewage effluent.
Such systelllS require complex hydrological, water
resources and water use modelling.

These methods do not attempt to estimate when a specific
discharge or low-flow statistic will occm. In contrast,
the forecasting techniques described in Chapter 11
estimate both the magnitude of low flow and the time
of the event days or months ahead. As forecast lead
time increases, forecast accm·acy decreases, and, for
very long lead times, forecasts may be no more accmate
than those tmde using the long-tem1 statistical mean.
Forecasting methods are categorized according to the
time interval for which the forecast is made. Shoti-tetm

Water resomces problems occm over a wide range of
space scales. These range from detailed estimates at
individual reaches of the order of 100 m within 10 km2
catchments to the estimation of low-flow frequency
at the river basin scale covering areas in excess of
1 million km2 • In developing countries, for large river
basins in excess of 1 000km2 , rivers are n01mally
gauged with long (greater than 50 years) time series
of daily flow data. Tlus enables design problelllS to be
most commonly based on an analysis of gauged data.
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However, these larger catchments often present the interesting challenge of separating the myriad of ar-tificial
influences from the natural flow regime. In developing
countries, however, because of a lac.k of good-quality and
continuous observational data, many key river basins are
ungauged and low-flow analysis must therefore be
based on model estimates. Even in countries with dense
river-gauging networks, there are a large munber of tmgauged river reaches. Tins has led to the development
of a wide range of regional models for estinmting low
flows at w1gauged sites. Lastly, to compare the resources
of countries on the continental scale, reliable estin1ates
of resources availability detemrined using a consistent
methodology are needed. Simple hydrological models
are appropriate in these situations because the key requirement is to identify the spatial variability of the resomces, and a sin1ple low-flow index is often sufficient.
Low-flow investigations nmy take place on the scale of
the river reach, the catchment, national and international
basins, the region (group of cotmtries) or globally. The
scale of the study will be a primruy influence on the
approach adopted and the infotmation required.

2.3.4 The low-flow cube
Hydrologists can adopt a vru·iety of procedmes for
hydrological design and water management, the selection of which is detennined by the natw·e of the output
requu·ed - the design requu·ement. T11e choice is determined by the risk associated with the design decision.
For exan1ple, the investment risk lillked to tl1e construction of a large impotmding reservoir would necessitate
the establishment of gauging stations and the analysis
of obsetved river flows. These data provide the basis for
hydrological design, typically the storage/yield characteristics and spillway capacity. In contrast, atl application
for a small-scale abstraction licence would frequently be
at an tmgauged location, not wan·antmg gaugmg station
construction, atld the design would often be based on a
flow-regime statistic, such as the dry season flow of a
given reliability, without necessarily requiring tinleseries analysis.
T11e complexity of different design scenru1os (UNESCO,
1997) can be sunplified by the conceptuali-zation of a
"Design Scenruio Cube" (Figure 2.1), defining three dimensions to the design reqtrirement, as follows:
1. The location of the design problem, for exan1ple, at
a site where recorded hydrological data is not available. Altetnatively, there may be a nearby upstream
or downstream gauging station. Tills distmguishes
bet\veen the gauged and tmgauged situation.
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2. The operational requu·ements of the hydrological design. For example, the water sector and
magnitude of the capital investment will deterurine whether sunple statistics are required or a
long and continuous hydrological time se1ies.
This is the data characteristics dimension that
distinguishes betv.reen the requirement for timeseries or low-flow statistics.
3. The catchment may be relatively natural or heavily
modified by water resomces development, m
which case it may be necessruy to naturalize the
flow record (Chapter 3). T11e catchment water-use
dimension distmguishes between the reqtnrements
for natural or atti:ficially influenced flows.
The three-dm1ensional cube presents eight distinct
combinations of different design scenarios. Each one
is stmllnatized below:
l.Natural gauged time se1ies: A time series of(daily)
flows at a gauged site which represent the riverflow regime from a natw·al catd1111ent. An application of this design requirement may be u1 settmg
environmental Jiver-flow regimes at a location in
the vicllrity of a gaugmg station.
2.Attificial gauged tin1e series: A time series of
daily flows at the gauged site which represent
the river-flow regime from an tUlllatural. artificially influenced catchment. Different definitions of"rutificial" CaJl be adopted mcluding
lnstoric, current or future scenario-based water
use. An application of this design requu·ement is
to evaluate the extent to which different upstream
abstractors have reduced downstream flows over
a historical pe1iod.
3. Natural gauged statistics: A flow regime statistic,
such as the 95 percentile flow, winch represents
the river-flow regime from a natmal catchment at
a gauged site. Tins may be needed to detennine
whether to approve a proposed abstraction.
4. Artificial gauged statistics: A flow regm1e statistic
that represents the river-flow regime fi·om atl artificially influenced catchment at a gauged site.
This design nmy be required to detemrine the extent to wlnch upstream abstractors have dinrinished the 95 percentile low-flow discharge at a
gaugmg station.
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2.4
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Figure 2.1. Design Scenario Cube: A conceptualization of
the variety ofapproaches to estimate low flows

5. Naturaltmgauged time series: A time series of river
flows that represents the natural regime at an tillgauged site. Tlus would be needed to design a
complex abstraction scheme at an ungauged site
and would require the development of a catchment simulation model (Chapter 9).

6.A.rtificial ungauged time series: A time series of
river flows which represents an a.ttificially influenced regime at an ungauged site. A typical application of this design requirement may be in the
design of a joint use (smface water and grmmdwater) scheme in a catchment that has grotmdwater
pumping but no discharge measmements.
7. Natl.U'altmgauged statistics: A flow regime statistic
that represents the natural regime at an tmgauged
site. Tills may be required for prelinunary regional
water resources assessment.
8.Artificia1 tmgauged statistics: A flow regime
statistic that represents the artificially influenced
regime at an ungauged site. A typical application
of tlus requirement may be in the preliminaty
design of a small-scale hydropower scheme in an
artificially influenced catchment.
The added complexity of this scheme includes evaluating
the impact on dov.rnstream river flows of attificial influences based on lustoric sequences, cw1·ent water use
or futl.U'e abstraction scenarios. In most cases, this will
require the natl.U'alization of a continuous flow record
or low-flow statistics (Chapter 10).

Pr evious studies

Before embarking on a low-flow investigation, it is
essential to review previous work carried out in the
region. Procedures for collating this information are
described in detail in WMO (2008). Such procedtu·es
should include a review of all hydrological data. Also,
if methods for estimation at an tmgauged site are being
considered, then thematic data (Demuth, 1993) describing the climate, soil, geology and geommphology
should also be collated. For example, although a regional
low-flow study may not have been carried out in a region,
a flood study nught have compiled a useful set of catchment descriptors (Chapter 3). The main sources of data
that should be reviewed include: hydrometeorological
data, physiographic data, anthropogenic data, hardcopy
and digital maps and previous hydrological studies
published in reports or jotunals. Tills infonnation may
be available from metadata catalogues, project archives,
libraries, personal communications and the Intemet.

2.5

Dissemination of results

A key component in any low-flow investigation is to
determine at the outset how the results will be dissenlinated to the user collllllwlity (WMO, 2008). Users may
range from hydrological specialists familiar with lowflow analysis methods, to professionals in the disciplines
of engineering, ecology or law, to the general public
with an appreciation of the natural environment. Traditionally, results have been provided in rep01t and map
fomlllt; but, this is now being supplemented or replaced
by software for calculating regional low-flow estinllltes
and the digital display of results or online bmeau services. Tlus is possible because of the increasing operational use of digital hydrological infomllltion it1cluding
elevation models and stream networks (Chapter 3).
There is still a need to ensure that low-flow methods
and results are fi.illy w1derstood, and it is essential for
online dissemination to be supported by comprehensive
training in the methods and application of low-flow
inf01mation.

2.6

Key principles in low-Oow design

Several general principles in hydrological design (Reed,
1999) are contained in this Manual and should be considered by hydrologists when carrying out low-flow
design for a specific scheme or when developing national
estimation procedmes. The common objective of all
design procedmes is to reduce the uncertainty of lowflow estimation. Some general principles are as follows:

ESTIMATING, PREDICTING AND FORECASTING LOW FLOWS

(a)

Low-flow estimation should, wherever possible,
be based on recorded data;

(b)

In the absence of recorded data at the site, data
transfer upstream or downstream or from a
nearby catclunent will lead to reduced estimation en·or;

(c)

The estimation of low-flow statistics at ungauged sites from catclunent descriptors may
be enhanced by some kind of formal or infonnal data transfer;

(d)

TI1e ability to select the most appropriate lowflow analysis and estimation method is a matter
of experience. TI1e decision will always be influenced by the nature of the design problem,
the catclunent, the availability of data and the
experience of the practitioner;

(e)

(f)

(g)

TI1e enquiring analyst can usually find more
infonnation, which, if used, will lead to reduction in estimation en·or;
Given the growing automation of modem
analysis and estimation software, professionals
are being increasingly obliged to take more
care in hydrological design work and to always
seek advice from a professionally qualified
expet1;
Positive and negative feedback from a user
community, together with advances in methodologies and data availability, enables minor
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revisions to national design procedures and
software. It is impottant for any etrors or
shortcomings of low-flow estimation techniques to be rectified inunediately. However,
continual minor adjustments to design methods
are not welc.omed by the user community,
which generally prefers major updates to be
less frequent.
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3. Hydrological Data

3.1

Introduction

Hydrological and related data encompasses all data
commonly used by hydrologists (WMO, 1958, 2006).
Meaningful hydrological analysis will always rely on
good-quality data that are representative of conditions
in the drainage basin, study area or region concemed
over the period of interest. The aim of this chapter is
to introduce the reader to the data types most commonly used in low-flow hydrology and provide
guidance on preparing such data for analysis. This
chapter emphasizes the preparation of river-flow (or
streamflow) data. because of their specific importance
in low-flow studies. However, the chapter deliberately
excludes details on hydrometry, hydrometric data
processing and management, network design, and the
detennination and management of hydrological data:
several WMO technical publications and repmts (for
example, WMO, 1980, 2008a) and other publications
(for example, Herschy, 1999) ah'eady cover these
topics adequately. Where necessaty, reference is made
to relevant publications. The WMO Manual on Water
Resources Assessment (in preparation) will provide
specific details on the collection and processing of
biophysical data (topography, soil, geology and vegetation), socio-economic data (land use and demography) and climate data (precipitation and evaporation).
The chapter provides a surmnary of some of these
variables.
3.2

Data for low-Oow analysis

The relevant data for low-flow analysis may be grouped as follows: hydrometeorological, physiographical
or anthropogenic. Hydrometeorological data describe
elements of the hydrological (water) cycle which continually vruy over time. Physiographical data, on the
other hand. represent natural tetTestrial featmes that
do not change, or vary insignificantly, over the relatively shmt timescales considered by most hydrological analyses. Anthropogenic data help explain the
influences of human activity on both natmal and ru1ificial
(man-made) systems.

Most hydrological data may be fut"ther subdivided into
point measlU·ements and spatial data. A point measmement describes the measmement of a cet"tai.n entity at a
specific location. A sequence of measurements, samples,
observations or readings of a time-vruying entity at a
single location results in a tin1e series of that entity at
that point. Time-series data cru1 be mrulipulated to
produce fi.Irther time series of aggregated data and
statistics. For example, calculating the average of 96
15-nlin streamflow measurements during one day gives
a single daily mean flow value. Repeating this for several
days' data produces a ti.n1e series of daily mean flow
values. Further aggregation of the daily data could
produce weekly, 10-day, monthly, or ruumal time series.
A wide range of statistics (for exan1ple, means, maxima,
minin1a, variance) can be detemlined for different periods covered by the time series to provide a usefi.u
smumruy of the data and fmm the basis of ru1alysis. To
remove short-term fluctuations and study the general
behaviom of data, it is sometimes useful to generate a
moving average tlu·ough a time series. In low-flow
hydrology, 7-, 30- or 120-day moving averages, derived
from daily data, ru·e fiequently used, for exrunple, to
calctuate 7-day ruumal nlini.nmm flow, for a single year,
or the mean of ilie 7-day rumual nllni.ma (MAM(7)), for
several years.
Spatial data can simply be defined as any data that can
be represented on a map. Spatial data are often derived
from the intetpolation of many point measw·ements.
TI1e contours on a topographical map, for instance, are
usually derived from inte1polating a series of spot elevation readings. When digitized (nan1ely, stored in digital fonn on a computer), line, arrow, contom, point
ru1d polygon features of a map are refen·ed to as vector
data. Computerized grid-, cell- or lattice-based information, such as a digital elevation model, is generically
called raster data. For convenience ru1d ease of analysis, digital spatial da.t a are nmmally stored on computer
as data coverages in geographic infmmation systetllS
(GIS). Some exan1ples of the different types of data
that a low-flow hydrologist may use ru·e given in the
following subsections.
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3.2.1 H ydrological data
Hydrological data include (WMO. 2006) hydrometric,
grotmdwater and climatological data for hydrological
pwposes. They provide infonnation on the spatial and
temporal distribution of water, as it occurs in its various
states, in the hydrological cycle. Here, only brief descriptions are given of the types of hydrological data
most commonly used in low-flow studies.
Hydmmettic data
Hydrometric data include streamflow and river- and
lake-level (stage) data. Of all the different types of
hydrological data, streamflow (synonymously riverflow or dischru·ge) data ru·e ru·guably the most useful in
low-flow hydrology because they represent the combitled response of all physical processes operating in
the upstream catclnnent (Herschy, 1995) . River flow is
the rate at which water flows through a given river
cross-section ru1d is usually expressed it1 tmits of m 3/s,
lis or ft3/s. Several different methods can be used to
measme river flow, with the choice of method dependit1g
on the conditions at a particular site (WMO, 2008a).
The methods generally involve the measurement of
water level, or stage, at a gauging station ru1d the subsequent application of a stage-discharge relationship to
derive a flow estimate.
Most cotmtries have long-established hydrometric
networks comprising mru1y gauging stations, from
which data are used for a variety of pwposes ranging
from water resources management ru1d planning to
flood control, environmental monitoring and impact
assessment. However, ill all cotmtries, gauging stations contribute tmevenly to the tmderstanding of low
flows, with the most valuable stations bemg those
with the best hydrometric performance, the least
human disttu·bance and a long time series (Rees and
others, 2004).
The reader is refened to the WMO Manual on Strerun
Gauging (WMO-No. 519), the WMO Guide to Hydrological Pra.c tices (WMO-No. 168), technical guidance
manuals of the International Organization for Standardization (ISO), such as Liquid Flow Measurement ill
Open Channels (ISO, 1981 , 1982) and textbooks (for
example, Herschy, 1995, 1999) for further information
on hydrometric practices and gaugillg station network
design.
The WMO INFOHYDRO Manual (WMO-No. 683)
should be consulted for illformation on the status of
networks, and data availability, m different countries.
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Climatological data for hydrological purp oses
This data include meastll'ements of precipitation, evapotranspiration, air temperanu·e, radiation, wind, humidity
and barometric pressure, and synoptic data, which describe weather features, such as high- and low-pressure
ru·eas and weather fronts, and atmospheric circulation
pattems and illdices (for example, ElNiiio/Southem
Oscillation ru1d the North Atlantic Oscillation Index).
Infonnation on methods for observing data can be
fotmd in the WMO Guide to Meteorological Instm ments ru1d Methods of Observation (WMO-No. 8).
Precipitation falls either in liquid form, as rain, drizzle
or dew, or msolid fonn, as snow, sleet, hail, horu· frost
or rune. Knowledge of precipitation distribution in
time and space is valuable ill any low-flows ru1alysis.
The total runotmt of precipitation reaching the grow1d
during a given period is expressed as the depth that
would cover a horizontal projection of the Eruth's
surface (WMO, 2008a). Precipitation is most connnonly
sampled by individual precipitation gauges (rait1gauges,
if only liquid precipitation is measured), at varying
it1tervals, depending on the equipment and measurement method. Precipitation gauges ru·e sensitive to exposure, prut icularly wind, and the amount measured
may be less than the actual precipitation by up to 30 per
cent or more (WMO, 2008b). The systematic en·or of
prec.ipitation varies ac.cordmg to the type of precipitation
(measurement enors for solid precipitation are often
an order of magnitude greater than those nonnally
associated with liquid precipitation), the location of the
gauge (exposw·e or shielding at the site) and the mstmmentation used (for example, gauge type, orifice height
or diameter). For many studies it may be necessary to
adj ust observed data to allow for systematic enors.
Care must always be taken when adjusting data, and
changes should always be adequately docwnented. The
WMO Operational Hydrology Report No. 21, Methods
of Correction for Systematic En·or m Pomt Precipitation
Measw·ement for Operational Use (WMO-No. 589),
describes methods to adjust point precipitation measurements.
Observed precipitation is representative only of precipitation falling over a limited area m the itmnediate
vicillity of the gauge, and, to tmderstand the spatial distribution of precipitation over a wider area (for
exrunple. a catchment or draillage basit1), data should
be obtained from a network of gauges. A variety of
mterpolation methods can be applied to raingauge
measmements to produce isohyetalmaps, showing lines
(c.ontotll's) of equal rainfall (isohyets), or grids of raillfall.
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Thiessen polygon area averaging (Thiessen, 1911),
inverse distance weighting (Barnes, 1973), thin-plate
splines (Champion and others, 1996) and kriging
(Dingman and others, 1988) are some of the most widely
applied intetpolationmethods. The isohyetalmaps and
rainfall grids can then be used to estimate area! precipitation for larger areas (for example, catchment area
rainfall). The interpolation methods can similarly be
used to produce isoline maps, grids and area! estinlates
of many other types of meteorological data (for example,
air temperature, atmospheric pressme, evaporation).
Area! rainfall data can also be estimated from groundbased radar (see WMO, 1985a) and by satellite remotesensing (for example. the Japanese/United States Tropical Rainfall Measuring Mission). The latter is proving
particularly usefi.u for the estimation of rainfall in areas
of low raingauge density.
Data on evaporation, or transpiration (if vegetation is
present), are important in low-flow analysis because
they describe the amount of water lost (that is, retumed
to the atmosphere) from open water. soil or plants,
much of which would othetwise contribute to aquifer
recharge or river flow. In many parts of the world where
precipitation is limited, evaporation losses can cause
rivers and lakes to dry up. It is not possible to take
measmements of evaporation or transpiration from
large water bodies or land surfaces (WMO, 2008a).
While evaporation pans and lysin1eters can measme
actual evaporation at a specific point, owing to difficulties in taking direct measmements of evaporation over
large areas, indirect methods, using solar (shmt-wave)
and long-wave radiation, air temperature, atmospheric
humidity or vapour pressme and wind data, are nonnally
used. These data are usually applied to calculate potential evaporation, which assumes tuilimited availability
of water from a vegetated smface. Actual transpiration
may then be estimated from its relationship with potential evaporation which accow1ts for available soil
moistme. WMO (1985b) provides guidance on appropriate evaporation estimation methods.
Data is often available from National Meteorological
Services (or weather services) or may be accessed
through regional or international data centres. WMO, in
collaboration with the International Council for Science,
established the World Data Centre (WDC) system that
assembles and disseminates many types of climatological and other environmental data. The most relevant
centres for low-flow studies are the WDC for Meteorology, the WDC for Global Precipitation and the Global
Runoff Data Centre.
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Snow-cover data
River-flow regimes in snow-affected areas - nonnally
high latitude and/or mountainous areas - are characterized by low flows dw-ing cold winter months and
increasing flows in spt-ing, as rising temperatmes cause
the snow pack to melt. Data on depth, water equivalence and the area! extent of snow cover are of considerable value for low-flow studies in such areas because
they help assess the water resources potential of accumulated snow (Singh and Singh, 2001).
Snow stakes are most commonly used to measme snow
depth. Snow water equivalence - the equivalent depth
of water that would be obtained from melting the snow
- is detemlined by combining the measmed depth and a
density estimate of the snow. These data may be obtained
by snow comse smveys and weighing known volumes
of snow samples, or by ganunaradiation swveys, which
detect variations in the gamma radiation that is naturally emitted from the ground. Area! snow cover is usually detennined by ground reconnaissance or remotesensing (namely, aerial photography or satellite
observation). Satellite obsetvations from the Landsat
Multi-Spectral Scanner, the National Oceanic and Atmospheric Adnlinistration Advanced Very High Resolution Radiometer and, more recently, the Moderate
Resolution Imaging Spectroradiometer data from the
United States National Snow and Ice Data Center have
been used extensively to assess snow cover in many
river basins globally. Further infonnation on methods
for measw·ing snow-cover data is provided in two
WMO publications: Snow Cover Measurements and
Area! Assessment of Precipitation and Soil Moisture
(WMO-No. 749); and the WMO Solid Precipitation
Measmement Intercomparison: Final Report (Instmments and Observing Methods Repm1 No. 67) (WMO/
TD-No. 872).

Groun dwater and soil moisture data
Grow1dwater is often of critical importance in determining low-flow response and river base flow. Grotmdwater data include grow1dwater level and discharge
data. Soil moistme data is of interest in low-flow analysis
because of its strong influence on evapotranspiration
and the ammmt of water that percolates to the underlying
aquifer or contributes directly to surface runoff. A variety
of direct and indirect methods used to measme soil
moistw·e are described in WMO (1992). Grotmdwater
level data describe the variation of hydraulic head
within an aquifer, and can be readily measured using
piezometers, observation wells, bore holes or hand-dug
wells. Contom maps of seasonal grmmdwater head are
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particularly useful for comparing the variation in conditions between stunmer and winter or between dty and
wet years. Grotmdwater discharge into a spring or,
more diffusely, into a. stream or river, is measW'ed in the
same way as river flows. Fmiher infotmation on
grom1dwater measW'ement is provided in the ISO
Guidance on the san1pling of groundwa.ter (ISO, 1988).

3.2.2 Physiographic da ta
The drainage basin, or catclunent, is the ftmdamental
entity in most low-flow studies, and the physiographical
characteristics of the catchment have a considerable
effect on the low-flow behaviour of its rivers and
streams. The most influential characteristics generally
relate to a catclunent's topography (for example, catchment area, shape, orientation, elevation, slope, relief:
and so forth), stream morphology, land cover, pedology
(soils) and geology. Catclunent characteristics can usually be obtained from a variety of paper maps or digital
spatial data (vector or raster data coverages). The necessary scale, or spatial resolution, of maps depends on the
study requirements. Generally, vector maps used in
low-flow hydrology vary in scale from 1: 10 000 to
1:5000000, while raster data can vruy in resolution
from as little as tens of metres (for exan1ple, 1Omx 10m
or 1 kmx 1 km) to 0.5° latitude longitude or greater.
Catchment area, a. key catchment characteristic, is
collllllonly defined as the ru·ea botmd by the topographic water divide. The catchment botmdary is usually
delineated from a topographic map sheet or a. suitable
digital elevation model. The catchment botmdary Catl
be used to identify catclunent characteristics, or descriptors, from the vru1ous physiographicalmaps and digital
spatial data available. The catclunent botmdaty itself
defines the chru·actet1stics of catchment (or dt-ainage)
ru·ea (km2 ) and shape (for example, shape factor, circularity ratio, elongation ratio). Topographic data (fi:om
digital, or paper, maps or digital elevation models) Catl
be further used to establish geomorphological catchment descriptors such as: maximmn, mean and minimmn elevation; catchment length, defined as the distance
along the main river channel from the catclm1ent outlet
to the topographic divide; catchment slope, reflecting
the rate of change of elevation with respect to distance
along the principal flow path; the slope of the main
t1ver cham1el stream defined by the difference in elevation between two points on the main strean1 (for example, slope between points at 10 and 85 per cent of
the main stream length); and drainage density, the ratio
of the total length of streams within a catchment and
catchment ru·ea.
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Land cover has an impmi ant influence on low flows,
patiicularly its effect on interception, infiltration and
evaporation. Desct1ptors that can readily be det1ved
from land-cover maps include the proportion of catchment ru·ea under urban development, the proportion of
forest or woodland, the proportion of cultivated land
(for example, cropland, itrigated land, pa.stm·e), the
proportion of uncultivated land (for example, moorland, natural grasslru1d or scmb) and the proportion of
catchment occupied by wetlru1ds (namely, bogs, wetlands, lakes). The propmiion of different land-cover
types in catchments is often derived from ground-based
survey maps (paper or digital) published by national
cruiographic agencies. Much land-cover data generated
from satellite observations are available at the national.
regional and global levels from numerous sources, such
as the European Environment Agency (for exrunple,
the Corine Land Cover 2000 project) and the International Geosphere-Biosphere Progranune (for exan1ple,
the Global Lru1d Cover data.set).
Underlyit1g geology and soils have a strong influence
on low flows in mru1y catchments. Geological maps.
available in paper or digital fonn, generally describe
litholology, layer depths, faults and folding, and may
be used to produce hydrogeologicalmaps, which provide
valuable infmmation on the presence of aquifers atld
their hydraulic properties (for exan1ple, conductivity,
transmissivity, hydt·aulic resistru1ce). Soil maps provide
details of the spatial distribution of soil. with accompanying soil classifications providing illforn1ation on
textW'e atld stmctm·e, fi·om which hydrological propetiies (namely, soil water retention and storage capacities) can be deduced. As with lru1d cover, geological
and soil maps are available from many different national
and intemational soW'ces. Notable examples ru·e the
Generalized Geological Map of the World and Data bases
(Geological Survey of Canada, 1995) and the Soil Map
of the World (FAO/UNESCO, 1981).

3.2.3 Anthropogenic data
Few catchments remain tmaffected by human activity.
The operation of itnpotmding reservoirs, it1ter-ba.sin
trru1sfer schemes, flow augmentation schemes, public
water supply and sewerage systems, it1igation atld
lru1d-drainage schemes, hydropower plru1ts and landuse change all disturb natmal flow regimes. The net
effect on low flows is often profotmd. atld tmadjusted
gauged flows can be very tmrepresentative of the nattu·al
conditions. In many highly developed catchments, the
rutificial component offlow regularly exceeds the natttral
component at low flows. Infonnation (for example,
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location, volwne and timing) on the artificial influences
is vital in low-flow analysis to quantify how significantly
observed flows are affected and to decide whether the
flow record can be used. Where detailed infonna.tion on
rutificial influences is available, sometimes it is possible
to adjust the obsetved flow record to produce a. more
useful naturalized flow record. The process of flow
naturalization is described later in this chapter (3.3.4).
Chapter 10 provides further guidru1ce on dealing with
artificial influences in low-flow ru1a.lysis.

3.3

(a)

The pmpose and context of the study, including
backgrom1d information, the target audience,
the purpose of the analysis, and how the results
will be used;

(b)

The objectives and expectations of the study,
detailing the required output (results or deliverables), the ac.ceptable level of uncertainty in
the results, and the timescale, or deadline, for
their delivery. Uncettainties inevitably pervade
all aspects of hydrological analysis and the
quality, and meaningfulness, of results is highly
dependent on the quality and accm·acy of the
original data. The recommended accuracy of a
range of hydrological data types is provided in
the WMO Guide to Hydrological Practices
(WMO-No. 168). For strerunflow data, the rec.ollllllended accmacy is typically in the order
of ±5 per cent at the 95 per cent confidence
intetval (WMO, 2008a., Table 1.2.5). These
stated accmacies may be assmned to be the
most sttingent of recollllllendations, which may
not be achievable for many specific applications. The purpose and constraints of a study
ideally should detetmine the necessary accuracy of data (Stewart, I999);

(c)

The resomc.es available for the study, which
dictate what can realistically be achieved. A
study, and the quality of its results, is as much
constrained by budget, timescales, software
and staff capability as it is by its data. However,
since a study's outcomes rely on the data it uses,
sufficient resources should be allocated to the
initial task of data collection and prepru·ation to
prevent an ultimately tmsatisfactory result;

(d)

Tl1e geographical extent (area, scale and complexity) of the study. This, in ttun, detetmines
the necessaty spatial resolution of data, which,
for the time series of point measmements (for
example, river flow, precipitation), 1113Y imply
a minimwn station density, or, for spatial data
(for example, physiographical or d imatological
data), specifies the necessaty scale (for example, I : 50 000, I : 250 000) of maps or the
spatial resolution for taster, or gridded, data
(for exrunple, I km digital elevation model);

(e)

The temporal frrunework ofthe study, denoting
the time domain (for example, long-tenn,
standard period) and the nllnimum require-

Prt>paration of good-quality data
for low-flow analysis

The remainder of the chapter describes the steps for
preparing good-quality river-flow (or streamfiow)
data for low-flow analysis. Although less attention is
subsequently given to other types of data, several of
the procedures and methods described are also universally applicable.

3.3.1 Establishing data requirements
Hydrological data may be used for mru1y pwposes, such
as estimating a country's water resources, planning,
designing and operating water projects, assessing the
environmental, social ru1d economic impacts of water
mru1agement, quru1tifying the impacts of mbanization
(or deforestation) on water resources, or providing
secmity against floods ru1d droughts (WMO, 1998b).
Data requirements can thus differ significantly from
one application to the next. For example, in flood
forecasting, real-time data at a fine temporal, almost
minute-by-minute, resolution is needed, whereas for
water resources plamling, daily, or monthly, data
would suffice.
Evety hydrological analysis depends on the acquisition
of relevant data. Tllis is best achieved by first establishing the data requirements of the study and producing
data requirement specifications to serve as a key reference document for the entire study.
The tin1e taken to conectly specify data. requirements at
the beginning of a. study can yield considerable savings,
in tel1'11S of tin1e, effmi ru1d money, dwing subsequent
data acquisition ru1d validation as attention focuses only
on relevant data. Although there ru·e no rigid rules
govemi.ng data requirement specifications, generally, a
specification should include sufficient infmmation to
establish criteria. for the selection of data. likely to be
needed in the analysis. Typically, the document describes
the following:
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ments for time-series data in respect of duration
(length of record), frequency (temporal resolution of values) and completeness (acceptable
number of missing values).
With regard to requirements for river-flow data in lowflow studies, given that the rate of change offlows tends
to be relatively small from day-to-day dtuing low-flow
periods, daily resolution data (daily mean flow) are
nom1ally preferred, although weekly (7-day mean
flow), 10-day and monthly (monthly mean flow) data
are also used regularly. The time series should be as
long as possible. Data of 30 years' duration or more is
often recommended as a minimwn record length (for
example, Tallaksen and others, 2004). Pragmatically,
hydrologists often have to manage with data of much
shotter dm·ation: a minin1wn record length of 5 years is
commonly specified; however, data of fewer years' duration can sometimes be usefi.tl, especially if in1portant
events are captured in an othetwise undergauged region
and if the data can be correlated with a longer time series
from nearby gauging stations. Ideally, each time series
should be a continuous, unintemtpted sequence of
equally spaced flow observations and include data across
the entire range of possible values, from highest to
lowest flows . The time series should contain as few
missing or tnmcated values as possible. While infilling
methods can improve the utility of tin1e-series data (see
3.3.4), it may not always be possible to detemune realistic flows for lengthy sequences of missing values.
Thresholds can be set arbitrarily to specify an acceptable
level of completeness for a record, that is, the maximum
number, or prop01tion, of missing values allowed. A
threshold may be used to help decide whether to reject
the whole record or just data from specific years. For
the time series of daily mean flow data, it is not tmcommon for an entire record to be rejected if, for example.
more than 20 per cent of the values are missing. For a
single year's daily data, thresholds of 5 per cent (more
than 18 days of data missing) or 10 per cent are often
used. The chosen threshold should always be determined
according to the objectives and circtunstances of the individual study. It should be noted, however, that this
approach is not always appropriate because many of the
missing or tnmcated values may have occtuTed dming
periods of high flows, which would not necessarily invalidate the record from a low-flow analysis perspective.
Before rejecting a record, or any part thereof, on the basis
of completeness, the timing of the missing values should
be carefi.dly considered: a seemingly tmacceptably incomplete record may still prove to be valuable, if significant low-flow events have been captured.
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Many statistical methods used in low-flow analysis
require time series that are homogeneous, that is, data
free from discontinuities and non-stationarities. A
record is considered stationary if there is no systematic
change in mean (no trend) or variance and if periodic
variations have been removed (Chatfield, 2004). In
reality, the time series of river flows are never strictly
stationary and, over the period of a record, inhomogeneities may have occurred due to many factors, including changes in the measurement method, gauge
re-location, ilie build-up and/or removal of weeds, ice
or other debris, backwater effects, river training, variations in upstream water use, land-use changes or climate
change. Requiring predominantly natural catchments
with minimal htunan or artificial influences is often the
easiest way of avoiding the most conunon somces of
inhomogeneities in flow records (that is, the effects of
human activity). However, few catchments are tmaffected by human activity, and, for low-flow studies,
an acceptable degree of rutificial influence must be defined, for irtstance, some proportion (for exan1ple, 5 or
10 per cent) of ilie 95th percentile flow. In catchments
where an accmate record of upstream attificial influences
exists, it may be possible to reconstmct the "nattu·al"
from the "influenced" time series. Tllis process, known
as "naturalization", is described in the following
sections, as are other methods to exrulline and correct
inhomogeneities in flow data.
To catry out merulingful analysis, and indeed data
cotTection, hydrologists require access to inf01mation
(metadata) that describes ilie derivation of the time
series. Tlus includes details on the gauging station, hydrometric practices, the accuracy and sensitivity of
measmements at low flows, the quality control measures
applied to the data and local site conditions (weed
grov11th, bed conditions, backwater effects). The interpretation of data is also assisted by knowledge of the
upstream catchment, including infonnation on catchment descriptors, upstream water uses and diversions
and how these have changed over the measmement
period. Such metadata are especially useful during data
validation and should, therefore, always be demanded
in the data requirements.

3.3.2 Data acquisition and storage
Once a study's data requirements have been established,
the next step is to acqtlire the necessary data. Hydrological data can be obtained from many different sources.
Some data providers are commercial enterprises, wluch
generally charge a fee for their products and services;
many others are non-profit-making organizations, wluch
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may provide data free of charge, or for a small fee to
cover the cost of the distribution media and handling.
The budget available frequently detennines the data
source and quantity that can be obtained.
Knowledge of potential sources, and the data they
possess, is invaluable for any study. Tilis knowledge
can be obtained fi:om research (for example, Web-based
searches, teclmical reference documents) or personal
contacts. Some familiarity with the study area itself is
useful, as is establishing good working relationships
with the local organizations responsible for hydrological
data collection and management. The WMO INFOHYDRO Manual (WMO-No. 683) provides a usefi.u
listing of hydrological data providers and availability
internationally and in 178 cotmtries ru:ow1d the world.
Some additional sow·ces are helpfully given in WMO
repmt, Hydrological Data Management: Present State
and Trends (WMO-No. 964).
Data providers are increasingly disseminating data
over the Intemet. Their Websites can offer a range of
options for accessing data, from simple e-mail requests to World Wide Web downloads and interactive
Web services, which allow dynamic cmmections with
host databases. As well as Intemet-based file transfer,
digital data are still commonly distributed on physical
media, such as CD/DVD-ROM, memory sticks, and on
magnetic tape or disk. Although data may still be distributed in hard copy (on paper), it is becoming a rarity.
Despite tl1e technological progress of rec.e nt decades,
large amotmts of potentially valuable hydrological data
remain stored on paper chruis or sheets, in yearbooks or
notebooks, or on microfiche, in many archives and
libraries ru·ound the world. Such data, if they can be
found, must be digitized or intelligently scanned to be
ofnse.
Digital data are supplied in a variety of file for1nats: as
plain text, in fixed, character-delimited (for example,
comma delimited), marked-up (for example, HTML,
XML), or system-specific formats (for example,
Microsoft. Excel spreadsheet, ArcGIS Export, ESRI
shapefile, AutoCAD drawing). Many formats can easily
be compressed using public domain software (for exanlple, pkzip or gzip). Of cow·se, recipients should
possess the relevru1t software to interpret the data locally.
All data should be supplied with appropriate information
(metadata) that adequately describes the fonnat of tl1e
files and the data within (for example, definition of
variables, units of measurement and projection parameters (for spatial data)).
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Most data will be subject to copyright and intellectual
property rights, which are nonna.lly retained by the
data provider. TI1ese rights, and conditions of use, are
usually detailed in the licence agreements that prospective recipients would ordinarily be required to accept
before data are released. A licence agreement (or conditions of use) will stipulate whether the data can be
used freely, without restriction of application, reuse,
distribution or resale. Products derived from the data
ru·e often subject to the original provider's copyright
atld intellectual property rights; care must be taken,
therefore, not to infiinge these conditions with the subsequent use of a study's outcomes.
Data shotud be stored locally in a manner that makes
them readily accessible and convenient to use. Streamflow atld other time-series data may be stored as simple
text files, in a spreadsheet (for example, Microsoft
Excel), in a database (for example, ORACLE, Microsoft
Access, MySQL, PostgreSQL), or in some other proprietary, or bespoke, hydrological data management
software system (for example, ADAM, HYDATA,
WATSTORE) (WMO, 2003). Spatial data generally
would need to be stored in a GIS (for example, ArcGIS,
Maplnfo) or engineering drafting package (for example,
AutoCAD).
All data should be labelled within the chosen storage
system such that every data value can be uniquely identified and correctly retrieved. For streanlfiow data. this
typically means all data in a single time series being
given a unique number, or label, that allows it to be
associated with the relevant gauging statio~ for exanlple, by defining a unique gauging station number, or
station identity. To distinguish between data within a
seties, each value could be given a unique date and
time stamp. If two or more data values have the same
station identity ru1d date/time stamp (for example,
when a montllly and daily value have the same date),
a third identifier (for example, data type) would be
needed to uniquely identify each data value. All suppmting metadata (for example, river name, site name,
map coordinates, catchment area, catchn1ent characteristics, gauging histmy, factors affecting flow, and
so on) should also be referenced by tl1e relevant station
identity.
Once stored in a usable fonnat, time-series data may
be analysed by a variety of statistical ru1alysis tools or
packages that may either be inherent to (built-in) tl1e
storage system or available through external software
(for example, MATLAB, S-Plus, SAS).
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3.3.3 Data examination and validation
Data must be examined or validated before being applied
in analysis. All too often, hydrologists assume that they
have "good" data and proceed with analysis without
rigorously checking data quality, which results in erroneous conclusions being drawn from "bad" data. The
axiom, "garbage in, garbage out", is as true in the context hydrological analysis as it is in any other. This
section considers the examination of streamflow data
onJy, which, it is assmned, has ah·eady been subjected
to initial, or primary, hydrometric data-processing
procedures by the relevant measuring authority and is
provided as a time series offlows in an appropriate tulit
of measurement (for example, m 3/s). Further detailed
infom1ation on primary hydrometric data-processing
methods and procedures n1ay be found in the WMO
Guide to Hydrological Practices (WMO-No. 168) or
Herschy (1995).
The aim of the data examination and validation process
is to assess whether the available data are suitable for
analysis. During tlus process hydrologists must carefully
review the data, using tl1eir expe11ise and judgement to
decide how to address inhomogeneities, such as trends,
step changes, en·ors, outliers or tnissing values, detected
in the data. With the objectives of the study in nlind, the
hydrologist should decide whether the data should be
rejected or corrected (infilled). Reference should always
be made to relevant metada.ta during validatjon: key
catchment descriptors (elevation, land use, presence of
forests and lakes), details of station histmy and descriptions of the factors affecting nmoff are all palticularly
useful for explaining problems and inhomogeneities. A
Val'iety of methods can be used to examine and validate
strealnflow data; some of the most common ones al'e
described below.
Hydrograph inspection, visual inspection of a timeseries plot (a hydrograph), is al'guably the most effective
method for validating streatnflow data. To assess the
quality of the low-flow data in particular, the hydrograph should be viewed with alogarithtnic scale on the
vertical y-axis. A logal'ithtllic scale is used because it
gives greater pronlinence to val·iations in the low-flow
range. It should be noted, however, that the use of a
logarithmic scale can result in unrealistic-looking recessions at very low flows.
Another usefi.tl technique, which helps draw attention
to exceptional flows, is to plot the hydrograph witl1in an
envelope of cotresponding long-tem1 daily maxinuun
and minimum flows (Figure 3 .1).
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The hydrograph of the entire record period should be
plotted to check for any visible trends or discontinuities
in the data. Statistics derived from data that contain
trends, seasonality or some other systematic components can be seriously nlisleading (Chatfield, 2004).
Close inspection of the whole time series helps reveal
non-stationarities in the flow regime, such as regulal·
changes in the magnitude, frequency or timing of peaks
and nlinima (possibly caused by climatic change or
instrument drift), or discontinuities that could be caused
by a change in land use or obsetvation method or a
discrepancy in the tmit of measurement used (for example, nun instead of m3/s), which sometin1es occtu'S
when new data is appended to all existing record.
Further guidance on the treatment of trends and discontinuities is given later and in section 3.3.4.
The hydrograph should also be examined on a yeal·-byyeal· basis, ideally alongside hydrographs for other sites
upstream, downstrealn or in adjacent catchments and a
hyetograph (rainfall plot) from a nearby raingauge
(Figure 3.2). Exanillling recession for different lowflow events at the same gauging station Call also be very
revealing. Multiple hydrographs should be plotted in
units ofspecific discharge (m3/slkm2 or nun) if respective
catchment areas are significantly different. For catchments affected by snow or ice, a temperature plot fi·om
a temperattu·e gauge (or thennograph) in the vicinity of
the catchment should be plotted. Flows in such catchments would nonnally be low dtu'ing cold. winter
montl1s and expected to increase sharply as temperatures
rise and the thaw begins in spring. The compal·ison of
tin1e plots between sites provides a useful consistency
check of the data, with any discrepancies or diverging
behaviour being readily identified. Some of tl1e problems conmwnJy observed dtu'ing the inspection of
hydrographs are outlined in Table 3.1 and illustrated in
Figure 3.1.
An arumal variation plot, a graph of successive armual
averages (for example, annual mean flow), is a useful,
and relatively simple, approach for identifying trends
in data with seasonal variation.
A double-mass cmve, wllich plots the acctunulated
values of two tin1e set'ies against each other, is another
grapllicalmethod for exalniuing flow data (Figure 3.3).
A double-mass cmve, constmcted from the contemporane.o us records of two gauging stations of hydrologically sinlilar catclunents in the salne proxinlity,
should approxinlate as a straight line. A sudden diversion
fi·om the straight line indicates a possible step change
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Figure 3.1 Hydrograph analysis (Iable 3.1 provides an explanation ofthe lettering)

or some systematic change in either time series, possibly
due to a change in the measurement method, the introduction of a new abstraction/discharge upstream, or a
significant change in land use in one of the catchments.
A double-mass curve can also help confirm whether an
apparent trend in either time series is a consequence of
global (for example, climate) change (no diversion) or
can (diversion present) be attributed to local factors.
The two time series used in a double-mass plot need not
necessarily be of the same variable type. For instance,
data from a nearby raingauge may sometimes be helpful
to check a flow record.
A residual-mass curve is similar to the double-mass
curve, yet it plots accumulated departures of two time
series from some datum (normally the mean). Such a
curve, constructed from records of two hydrologically
similar catchments, should approximate a straight
line, with any sudden diversion indicating a potential
problem.
The comparison of catchment areal rainfall (estimated or
derived from observations at several local raingauges) and runoff on a seasonal basis should show
rainfall generally exceeding runoff as well as consistent
behaviour between the two quantities from year to year.
Spatial consistency checking uses a map plot of a
suitable flow statistic (for example, monthly runoff in
mm), either as a colour-coded point value or an interpo-

lated surface (for example, inverse distance weighting),
to reveal if observed flows are consistent with others
in the area.
The application of the above methods is adequate to
detect most inhomogeneities in streamflow data.
However, it is sometimes necessary to apply more
statistically rigorous and formal methods to detect nonstationarity (trends, step changes and changes in distribution) in data. There are many different types of
statistical tests to detect change in data, and choosing
the appropriate test depends on the type of change of
interest (for example, trend or step change), whether
the time of change is known and on the necessary rigour,
or power, of the test (Robson and others, 2000). Tests to
detect step change include the median change point test
(the Pettit test for detecting change), the WilcoxonMann-Whitney test, the cumulative deviation test and
the Worsley likelihood ratio test. Tests for trend include
Spearman's rho, the Mann-Kendall test and linear regression. The WMO report Detecting Trend and other
Changes in Hydrological Data (WMO!ID-No. 1013)
provides details of the various methods.

3.3.4 Data correction and editing
Few of the data available for hydrological analysis are
free of errors, missing values or other inhomogeneities.
The nature of the data queries and problems should be
considered carefully, and, if possible, the time series
should be corrected, or edited. Normally, it is best to
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Table 3.1 Data quality problems detectable by hydrograph analysis
Possible causes

Problem
A

Discontinuity or step change

Recalibration or change in instrumentation
Change in stage-discharge relation
Change in the river cross-section
Change in the unit of measurement
Introduction of an artificial influence upstream

B

Missing data

Measurement not taken
Equipment failure
Maintenance downtime

c

Missing data entered as zero flows

Data-processing error

D

Isolated, erroneous peaks (outliers)

Data-processing error

E

Gradual increase in flow followed by
sudden decrease

Flow computation based on rating curve.
Weed growth or other obstruction (for example, debris- or ice-jams), followed by
removal

F

Sudden short-term increases and
decreases in flow

Sluice-gate activity upstream

G

Sudden change followed by prolonged
increase, or decrease, in flow

Artificial influences upstream (surface water abstractions, discharges, reservoir
operation)

H

Unrealistic steepening of the recession
(falling limb)

Unchecked extension to the rating curve

I

Staircase effect

Limited stage resolution at low flows
Insensitivity to stage changes at low flows
Equipment malfunction

J

Truncated flows

Upper- or lower-limit of measurement capability reached
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Figure3. 2
Comparison ofhydrographs
from adjacent catchments (A, B and C) and a
hyetograph from a nearby
raingauge (D) (note missing
values in August)

focus available resources on the most notable anomalies,
especially those in the extreme flow range.
Infilling missing data, modifying outliers and
correcting errors
Missing data are a particular problem for low-flow
analyses because they tend to cluster in the extreme
flow ranges (Marsh, 2002). Even a small proportion
of missing data can greatly reduce the ability to compile meaningful statistics (for example, annual30-day
minima). A variety of methods can be used to infill

missing data and improve the utility of flow records.
These vary from simple and manual visual adjustment
to rainfall-runoff models and complex statistical analyses (Gyau-Baokye and Schultz, 1994). The methods
can also be used to correct most of the other types of
data problems, such as the modification of truncated
values, outliers and spurious sequences. While it may
not always be possible to obtain realistic flows for
longer "problem" sequences, the inclusion ofauditable
and flagged estimates is often preferable to leaving
gaps in the record.
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A quality control flag should be set against every edited
data value to indicate when a cotTection has been made
and the cotTection method used. Selecting the most
appropriate infilling method depends on a nl1111ber of
factors, including the following:
• The nature of the site and characteristics of the
upstream catchment;
• The degree of data fluctuation at the site;
• The size of the gap (nl1111ber of missing data
values);
• The length of the existing data record;
• The hydrological conditions at the site when the
gap occwTed (whether flow was rising, falling or
peaking at the time);
• The availability of supporting metadata;
• The software tools available;
• The knowledge and expertise of the person responsible for cotTecting the data.
Some of the most conunon infilling methods are as
follows:
Infer~:>nce

(manually by eye): This is applicable to
short gaps, of a few days (~5 days, or longer where the
flow regime is known to be stable) only in a daily flow
record, dw-ing which there was no significant rainfall or
flooding. Missing values are filled manually by inse~ting
values that appear sensible when viewing the observed
hydrograph. It is always useful when employing this
method to compare the hydrograph being filled with
that of another nearby (or analogue) gauging station, to

ensw-e that manually entered estimates are consistent
with the observations at the other gauging station
(Figw·e 3.2). To emphasize the low-flow data values, a
logaritluuic scale should be used when viewing the
hydrographs. Where rainfall may be expected to influence the recession, or where artificial influences may
be significant, the time series should be scmmed for
analogous flow sequences that would help to reconstruct
the missing data. Manual infilling ideally should be
conducted by someone farnilim· with the behaviow- of
the rivers and gauging stations concemed.
Serial int~:>rpolation: Tius is another means of infilling
shmt gaps in low-flow data. Tius method is applicable
only to periods without sig~uficant rainfall or flood
events m1d should be used with great caution. Linear,
polynomial or spline interpolation methods use existing
data from the time series itself. Linear interpolation
simply fits a straight line between the two data points
immediately before and after the gap to detemline intermediate values. Polynomial and spli.ne intetpolation,
on the other hand, use several existing data points either
side of the gap to generate a smooth curve that describes
the nussing values. Most statistical analysis packages,
as well as hydrological data management software
packages, provide such intetpolation facilities. For
further details of polynomial and spline intetpolation
see Atkinson (1988) or Wendroff ( 1966).
Interpolation from analogu~:> ga uging stations: This
may be used for longer sequences of nussing data by
obtaitling a relationslup between the candidate time
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series and the data from one, or more, analogue
gauging stations. An analogue gauging station could be
upstream or downstream of the (candidate) gauging
station, in a nearby catchment, or a hydrologically similar catchment. One of the simplest approaches is to scale
the relevant data values from an analogue catchment by
some scaling factor, which is usually the ratio of the
two catchment areas or the ratio of the respective mean
flows. Another cotlllllon approach involves calculating
the flow percentile for each missing day from the analogue catchment's time series. The missing value is
then assigned the flow value of the equivalent percentile
from the existing candidate time series. This latter
method, sometimes refen·ed to as the equipercentile
approach, requires both time series to be of long (:2::5
years) or similar duration. Analogue methods benefit
from a high c01relation coefficient between the candidate
and analogue time series over an identical period. The
following additional factors should be considered in
order to select suitable analogues:
(a)

The geographical proximity of the catchments,
to ensure that the catchments are climatologically similar;

(b)

The similarity of catchment physiography
(catchment area, elevation range and topographical relief, soil and hydrogeological conditions, prop01tions oflakes, forests, wetlands,
moorland or cultivated land);

(c)

The similarity of hydrological response, as indicated by recession analysis or the base-flow
index (Chapter 5);

(d)

The absence of significant artificial influences
(river regulation, sewage or industrial effluent,
or intakes for i.trigation or other needs).

Hydrological (rainfall-runoff) modelling: Tlus IS
another approach for infilling longer sequences of
nussing data. It uses models capable of describing the
hydrological response (nmofl) of a catchment, given
ce1tai.t1 specified tune series inputs, primarily rainfall,
or precipitation, but often also potential evaporation,
temperature and other meteorological variables. Catchment response is characterized by model parameters,
which can be calibrated, or tuned, accordi.t1g to previous
observa.tious.
A large variety of models exist (Chapter 9), from purely
empirical black-box teclmiques, which make no attempt
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to model the internal stmcture of a catclunent, to
complex hydro-dynamical models, which involve
complex systelllS of equations based on the physical
laws that govern hydrological processes (WMO, 2008a,
1975). A detailed description of different modelling
approaches may be found in Beven (2001).
h1·espective of the infilling method used, great care and
judgement is requi.t·ed to prevent misleading, or eironeous, flow estimates from being stored. For instance,
although outliers are often clearly visible and dealt with
easily for the most pa1t, caution should be exercised
since the outlier may be a genuine extreme value and
not an error. hl such ci.t·cUlllStances, refe1ring to data
from nearby gauging stations or raingauges would provide guidance.

Flow naturalization
Deriving a natural time series from an a1tificially influenc.ed flow record is called naturalization. The process
is usually conducted only where there is an insufficient
number of good quality flow records for an analysis to
proceed. Naturalization involves the adjustment of the
observed flow record according to known artificial influences upstream. A systematic record of the influences
is requi.t·ed, including times, rates and durations of abstractions, discharges and compensation flows. 1he
data should be in compatible tmits and suitable for
disaggregation into ilie necessary temporal resolution
(for example. from monthly to daily). The natural flow
on any day is si.tnply approximated by adjusting the
observed flow by the corresponding net upstream artificial influence. Such approximation has a high degree of
tmcertainty: while there may be an enor of ±5 per cent
in the observed flow, ilie en·or associated with the a.rtificiali.tlfluence can be arotmd ±40 per cent, or lugher.
Adjustment for tr ends, seasonality
and discon tinuities
Many low-flow analyses reqtlire data to be stationary,
with all non-stationruy components (trends, seasonality
and discontinuities) removed. hl some studies, however,
interest focuses specifically on detecting the presence
of trends and analysing tl1ei.t· chru·acteristics. Trend
detection methods were mentioned earlier (see also
WMO, 2000), and several further metl10ds are available
for describing and removing trends (Chatfield, 2004)
and include: linear fittillg (trend represented by a
straight line or sequence of straight lilies), curve fitting
(trend represented by a polynomial ctu-ve), filtering (for
example, lillear filter, moving average, smoothing) and
differencing (Box-Jenkills procedure). The methods
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effectively model the trend, with residuals representing
the local variation of the stationaty series.

den Butter, F.A.G. and M.M.G. Fase, 1991:
Seasonal Adjustment as a Practical Problem.
Elsevier, Alnsterdatn.

Streamfiow data, like many other types of hydrological
data, usually exhibit seasonal characteristics, which are
consistent from year to year and, if seasonality is of
interest, are easily estimated. If seasonal effects are not
of interest, data can be deseasonalized by selecting a
suitable adjustment or transformation fimction (for
example, seasonal adjustment, seasonal differencing,
autoregressive integrated moving average). Various
seasonal adjustment methods and their applicability are
described in den Butter and Fase (1991).

Dingman, S.L., D.M. Seely-Reynolds and
R.C. Reynolds, 1988: Application ofkriging to
estimate mean annual precipitation in a region of
orographic influence. Water Resources Bulletin,
24: 329- 339.

A step change, or discontinuity, detected by visual inspection or statistically, ca.n sometin1es be con·ected if
the time and magnitude of the change a.re knovm. Flows
can be adjusted, either by addition (or subtraction), if a
simple systematic shift has occmred, or by re-scaling if,
for exan1ple, the data. has been expressed in incorrect
tmits.
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4.

4.1

Processes and Regimes

Introduction

Low flows occur after periods of low rainfall or when
precipitation falls as snow. Tius results in a reduction in
water stored in soils, aquifers and lakes and a decrease
in the outflow to the river. The tinung of depletion
depends primarily on antecedent weather conditions.
The rate of depletion depends on hydrological processes
and the storage properties witllin the catchment.
This chapter presents a summaty of how these factors
control the spatial and temporal distribution of low
flows. An understanding of these flow-generating
processes can aid the following:
(a)
(b)
(c)

(d)
(e)

TI1e establishment of data requirements for a
low-flow investigation (section3.3);
The assessment of the variability of low flows
in a catclm1ent;
TI1e selection of the most appropriate lowflow analyses metl10d from those described in
tllis Manual;
TI1e development of hydrological models;
TI1e interpretation of results.

Low flows usually occur during a long spell of wrum,
dry weather typically associated with lligh pressure
systems and subsiding air. High temperatures, high
radiation input, low humidity and wind increase evaporation and transpiration rates. Snowfall and snow storage
result from temperatures continuously below fi·eezing
which ru·e often associated with cold, polru· air masses
and/or decreasing temperatures at lligher altitudes. In
the absence of snowmelt, precipitation v..]ll accmnulate
and this will lead to a reduction in low flows.
In many regions, one or both situations occur atmually.
In nlid- and high-latitude climates, low flows ru·e often
described by the season of occurrence, namely "stUill11er
low flow" and ''winter low flow" (Figm·e 4.2). In low
latitude climates, there may be one or more dry season
and, consequently, one or more distinct low-flow period.
As a. result of constantly high evaporation rates, the
climatic water deficit fi·om the dry season may persist

Figure 4.1 shows the model of a catchment that receives
precipitation, which then recharges different catclm1ent
storages, that is, soil water, groundwater, snow, glaciers,
wetlands and lakes. The outflow from each of these
stora.ges contributes to river flow.

4.2

P rocesses causing low Oows

4.2.1 Climate drivers
Catchment inputs originate fi:om rainfall or snowmelt;
thus, decreases in input can be caused by either:

(a.)

(b)

An extended dty period leading to a climatic
water deficit when potential evaporation exceeds precipitation; or
Extended periods of low temperatures during
wluch precipitation is stored as snow.

Lake,
reservoir.
wetland

Groundwatw boundary flow

Figure 4.1 Hydrological processes and catchment storages
(modifiedfrom Tallaksen and van Lanen, 2004)
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Figure 4.2 Summer and winter low flows
(left: Dreisam River, Freiburg. Ge1many, .August 1998; right: Columbia River, Golden, Canada, Febmary 2007}

into the wet season. In arid and semi-arid climates, the
combination of low precipitation and high evaporation
results in minimal river networks and ephemeral rivers.
These typically have prolonged periods of zero flow
over several months or years and episodic high flows
often in the fotm offlash floods.
Climate detemlines the magnitude and vanatton of
temperature, precipitation and potential evaporation
over the year. Climate diagrams and maps provide a
valuable somce of infotmation for assessing the climatic
drivers and the expected timing oflow flows. However,
climate varies spatially, particularly in mountain regions
where there are strong altitude-dependent temperature
and precipitation gradients. High precipitation (as rain
or snow) in motmtainous areas is often critical for providing the sotu·ce of downstream low flows in arid or
semi-arid areas. Clin1ate also varies temporally at interannual, decadal and even centellllial timescales. Longteim trends and changes in the climate system will
result in changes to the low-flow regime.

4.2.2 Catchment processes and storage
While climate controls may lead to a climatic water
surplus in one season and a deficit in another, catchment processes dete1mine how these surpluses and

deficits propagate through the vegetation, soil and
groundwater system to streamflow. An tmderstanding
of these processes is a key component in developing
and understanding the results of hydrological models
(Chapter 9) and in i.nte1preting how changing climate or
land use will have an impact on the dmation, frequency
and magnitude of low flows. Of particular importance
are soil moisture and groundwater storage, aquifer
properties and the hydraulic resistance between aquifers
and rivers (Figme 4.1 ). The continuous monitoring of
catchment storages, for example, soil moisture, grotmdwater and lake level, provide valuable data for interpreting the results of low-flow studies (section 3.2).
The key catchment processes which influence low flows
are summarized below.
Precipitation input may be stored in micro-depressions;
once these have been filled, water may flow to the
stream as overland flow (Figme 4.1). Tlris process
tends to occur on in1permeable m·ban smfaces and nonvegetated, sloping land with co111pacted topsoil or exposed rock. Overland flow rates depend on rainfall
intensifies and whether they exceed infiltration rates
to the soil, which are lower on a clay soil than sandy
soil. During freezing periods, precipitation is stored
as snow and ice.

38

When temperatures rise above freezing, liquid water
fi:om the snow cover melts and either infiltrates into the
soil or flows over fi·ozen grotmd to the stream as overland flow.
As soil moistme is replenished, soil moistm·e content
increases and water may flow vertically downward to
an aquifer to rechru-ge groundwater storage, or move
laterally as throughflow towru·ds the stream along a
permeable soil layer. The available soil moisture capacity
( amotmt of water that can be stored in the soil) may
vary between a few tens to over severallumdred millimetres water depth. A large soil moistlll'e capacity
provides a store to support high annual transpiration.
Water c.ru1 also recharge aquifers or flow laterally to the
stream without fully replenishing soil moistm·e. This
usually occtU'S via preferential flow paths such as cracks,
macropores ru1d pipes in the soil. In semi-arid and arid
clinlates, a major part of aquifer recharge occurs
through the river beds of ephemeral rivers. Tllis indirect
rechat-ge often originates fi·om high precipitation in
mountainous regions upstream (see 4.2.1).
In response to recharge, aquifer storage increases as
groundwater levels rise. The grotmdwater gradient and
the transmissivity of the aquifer (saturated thickness
multiplied by hydraulic conductivity) govem the
groundwater discharge to the streatn (Figure 4.1). If data
on storativity, transmissivity or hydraulic conductivity
are not available, these parameters can be estimated
fi·om hydrogeological or hydrological classifications of
soils and bedrock material (WMO, 2008). When there
is no recharge, groundwater dischru·ge will continue
owing to the depletion of storage. In hilly or motmtainous regions, dischat-ge fi·om shallow aquifers of
weathered hard rock often provides an in1portant somce
of low flow during dry periods. In lowland areas (for
example, deltas. coastal plains), deep aquifers typically
exist beneath shallow aquifers, often sepru·ated by a
semi-penneable layer (Figure 4.1). This may reduce
storage changes and outflow characteristics of the deep
aquifer. In lowland areas or large valleys, aquifers act
as large storage systems and are able to feed rivers
during prolonged dry conditions.
A river receives water from one or more of three different
flow paths: overland flow, tlrrougbflow and groundwater
dischru·ge. Overlat1d flow and throughfiow respond
quickly to rainfall or melting snow, whereas grow1dwater
discharge responds slowly with a time lag of several
days, months or years. If grotmdwater dischru-ge comes
fi·om shallow saturated subsmface flow, then it responds
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quickly (hmu·s or days) to rainfall or melting snow.
Catchments dominated by overland flow, tlu·oughfiow
at1dlor shallow sattrrated subsmface flow are therefore
classified as quickly responding or "flashy" catchments.
Catchments fed primarily by grotmdwater discharge
are classified as slowly responding catchments with a
high base flow. Hydrograph separation techniques can
be used to divide tl1e total streamflow into a quick and
a delayed component (section 5.2) Tl1e delayed flow
component, commonly refetred to as the base flow,
represents the proportion of flow that originates fi·om
stored somces. A high base-flow proportion would
inlply that the catchment is able to sustain river flow
during dry periods. Base-flow indices ru·e generally
highly conelated to the hydrological properties of soils
and geology and the presence or absence of lakes in a
catchment.
A catchment with a fast/slow response to rainfaU usually
has fast/slow recession behaviour (section 5.3). This is
demonstrated in Figtrre 4.3, in which the streanlflow for
a quickly responding and a slowly responding catchment is shown (Tallaksen and van Lanen, 2004).
Streamflow sinmlations were conducted for a temperate
hwnid climate (Figtrres 4.3(A) and 4.3(B)) and a semiarid climate (Figures 4.3(C) and 4 .3(D)). The recharge
inputs for the two different climates differ, but are sinlllar
for the two different response cases witllin each clinlate.
Similarly, the aquifer characteristics of the quickly
responding cases (Figtu·es 4.3(A) and 4.3(C)) atld the
slowly responding cases (Figmes 4.3(B) and 4.3(D))
are identical.
Low flows in the quickly responding catchments ru·e
lower than in the slowly responding ones (compru·e
graphs 4.3(A) \Vith 4.3(B) and 4.3(C) with 4.3(D)). For
example, in the ten1perate, htmlid clin1ate the low flows
for the quickly responding catchment are regularly
lower than 10 mm per month, whereas in tl1e slowly
responding catchment they are never below 15 mm/
month. Low flows in the slowly responding catchments
are more persistent (multi-year effects) thatl in the
quickly responding catchments. These differences are a
clear illustration of the influence of hydrological processes and storages on low flows. There is also significant clin1ate control, with more prolonged low flows
in the semi-at'id climate than in the telllperate, hwnid
climate (compare graphs 4.3(A) with 4.3(C) atld 4.3(B)
with 4.3(D)).
Lakes and resetvoirs usually have a lru·ge in1pact on
downstream low flows. Lakes in a moist and cool
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Figure 4.3 Simulatedflow to a stream in catchment: (A) temperate, humid climate and quickly responding; (B) temperate, humid
climate and slowly responding; (C) semi-arid climate and quickly responding; and (D) semi-arid climate and slowly
responding (straight line represents mean flow)

climate provide additional catchment storage to maintain
low flows during dry periods. In a semi-arid climate,
however, downstream low flows may be smaller than
those upstream of a lake due to high lake evaporation
losses outweighing any increase in low flows caused by
the regulatmy impact. The effect of reservoirs on low
flows is mainly detetmined by their operation and
nmmally results in a reduction in discharge below the
reservoir. Direct rut ificial influences on low flows ru·e
discussed in Chapter 10 and include the abstraction of
water from rivers, lakes and grotmdwater, and the dischru·ge of effluents into the channel. Htm1an influences
can also indirectly affect low flows through a change in
land use, such as deforestation, afforestation or urbruuzation, and the impact of global watming on changing
precipitation regimes. or that of temperature increase
on deglaciation. The relationship between hydrological
process and low flows atld the impact of humru1 influences on droughts are reviewed by TaUaksen ru1d vru1
Lanen (2004). For a comprehensive description of
catchment processes, readers are refened to Dingman
(2002).

4.3

Low Oows in diffel'ent hydl'ologicall'egimes

4.3.1 Regime distinction
A monthly streamflow regime may be calculated from
several years of streamflow data (section 3.3) . The
regime illustrates the seasonality of river flows and
hence the typical duration and timing oflow flows . The
following sections illustrate some examples of how
climate-driven seasonal hydrological regimes ru·e modified by catchment processes. This type of analysis
should be undettaken before embarking on a national
or regional low-flow study to ensure that the key processes causing low flows are understood. A distinction
is made betwe.en rain- and snow-donunated regimes
(section 4.2) . The fmmer are further subdivided by the
presence or absence of a distinct annual dry season.
Glacial regimes are discussed separately.
4.3.2 Rain-dominated l'egimes
Climates with no distinct dl'y season
Rivers in tropical or temperate climates with no distinct
dry season are mostly perennial, iliat is, they flow all year.
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The seasonal distribution of rainfall will determine
whether there are distinct low-flow periods. In temperate
climates, the most conunon time for low flows to occw·
is towards the end of the wann season, when dry weather
patterns may persist for several weeks.

hydrograph shows a more pronounced low-flow season
in the swnmer months from May to AugtiSt, when trarlspiration is high and storages are depleted (see also
Figure 4.3(A)), and its quick response to rainfall also
shows a much wider range of daily flows.

Figure 4.4 shows the hydrological regimes from two
small catchments in the Netherlands. The slowly responding Noor brook drains the south-eastern part of a
chalk plateau and has a thick rmsaturated zone and a
multilayered aquifer system with substantial deep
storage. Owing to these large stores, the hydro graph of
the Noor does not show a strong low-flow season (see
also the same watershed in Figtll'e 4.3(B)). The quickly
responding Hupsel is a catclunent where a sandy shallow
(2 to 8 m) aquifer overlies impermeable clay. The Hupsel

Climates with a dry season (tropical and temperate)
Rivers in all climates with a distinct dry season show a
strong seasonality, with the streamflow cycle following
the precipitation cycle. Amplified by high transpiration,
the dry season flows are generally very low, unless the
catclunent has significant aquifer or lake storage.
Streams draining small catclunents will often be dry for
pronged periods. Dry season climates are coll1111only
similar from year to year and, as a result, the interammal
variation in low-flow dischar-ge is dependent primarily
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Figure 4. 5 Tlvo rain-dominated hydrological regimes with
a summer dry season in south-western Canada
(Source: Water Survey ofCanada)
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on the grotmdwater storage at the beginning of the dry
season. Reservoirs (for public water supply and irrigation) are conunon in these regions and significantly
influence downstream river flows.
Figure 4.5 shows the regin1es of t\vo rivers on Vancouver
Island (British Cohnnbia, Canada) . The region has a
Mediten·anean clin1ate with a dry season from June to
September. Owing to the large range of flows, a logarithmic scale is used in the figure (section 3.3).
While Cowichan River (top) has a lake with a regulated
outlet (during the stmlf11er months), San Juan River
(bottom) has no lakes or wetlands in its catchment.
Swnmer average and low flows in the San Juan River
therefore drop to lower levels.
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Figure 4.6 Snow-dominated regimes in British Columbin
(Source: ~ter Survey ofCanadn)

Dry climates
Streamfl.ow in arid and semi-arid clinlates is intenuittent
or ephemeral, that is, the rivers are dry during part or
most of the year. Low-flow studies are ofless relevance
than tmderstanding how occasional flood events recharge
groundwater systems, how water can be conserved and
in estiulating resetvou· yield in iliese systelUS with high
interatmual flow variability (McMahon and Mein, 1978).
4.3.3 Snow-dominate-d regimes
Snow-dominated climates are found not only at high
latitudes, but also in mountain regions worldwide. They
are patt of the headwaters of most lat·ge river systems
which eventually flow through wanner climate zones.
The most in1portant difference of snow-dominated
regimes compat·ed wiili rain-dominated regin1es is that
they do not follow the atmual precipitation cycle given
that precipitation is stored as snow. Low flows therefore
primarily occm during ilie cold season (Figure 4.6).
Streamflow u1creases with rising temperatures and
increasing sno'A'lllelt. A secondary low-flow period can
occur, depending on the precipitation dtu·ing ilie watm
season and ilie meltwater component of flow. In continental interiors and high mountains, vety low temperattu·es dming a long winter n1ay cause soil and swface
water to freeze, resulting in very low base flows.
Although some water usually flows beneath river ice,
in small catchments, or during extreme cold periods,
streanlfiow IUaY cease.
In regions with low relief, or in smallmmmtain catchments, spring snowmelt occurs over a sh01t period of
tilne (days to weeks). In larger motmtainous catchments,
snowmelt gradually migrates from lower to higher
elevations atld produces a longer snowmelt period.
When snowmelt ceases, streanlfiow recedes. The rate
depends on the additional rainfallu1put and the storage
characteristics of the catchment. In the absence of aquifer
or lake storage, a second low-flow period is common.
Figure 4.6 shows examples of two snow-dominated
regimes from the mow1tains of British Colun1bia
in Canada. While the snowmelt peak in both creeks
is vety similar, the recession period in Hedley Creek
(top) is slower. Hedley Creek spatlS a larger elevation
range than Whispsaw Creek (bottom) and water is
released gradually from various storages, mcluding
several small lakes in the basin's headwaters. Therefore,
Hedley Creek does not show the secondaty low-flow
period dtu'illg ilie sUf111ner dry season which is typical
ofWhipsaw Creek. Hedley Creek also maintains a somewhat higher base-flow level durmg the wmter.
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4.3.4 Gladalt·egimes
During the cold season and the transition season, hydrographs from glacierized catchments are similar to those
of snow-dominated catchments. They are dominated by
winter low flows. Spring snowmelt, however, tends to
start later and lasts longer into the wrum season. High
elevations and extensive glaciers delay melting. The
main difference between the hydrographs of glacierized
and non-glacierized catchments occurs after the snow
has melted. With increasing temperatures, glacier melt
increases after the snow has melted from the glacier
smface, while, in a non-glaciated catchment, strerunflow recedes to a secondary low-flow season. Tlus
augmentation of strerunflow during the wann, chy
season depends on the glacier coverage in the catchment (Figure 4. 7). Tl1e regin1e of the Blue River (top)
with only 6 per cent glacier coverage strongly resembles
a snow-dominated regime with a seconda1y summer
Blue River (6% glacier cover)

1971 - 2003

40~------~~----r=============,
mean monthly flow
10th percentile of
35
daily flow

30

low-flow period, wlllle that of Canoe Creek (bottom)
with 25 per cent glacier cover maintains lugh streamflows throughout the slUlllller season. Streanlflow in a
glacierized catchment is generally less variable fi:om
year to year as it is less dependent on the annual variability of precipitation input.
In many mountain regions of the world, low flow caused
by glacial meltwater is an essential water resource. It
is of particulru· impmtance in dty regions in the lee of
motmtain rru1ges (the eastern slopes of the American
Cordillera), or in areas where higli population density
renders glacial meltwater essential (the Himalayas).
Most motmtain glaciers are ctuTently receding, and this
deglaciation is predicted to continue because of global
wanlling. Depending on the climate and glacier histo1y
in a region, meltwater may increase initially as rising
temperatures increase the ablation rate of a glacier. In
the long term, however, the reduction in glaciated area
will lead to a reduction in glacial meltwater (compare
the two regimes in Figure 4. 7) and hence a transition to
a snow- and rain-dominated regime. This may lead to
a reduction in low flows dming the critical chy season.
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LOW-FLOW INDICES

5.

5.1

Low-Flow indices

Introduction

There are a munber of different ways of analysing the
time series of daily flows to produce summary infOimation that describes the low-flow regime of a river. The
proliferation of methods is a result of the following:
(a)

(b)

(c)

TI1e different definitions of a low-flow event.
For example, an event can be expressed as
annual minima, a threshold discharge, the
time during which the discharge is below a.
tlu·eshold (Chapter 8) or the rate of recession;
The different methods of expressing frequency.
The frequency may be expressed as a proportion of time during which a. discharge is exceeded, for example the flow-duration curve
(Chapter 6), or as a proportion of years during
which a given low flow occurs, for example,
extreme value analysis (Chapter 7);
Different dw·ations or averaging periods.
Many applications require infonnation over a.
set period, such as seven or thirty days.

In this Manual, the term "low-flow indices" is used for
specific values derived from an analysis of low flows.
The first two indices in tllis chapter describe tile proportion of base flow in a river and the recession constant.
They are followed by tlu·ee flow statistics, the mean, the
mean annual minima and the 95 percentile exceedance
discharge (Q 95) . Many decisions on the design or management of water resomces are based on these indices.
Examples include using recession analysis for low-flow
forecasting and using Q95 for preliminruy assessment
when establislling water abstraction licences.

5.2
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sustain river flow during extended dry periods. Baseflow indices are generally llighly conelated with the
hydrological propetiies of soil, geology and other
storage-related descriptors, such as lake percentage.
The base-flow index (BFI) is presented below, ru1d a
review of altemative automated separation procedmes
can be found in Nailianand McMahon(1990).
TI1e BFI is the ratio of base flow to total flow calculated
from a hydrograph separation procedure. It was initially
developed in a low-flow study in the Utlited Kingdom
(Gustard, 1983; Gustard and others, 1992) for characterizing the hydrological response of catclunent soils
and geology. Values of the index rru1ge from 0.15 to
0.2 for an impenneable catclunent with a "flashy"
flow regime to more than 0.95 for catclm1ents with
high storage capacity and a stable flow regime. The
index must be interpreted with care, for example, the
BFI is heavily modified downstream of lakes and reservoirs. In tropical climates, the index is influenced
by the seasonal climate regime, and high index values
may be observed downstrerun of glaciers. Exan1ples
of base-flow separation for two United Kingdom
catchments are shown in Figme 5.1.
The calculation procedme is as follows:
(a)
(b)
(c)

Base-flow index
(d)

Hydrograph separation techniques generally divide the
total streanlflow into a quick component and a delayed
component. The delayed flow component, commonly
referred to as the base flow Qb, represents the proportion
of flow that originates from stored sources. A high index
of base flow would imply that ilie catclunent is able to

(e)

Divide the time series of daily flows, Q (m3 /s),
into non-overlapping blocks of five days;
Select ilie mininla of each five-day period, Qm;
Identify the tmning points in tlus sequence of
nllnima (Q,.) by considering, in turn, each
nllnitnum and its neighbouring mininla values.
In each case, if 0.9 x central value::; adjacent
values, then tile central value becomes a turning
point, Q.;
Join tile turning points, Q., by straight lines to
obtain ilie base-flow hydrograph;
Assign a base-flow value to each day by linear
intetpolation between the tm1ling points. TI1e
base flow is constrained to equal ilie obsetved
hydrograph on any day if tl1e base-flow hydrograph exceeds ilie obsetved flow;
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for each year, allowing also the annual variability in the
index to be assessed.
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Figure 5.1 Base-flow separations for an
impenneable (top) and penneable catchment
(bottom) in the United Kingdom

(f)
(g)

(h)

Continue tlus procedme until the complete
time series has been analysed;
The volume of water (m3 ) beneath the separation line (V....) for the period of interest is
simply determined as the sum of the daily baseflow values multiplied by the timespan in
seconds per day. The volume of water beneath
the recorded hydrograph (Vtotal) is calculated
in the same way;
Lastly, BFI is determined as: BFI = V ~>aseNtow'

The BFI is sensitive to missing data (one nlissing day
may result in several days of data being omitted from
the base-flow separation). Therefore, missing periods
should be infilled prior to the calculation (section 3.2).
A detailed example and program for calculating the
BFI can be found in Hisdal and others (2004).
It is reconunended that the base-flow separation be
computed for the entire record to avoid the loss ofsome
days at the strut and end of each year. The period of
record BFI is then calculated as the ratio of the volume
of base flow to the volume of total flow for the whole
period. Annual BFI values can be detemlined by swnnling up the base-flow and total-flow volume separately

The BFI procedme was developed for rainfall regimes
with a typical streamflow response in homs or days.
This is reflected in the choice of parameters: five-day
blocks and a twning point factor of 0.9, which were
detennined by calibration and visual inspection of the
base flow derived from over 100 catchments in the
United Kingdom. In regions with long-duration floods,
for exan1ple lake- or snow-dominated catchments, a.
tunling point nlight be identified in the high-flow period, and the procedure thus fails to provide reliable
results. In this case, as well as for catchments in other
hydrological regimes, a.ltemative parameter values may
be chosen and tl1e BFI calculated for each season separately. Seasonal calculations in1ply shorter observation
periods, and longer records are necessary to obtain
stable values (Tallaksen, 1987).

5.3

Recession analysis

The gradual depletion of the water stored in a catchment dw·ing periods with little or no precipitation is
reflected in the shape of the recession curve, that is, the
falling limb of the hydrograph (Figme 5.2). The recession cwve describes in an integrated ma.rmer how
different catclunent storages and processes control the
river outflow (section 4.2.2). Rivers with a slow recession rate are typically grotmdwa.ter or lake donunated,
whereas a. fast rate is characteristic of flashy rivers
draining impem1eable catcluuents with linlited storage.
TI1e quantification of the recession cwve has proven
usefi.tl in ma.r1y a.r·eas of water resmu·ces ma.r1a.gement,
including low-flow forecasting (section 11 .2.2) a.r1d the
estimation of low-flow variables at tmgauged sites. In
the latter case, the recession rate is nsed as a.r1 index of
catclunent storage, for exan1ple, in regional statistical
procedmes (section 9.3) and rainfall-mnoff modelling
(section 9.4).
The numerical estintation of recession indices involves
the selection of an analytical expression to fit to the
cwve, the detennina.tion of a. characteristic recession
and the optimization of the recession parameters. A
comprehensive review of recession analysis is provided
by Hall (1968) and Tallaksen (1995).
The recession cwve is modelled by fitting an analytical
expression to the outflow fi.mction Q, where Q is the
rate of flow and t time. The time interval .M is nonnally
in the order of days. If Q, is modelled as the outflow
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from a first order linear storage with no inflow, the
recessiOn rate will follow the simple exponential
equation:

Q, = Q0 exp(- t/C)

(5.l (a))

lnQ, = /nQ0 - t/C

(5.1(b))

where Q. is the flow at time t; Q0 the flow at the start
of the modelled recession period (t = 0); and C the recession constant (dimension time). The curve plots as a
straight line of slope - 1/C on a semi-logarithmic plot of
t against lnQ.. The lack offit of equation 5.1 forlong recession segments has led to the separation of the cwve
into distinct components representing the outflow from
a series of linear rese1voirs; commonly two or three
temlS are adopted. Alternatively, non-linear relationships have been sought.
In a lnunid clin1ate, rainfall frequently intemtpts the
recession period and a series of recession segments of
varying duration results (Figure 5.2). The segments
represent different stages in the outflow process and
their characteristics also depend on the particular recession model and calculation procedw·e adopte.d.
Seasonal variations in the recession behaviom further
add to the variability in the recession rate. Steeper recession curves are generally fotmd during periods of
high evapotranspiration in the growing season colll111ensurate with a decline in base flow. The high variability of
recession rates has made it difficult to find a consistent
way to select recession segments from a continuous
flow record. As a result, various procedmes have been
developed to identify and parameterize the characteristic recession behaviour of a catchment. These can be
classified into two main groups: those based on con-

from one hydrological
year 1969/1970;
River Ngaruroro in New
Zealand)

structing a master recession curve (MRC) and those
performing a separate calculation of parameters of
individual recession segments (IRS) . In both cases, the
starting point is to define a set of criteria for selecting
recession segments from a continuous record. It is
common to disregard the first pa1t of a recession period
to exclude the influence of rapid response discharge
following a rainfall event. A fixed or constant sta1ting
value restricts the recession to the range of flow below
a predefined discharge, whereas a variable starting
value can be defined as the flow at a given time after
rainfall or peak discharge. Similarly, the length of the
recession period can be a C011Stant or a varying nwnber
of time steps. A minimwn length in the order of five to
seven days is, however, commonly used. The choice of
recession model and calculation procedure depends on
the pwpose of the study and the natlU'e of the region
tmder study.
The MRC approach tries to overcome the problem of
variability in individual segments by constructing a
mean recession ctuve. In the conelation method, the
data are pooled and the discharge at one time inte1val
(Q._1) is plotted against discharge one time interval later
(Q) and a curve fitted to the data points (Langbein,
1938). If the recession rate follows an exponential decay,
a straight line results and the recession parameter can
be estimated from the slope k, provided that the line is
forced to intercept at (0,0) :

k = Q(Q,- 1

(5.2)

The recession constant C in equation 5.1 is then related
to k as:
C = - LJt 1/n(k)

(5.3)
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More recent applications of the con·elation method plot
the rate of flow change, t:.Qit:.t, against Q. The graphical
analysis of the relationship is often performed by means
of the upper and lower envelope of points, representing
the maxima and minllna observed recession rates, respectively (Brutsaeti and Nieber, 1977). The cotrelation
plot requires highly accurate low-flow measurements,
and the quality of the low-flow data is often a limiting
factor when the time intetval is chosen (section 3.2).
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Figure 53
Histogram ofrecession
length (duration)
(data from Ngaruroro River
in New Zealand)

1. In both methods, a fixed threshold level is chosen,
namely, the starting point of the recession is set
to be the first value below the Q70 threshold, at
least two days after a peak flood discharge.
2. Longer duration segments commonly experience
slower recession rates. The segments are therefore tt1mcated at a given day so as to be of equal
length. F igm·e 5.3 suggests that, for this river, the
fixed length should be less than, or equal to, seven
days (here, seven days are chosen) as there is a
marked reduction in the nmuber of segments for
longer durations.

In theIRS method, the variability in individual recession
segments is explicitly acc.ounted for by fitting a recession
model to each segment. Sample statistics of the model
parameters, for example mean and variance of the recession constant, can subsequently be detenuined to characterize the overall recession behaviour of the catchment.
If a separate model is fitted to each recession segment
by the least squares method, the average slope equals
the arithmetic mean of the individual slopes, provided
that the segments are of equal length; otherwise a
weighted average must be calculated. The weightings
are based on the length of the recession segments
(Tallaksen, 1989). In Figure 5.3, the distribution of the
length (duration) of the recession period below a given
threshold (Q70 is used) is shovm for a daily time series
of st:reamflow for Ngamroro River at Kmi.papango
(New Zealand). In the example, a nllnin1mu duration of
four days is chosen. The distti.bution is clearly skewed
towards higher values with a mean value of 8.4 days.
The modal value is 6 days.

3. In the conelationmethod, the parameter C of the
MRC is obtained by plotting pairs of Qt-1, Q,
values in the same diagram before fitting a
stt·aight line (Figure 5.4). The values are deti.ved
from the set of recession segments selected following the cti.teria in step 1 and 2. The slope of
the cmve equals the recession rate as represented
by k in equation 5.2. Here, k = 0.9602, which
conesponds to a C value of24.6 days (equation
5.3). By limiting the pairs of Qt-1, Q, values in
the cotrela.tion plot to those below a fixed
threshold and of a. given duration, the variability
encountered will be considerably less compared
to using all pairs of Q, < Qt-1• It is therefore not
necessaty to consider envelope cmves in this
case.

TI1e two approaches for calculating recession characteristics, the MRC and the IRS method, are demonstrated
below in a step-by-step tuanner using daily streamflow
data from Nganu·oro River. The data cover the peti.od
1963-1989.

4. In the IRS method, the parameter C of the recession cmve is detelTllined as the mean value of
the C of individual segments. In our example,
cm.., equals 26.6days and as a mea.sw·e of the variability the coefficient of variation is calculated,
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Ccv = 0.92. The individual C values are obtained by fitting the recession equation to each
selected recession segment using the criteria in
step 1 and 2. Tins can be can·ied out using a progranuning tool or a spreadsheet function, for example in Excel.
5. Comparing the results of the two methods shows
that the overall recession rate, C (in days), calculated using the MRC (24.6) and IRS method
(26.6), corresponds well.
In the example above, the data used to detemline the
recession constant originate fiom recession segments
of a fixed length. In low-flow forecasting (at-site analysis), on the other hand, long-duration recessions are the
prin1e interest, and it is important to select the longest
duration segments and an analytical expression that
are able to model the lower end of the recession curve
satisfactorily. Accordingly, more complex equations
are generally required for this ptupose. It is nevertheless important to accotmt for the variability in the
recession rate in the extreme lower range, by providing
an estimate of the w1certainty in the forecasted low
flow (section 11.2). An estimate of the tulcettainty (for
example, standard eiTors or confidence limits) can be
detenmned by analysing the flow variability at a given
munber of days fiom the start of the recession forecast.
In a regional study where the recession characteristics represent storage properties, it is the speed with which the
low flow is reached that is important (Tallaksen, 1995).
Accordingly, a simple expression is often sufficient to
map regional differences, and both the IRS and MRC
method can be applied using a fixed threshold level and
recession length. In both cases, seasonal variations can

7-day duration
(data from Ngaruroro
River in New Zealand)

be accounted for by limiting the analysis to data from
only the season of interest.
5.4

Low-Oow statistics

5-4.1 Mean Oow
The mean flow is one of the most commonly used
statistics in hydrology and water resources planning.
It can be estimated from a tin1e series of gauged data
by stunming all daily discharges and dividing by
the number of days in the record. It is nomlally calculated for complete calendar or hydrological years of
data (section 3.2). It can also be calculated for specific
months or seasons.
5.4.2 Ninety-five p ercentile Oow: Q 95
Tllis is one of the most coll1111on low-flow indices used
operationally and is defined as the flow exceeded for 95
per cent of the time. It can be detemuned by ranking all
daily discharges and finding the discharge exceeded by
95 per cent of all values. Chapter 6 describes in detail
the 95 percentile exceedance discharge fiom the flowduration ctuve. Q95 can also be derived from individual
months, for groups of months or any specified periods.
Other percentiles can similarly be derived fi:om the
flow-dw·ation curve.
5-4.3 Mean annual minima: MAM (n-day)
Ammal minima can be derived from a daily flow series by selecting the lowest flow eve1y year and the
mean of the minima calculated. Minima of different
durations can be detemlined, with 1, 7, 10, 30 and 90
days being conunonly used. The annual minima can
be used to determine a distribution function for estimating the frequency or rettun period of low flows
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(section 7 .5). In temperate climates, the mean annual
7-day minima. is numerically similar to Q95 for most
flow records.

5.5

Operational applications

The BFI has been used primarily as a general index of
catchment response. It has had its widest application in
regional low-flow studies in the United Kingdom
(Gustard and others, 1992), where it is now routinely
calculated for over 1 000 gauged records published in
the United Kingdom National Water Archive (CEH,
2003). The BFI has also been used to classify the hydrological response of soil types for regional flood studies
(Boorman and others, 1995). Furthe1more, it has been
implemented as a general catchment descriptor for
hydrological modelling (Chapter 9), as a tool for selecting analogue catchments, and for estimating annual
and long-tenn groundwater recharge. The BFI has been
used not only in the United Kingdom, but also in lowflow studies in mainland Europe, New Zealand. Southem
Africa. and the Himalayas. It has also had extensive use
in Canada (Piggott and others, 2005), where it has been
mapped in supp01t of regional low-flow studies and
used to map recharge and discharge zones, to investigate
the impact of climate change on groundwater resomces
and also to relate flood response to soil type.
Recession indices are primarily nsed to give a lower
bound to forecast (section 11.2) future flows 5, 10 or
30 days ahead. It is assumed that there is no significant effective rainfall contributing to streamflow during this period. Tlus is often valid for catchments
with a distinctive dry season, streams draining permeable catchments or, for example, in the dry season
downstream of glaciers.
The mean flow provides an estimate of the total water
resomces available and is a key variable in all water
resomces assessment investigations. It is also used for
initial investigations for nm-of-river hydropower
schemes when a percentage of the mean flow and the
available head are used to give an estimate of the
potential generating capacity of the scheme.
Low-flow statistics provide a valuable estimate of the
conditions experienced dtui.ng the dry season. For rapid
assessment of the availability of water for abstraction
in temperate regin1es, simple flow statistics such as Q95
are often used to assess the amotmt of water available
at low flows. For public water supply, a constant ab-

stra.ction is often required, perhaps with seasonal variability. A second common application of both Q95 and
the mean of the 7- or 10-day annual minima is that of
inigation scheme design. This involves estimating the
potential area that can be irrigated by the supply river
for schemes without storage. If there is a seasonal
variability in irrigation demand, then flow statistics can
be detemlined for specific months or groups of months.
For prelimina1y design, Q95 is also used to assess the
availability of water for the dilution of industrial or
domestic effluents. Water quality models based on the
rate and quality of the effluent and the flow and quality
of the receiving stream are used to detemline the frequency distribution of downstream water quality. Some
of the above applications are described in more detail in
Chapters 6 and 12.
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THE FLOW-DURATION CURVE

6.

6.1

The Flow-Duration curve

Definition and det·ivation

The flow-duration cmve (FDC) is a graph of river discharge plotted against exceedance frequency and is
nom1ally derived from the complete time series of recorded river flows. It is simple to construct and used
in many different water resources applications over the
entire range of river flows. The construction is based
on ranking the data (nom1ally daily discharge) and calculating the frequency of exceedance for each value.
It effectively reorders the observed hydrograph from
one ordered by time to one ordered by magnitude. The
percentage of time that any particular discharge is exceeded can be estimated fi:om the plot. Specific percentiles from the curve, for example, the flow exceeded for
95 per cent of the time, are often used. Comprehensive
reviews of the FDC are given by Vogel and Fennessey
(1994, 1995) and specifically in the context oflow-flow
hydrology in Hisdal and others (2004).
Figure 6.1 shows an example of the FDC for the
Drammenselv at Fiskmu in Nmway. This FDC was
detemlined using the following steps and an Excel
spreadsheet:

(b) The FDC is constructed following the calculation
steps given in the right-hand side of the table:
(i) The rank (i) (third colunm) of each value is
calculated (using an automatic rank function
in Excel) by smting the values in descending
order, where the ith largest value has rank i
(that is, the highest discharge has rank 1 and
the lowest rank 3653);
(ii) The exceedance frequency EF0 is calculated
as:

EQi = i /N

This gives an estimate of the exceedance frequency of
the ith largest event. EF (fourth cohunn) is the observed
0
frequency when the flow, Q, is larger than the flow value
with rank i, Qi (Chapter 7 provides details of plotting
position fmmulae);
(c) Tabulation of the FDC :
(i) Corresponding values of streamfl.ow (Q in
m 3/s, second column) and exceedance frequency (EF0 in per cent, fomth coltullll) are
tabulated;
(ii) The two coltulllls are so1ted by EFQ; (using an
automatic smt function in the spreadsheet);
(d) FDC plot: The sorted coltulllls are then plotted
(Figure 6.1). The discharge axis is logarithmic (a
standard option in the spreadsheet), enables a wide
range of flows to be plotted and ensures that the
low-flow range is clear on the graph;
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Figure 6.1 FDC for the Drammenselv at Fiskum in Nonvay

(a) Ten years of daily data are used. The total number
of days and flow values, Q, are then 3653. Table 6.1
lists the first ten dates (first column) and con·esponding flow values (second cohullll);

(e) Selected exceedance values: As an example, let us
estimate the discharge corresponding to the 90
percentile (Q~. This can be read from Figure 6.1.
Altematively, a sample of values in this range is
shown in Table 6.2, and the 90 percentile flow value
is estimated as 0.058 m3/s. If the required frequency
is not given exactly, values can be obtained as the
value of Q COITesponding to the largest value of
EFQi that is less than, or equal to, the required value
of. EF Altematively, if there are large differences
0
between successive values, a linear inte1polation
can be used.
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Table 6.1 Calculation of a daily FDC for
Drammenselva at Fiskum in Norway

Data (10-yearseries)

Calculation of FDC

Date

Streamflow
(m3/s)

Rank,i

Exceedance
frequency EFQi (%)

1 Jan 1991

0.0083

3641

0.9967

2Jan 1991

0.0095

3637

0.9956

3Jan 1991

0.0081

3642

0.9970

4Jan 1991

0.0056

3644

0.9975

SJan 1991

0.0039

3646

0.9981

6Jan 1991

0.0019

3650

0.9992

7 Jan 1991

0.0027

3649

0.9989

6.2

Drammenselva at Fiskmn has a distinct winter low-flow
period because of precipitation being stored as snow.
Table 6.1 shows that the first seven flows in January
1991 all have high exceedance frequencies and cotresponding very low flows.
This chapter illustrates different methods and issues
relating to the derivation of FDCs from a daily flow
record. Example data series are used, and Table 6.3
provides smnmary information about their catchments.
The record length required to determine FDCs with an
acceptable sampling error will depend on the natm·al
flow variability. In temperate climates, a 10-year period

Table 6.2 Extract of values corresponding too..
E~a (%)

Q (rnl/s)

89.98

0.0580

90.00

0.0579

90.00

0.0579

90.06

0.0578

or more is recommended. However, in most cases, it is
better to estimate the FDC based on one or two years
of record rather than to estimate it based on regional
hydrological models. It is nonetheless impot1ant to be
aware of the fact that the uncertainty in the FDC will
decrease as the record length increases.
Standardization

To in1prove the readability of the cmve, discharge is
usually plotted on a logarithmic scale (Figtu·e 6.1) and
in some countries a nonnal probability scale is used
for the horizontal fi·equency axis (Figttre 6.2). If the
logarithms of the daily mean flow were nom1ally disttibuted, they would plot as a straight line with this lognonnal transformation. This is approximately the case
for many flow regin1es, and such a scheme can enhance
the ease of intetpreting the cmve and comparing cmves
fi·om different catclunents or different tin1e periods. If
log-nonnal graph paper is not available, it is possible
to consttuct the cmve by transfonning the exceedance
frequencies using the standard notmal probability distribution function.
The FDC is fi·equently used to compare the regime of
different basins and tlus is made easier by discharge
standardization by tlle ratios of the average or median
flow, or as flow per mut area. For example, Figme 6.2
shows the FDCs of two contrasting Btitish rivers with
the discharge on the vertical axis expressed as a percentage of the mean flow. The shape of the FDC reflects
the combined effect of physiographic and climatic influences on tiver flow, and hence the catchment response.
A time seties with low variability is reflected in a flat
cmve typical of flow from a permeable catchment
(Figure 6.2, Lambomne), or one with a strong regulatoty
influence caused by lake storage.

Table 6.3 Catchment and discharge characteristics for catchments with FDCs in Figures 6.1-6.4
River

Station name

Area(kJnl)

Average annual
precipitation (mm)

Mean flow

Q,.(lls1Jan2)

(Vs/kJn2)

Drammenselva (Norway)

Fiskum

50

800 - 850

15.8

05

Nigardselva (Norway)

Nigardsbrevatn

66

2000 - 4000

96

2.1

Honokohau, Hawaii (USA)

Maui

11

na

98

31

lambourne (UK)

Shaw

234

805

7

2.2

Arroyo Seco, California (USA)

Soledad

632

800 - 865

8

0

Beult(UK)

Style Bridge

277

690

7

0.2

M~na

M0svatn

1498

800 - 1000

33

1.1

(Norway)

na: not available
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A curve with a steep gradient has a high variability of
daily flows and is typical of an impenneable catchment with little storage and a quick response to rainfall (Figme 6.2, Beult).
flow['lf.MFJ

1000
500.0

100.0

The FDC can also be valuable when studying the effect
of antluopogenic influences in a catchment. Figure 6.4
shows the FDCs derived from the observed and naturalized (section 3.3.4) flow series downstreatn ofM0svatn
in Norway, which is regulated for hydropower production. The antluopogenic impacts are large: floods ru·e
reduced, and for more than 80 per cent of the time the
flow varies between only 20 and 80 m 3/s; but, in this
case low flows are not substantially changed.
Comparison of FDCs is also useful for selecting analogue catchments (section 9.2). If the FDC based on
one or two years of record corresponds well with the
FDC of a nearby catchment with a long and high-quality
record, it can be assumed that the catchment and flow
chru-acteristics of the two dt-ainage ru·eas are similar.
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Figure 6..2 FDCs for contrastingflow regimes; Lamhourne
(black): penneable catchment; Beult (grey):
impenneable catchment (Source: WHS Hydro Tools)
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Figme 6.3 gives examples of FDCs from different climatic regions (Chapter 4). The Honokohau River at
Maui (Hawaii) is in the tropics with a wrum and humid
climate where convective precipitation dominates atld
there is no distinct dry season. The FDC shows that this
river is perennial, has a rather large vru·iability in river
flows and high low-flow values. For the temperate
swnmer dty clin1ates, for example, the AIToyo Seco at
Soledad, Califomia, precipitation shows high interannual
variability, and in some yeat-s the river may nm dry for
several months. Tllis is reflected in the steep FDC
showing that about 15 per cent of all days have zero
flow. The River Lambotune gauged at Shaw, in the
United Kingdom, is located in a temperate maritime
climate without a distinct dry season. Despite having
vety low effective rainfall in the summer due to high
evaporative losses, the FDC shows that there is little
variability in the streanlfiow. This is because summer
low flows are supported by the outflow from a major
aquifer maintaining base flow.
Nigru·dselva at Nigru·dsbrevatn in Notway has a cold
climate with no distinct dry season. TI1e catchment has
75 per cent glacier coverage and, following a snowmelt
flood in the early summer, melt water from the glacier
contributes considerably to the late summer flow. Tl1e
FDC is rather steep, reflecting lligh-flow vru·iability
with high snowmelt floods atld low-flow in the winter
when precipitation is stored as snow atld ice.
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Figure 6.3 FDCs for different river-flow regimes
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Figure 6..4 FDCs for the flow from M11svatn in Non.,IGy;
naturalizedflow (solid line) and regulatedflow
(dotted line}

6.3

Durations and seasons

In the exatnples given in 6.1 and 6.2, the FDC is based
on daily data. For some applications, it may be of interest to estimate the propottion of, for example, 10-day
periods when the average discharge is greater than a.
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certain value. These curves can be detennined by nmning a moving average filter of the appropriate duration
through the series prior to constructing the FDC. A range
of different durations, for example 7, 10, 30, 60 days,
can be used. TI1e longer the averaging period, the less
steep the FDC, and this smoothing effect will be greatest for the most variable hydro graphs. Although FDCs
based on average daily flows are used most commonly,
it is possible to construct them fi:om mean monthly or
mean annual flow data. Mean da.ily data will have much
steeper curves than those derived from longer time resolution data. For low-flow investigations, cmves based
on monthly or annual mean flows are less useful, because
the extreme flows are lost in the averaging process.

53

6.5

Applications of the FDC

6.5.1 Wate1· l'e.sout'ces management in
England and Wales
The FDC is a key tool for the sustainable management
of water resources (Figw·e 6.5). The management of
abstractions nom1ally requii·es estimating the FDC
from gauged data or, at tmgauged sites, from statistical
or siinulation models (Chapter 9) ofthe following:
(a)
(b)

(c)
FDCs are nonnally derived from the total period of record, but tllis does not provide infmmation on tile yearto-year variability of curves, or the uncertainty in estimating the FDC from a given record length. Vogel and
Fe1messey (1994) suggest constmcting separate FDCs
for each year and then computing the median flow associated with each exceedance probability. The result is
an FDC less influenced by the period of record. Based
on these annual FDCs, it is also possible to constmct
confidence inte1vals and assess the uncertainty of the
estimated median FDC. FDCs may be dete1mined for
paxticular periods (defined by days, months or a group
of months) of the year. For example, for liTigation abstraction, the growing season for a specific crop type
may define the most appropriate period for analysis.
6.4

The natural regime;
The histoi'ical regime which includes the inlpact of abstractions and dischax-ges returned to
the river;
A target regiine that maintaii1s the ecology of
the river at an acc.eptable level.

Detemllning tilese FDCs (Figlll'e 6.5) enables tile regulatory authority to estiinate an "abstractable vohm1e"
and a "hands-off flow". The abstractable volmne is the
ma.xllmun vohnne of water that can be abstracted fi'om
the river without resulting in an unacceptable deterioration in ut-stream ecology or an adverse in1pact on
downstreaill water users. The hands-off flow is the dischax·ge at which abstraction must cease. For exaillple,
in England and Wales, the management of abstractions
is legally binding ax1d controlled througl1 a licence to
abstract water, which limits the total ammmt of water
abstracted, the maxinullllrate and the time frame (usually seasonal).

Pel'centiles as low-Oow indices

Low-flow percentiles from the FDC are often used as
key indices of low-flow (Chapter 5), for exaillple, the
95 percentile flow, or Q95' the flow that is exceeded for
95 per cent of the period of record. This discharge will
be exceeded on average for 18 days per year and is a
useful general index of low-flow. The percentile used
as a low-flow index depends ve1y much on the type of
river being studied.
For pererulial rivers, Q90 or Q95 ax·e typically applied.
In senli-arid or polax· regions, a larger percentage of
zero values is often fotmd in recorded flow series. If,
for example, the river has zero flows for 50per cent
of the tin1e. useful percentiles with non-zero discharges will be much higher, for exaxnple Q40 or Q30• If the
difference in dischax-ge between different percentiles,
for example, Q95' Q90 and Q70 , is small, this indicates a
flat FDC typical of a river with a low vax'iance in daily
flows.

Abstractable volume

"Hands-off" level

0

Time equalled or exceeded

100%

Figure 6.5 River abstraction concepts based on the FDC

Water resow·ces management at the catclllllent level in
England and Wales is undertaken by the Envirorunent
Agency through the Catclllllent Abstraction Management
Strategies (CAMS), as reported by the Agency in 2002.
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There are 129 CAMS areas in England and Wales. Each
catchment is divided into Water Resource Management
Units, comprising the surface waters upstream of a specified assessment point and the associated Grotmdwater
Management Units. With regard to the ecology of a
river, an assessment is made of the sensitivity of each
river reach to abstraction. A naturalized FDC for the
river is produced and used with an "environmental
weighting" for the river in order to detemline the ecological river flow objective (ERFO), in tetms of a target
FDC. TI1e methodology seeks to retain a range of flows,
rather than a single nlininunn flow. Comparing the
actual FDC (asswuing that the maximmn pennitted
licensed abstractions are occt111'ing) with the actual
abstractions (usually much less), allows the river to be
divided into one of four categories: water available, no
water available, overlicensed or overabstracted. (further
details are given in the case study in Chapter 13). The
difference between the naturalized FDC and the ERFO
curve provides a basis for estimating the amount of
water that can be licensed for abstraction.
6.5.2 Public water supply
TI1e requirements for low-flow information for water
supply normally fall into two categories: those with reservoir storage, and those without. For river systems
without storage, the FDC is commonly used for the
preliminary design of simple abstraction schemes in
order to estimate the percentage of the time that a given
abstraction can take place. Following an initial feasibility study, a more detailed sinmlation of the hydrology
and resources system will be can'ied out. However, for
small local abstractions, the FDC may be sufficient for
creating the final design.
6.5.3 Agriculture
The pt'imary application of water for agricultural use is
to supply water for in·igation. A key element of the
planning for proposed schemes is an assessment of water
availability for defuling the potential area that can be
in'igated by the supply river. The assessment is can'ied
out by identifying the ct'itical pet'iods of the year, as
detemlined by the seasonal itrigation demand for different crops. Itrigation demand is calculated for each period and crop type fi:om rainfall, evaporation and crop
water requirement data. To accotmt for water losses
associated with water supply inefficiencies, itrigation
demand is multiplied by an efficiency factor to calculate
the diversion requirement.
These are calculated for each phase of the cropping
calendar, nonnally expressed as a diversion requirement

per hectare of it1'igable crop. Seasonal FDCs can then
be used to compare potential demand with available
water.
6.5.4 Fish farming
ill England and Wales, the abstraction of water fi:om

rivers for fish fanning requit·es a licence. Tins often involves the analysis of FDCs at gauged and ungauged
sites to detemline how much water can be abstra.cted.
Although flow-frequency analysis may be used to detennine a licence, this is normally stated in flow units.
This helps the abstractor to understand and comply
with the licence. Although the following is an example
of a licence to abstract water for a fish fann, the principles apply to licences for other pwposes. ill the given
example of a fish farm (Figure 6.6), the licence states
the following:
(1)

When the flow is at, or greater than, 0.130m3/s,
atninimum flow of 0.030 m3/s shall remain in
the watercourse below the abstraction point.

(2)

When the flow is less than 0.130 m 3/s, a minimwn flow of 0.010m3/s shall remain in the
watercow·se below the abstraction point.

TI1ese conditions are set once the environmental itupact of the abstraction and the potential itnpact on
dovvnstream abstractors have been considered.

Figure 6..6 Location offish farm and gauging station

Havit1g set the licence conditions, a second issue is that
of ensw·ing that the minimun1 flow is always maintained below the abstraction point during the two different
flow conditions. It is prohibitively expensive to install
a gauging station at tlus (and many other) abstraction
location. The gauging station discharge equivalent to a
flow of 0.130 m3/s at the fish fanu was calculated by

ss
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relating spot flow measmements (Chapter 9) at the fish
faun to the measmed discharge at a nearby gauging station (Figure 6.6). The FDC at the gauging station was
used to ensure that an adequate range of flows between
Q6 and Q60 was measured at the fish fatm. The spot flow
measmements at the fish fatnl were then regressed
against the daily mean flow at the gauging station. TI1is
enabled the prescribed flow at the fish fann to be convetted into an equivalent flow at the gauging station,
and tlus was used as a further condition of the licence
that read:
"It should be noted that a flow of 0. 130 m3/s [at the ab-

straction point] is equivalent to a flow of 1.454m3/s in
the river at the Agency's Gauging Station. TI1e Licence
Holder shall request river flows at the Gauging Station
from the Agency at relevant flow levels to ensme compliance with the conditions (1) and (2) above."
6.5.5 Wate1· quality
The FDC is also used to estimate the dilution of domestic or industrial discharge destined for a river. Legal
consent is frequently required to dischru·ge a pollutant
into a river. Water quality models based on the rate and
quality of the discharge and the flow atld quality of fue
receiving strean1 are used to detennine the frequency
distribution of downstreatn water quality. The cumulative distribution fi.mction of receiving river flows or Q95
ru·e the most commonly used flow variables to simulate
downstream water quality distributions and to determine ilie constraints on a dischat-ge consent. Tins planning or design application contrasts with the real-time
application of assessing the in1pact of specific pollution incidents, for exan1ple, an oil discharge following
an industrial accident. Flow rates ru·e then required to
estimate the dispersion rate and travel time. The latter
is required to watn public water-supply abstractors
downstream to stop abstracting.
6.5.6 H ydropower and conventional p ower
Small-scale hydropower schemes generally have no artificial storage and thus rely entirely on ilie flow conditions
of ilie river to generate electricity. In small-scale hydropower design, the conventional method for describing
the availability of water in a river is the FDC. The design
must accommodate fluctuating power demands and protection of downstream abstractors' interests and ecosystem health. A case study of small-scale hydropower
design is presented in detail in Chapter 12. The FDC is
also used in ilie design of more complex lru·ge-scale
hydropower systems involving reservoirs, lake impoundments and major river diversions between catchments.

In Notway, ilie Nmwegian Water Resources and Energy
Directorate, an agency of fue Ministty of Petroleum
and Energy, is responsible for lic.ences to regulate rivet-s
and btllld hydropower plants. lnlportant hydrological
infotmation that must be included in a licence application concerns ilie low-flow conditions, including
estimates of Q95 for ilie summer season (1 May- 30
September) and winter season (1 October- 30 April).
As an example, the Directorate received a request for
hydrological infmmation on the River Flisa from a hydropower developer. TI1ere was a daily flow record for
the period 1917- 2005 from a gauging station at
Knappom (catchment ru·ea of 1 625 km2) . TI1e catchment has a cold clinlate with two low-flow periods: one
in the winter cattSed by precipitation being stored as
snow, and one in the SU111lller caused by low net rainfall
(precipitation nlinus evaporation). There is a snov.'Illelt
flood in the spring and a second high-flow period in the
autumn caused by high rainfall levels. TI1e FDCs for
the summer and winter season were calculated separately based on the whole period of record (Figme 6.7).
The Q95 for the winter period (2.21/slkm2) was lower
than Q 95 for the summer period (3.0 l/s/km2) . These
values were used to detetmine the residual flow requirements in the licence.

The FDC is also used to estinlate tl1e frequency of tl1e
availability of cooling water for large thennal (coal, oil,
gas, nucleru·) power stations. Low-flow design seeks to
ensme that sufficient cooling water is available and that
the increase in downstream water temperature, due to
the retum of wrumer water to the river, does not damage
aquatic ecosystems.
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Figure 6. 7 FDCs for the summer season (dotted line) and
winter season (solid line) for Flisa at Knappom in
Nonvay

6.5.7 Navigation
River systems provide au important transport facility
for both industrial and leisure navigation. Navigation
is intem1pted during periods of low-flow because the
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water depth in natural river systems cannot accommodate vessels and the water available is insufficient
to supply the upstream and downstream movement of
vessels through locks. If the discharge at critical navigation points is converted into a water depth, then the
FDC can be used to estimate the percentage of time
that the river is below a given depth. This enables the
fi:·equency of intenupted navigation for different sized
vessels to be estimated and proposals can be made for
improved channel design or dredging.
6.5.8 Ecosystt>m pl'ott>ction and amt>nitit>s
Ecosystems are at their most vulnerable at times of lowflow because of a reduction in habitat availability, water
temperature extremes, reduced dissolved oxygen, a
deterioration in water quality (caused by reduced effluent
dilution) and habitat fragmentation (caused by natural or
artificial batriers to fish movement). A rat1ge of modelling techniques can be used for predicting and mitigating
the impact of low flows on freshwater ecology. They
range fi:·om simple methods based on low-flow indices
often known as "standard-setting" methods to more
complex habitat models. Percentiles fi:·om the FDC can
be used to set a mininunu flow in a river so that, when
the dischat-ge falls below this level, abstractions should
cease (or be reduced) . In addition to supp01ting complex

ecosystems, rivers ru·e natural assets for sport and recreational activities, such as cat1oeing, fishing, omithology
atld walking. Ensuring adequate water depth and/or velocity, even when flow rates are very low, can artificially enhance the natural attra.c tion of such sites. The
inlpact of all the above-mentioned abstractions on ecosystems and atnenities would be a key component of a
water resources study.
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EXTREME VALUE ANALYSIS

7.

7.1

Extreme value analysis

Tl1e procedtu'e is demonstrated using the Weibull distribution for estimating the T-year event for the two
example catchments (section 7.8). Tl1e chapter closes
with a brief introduction to regional fi:equency analysis
(section 7.9). For a more general and detailed presentation of frequency analysis in hydrology. the reader is
referred to Haan (1977), Stedinger and others (1993)
and Tallaksen and others (2004). Frequency analysis
of low flows is more specifically covered in the lowflow review by Smakhtin (2001) and the Institute of
Hydrology (1980) report on low-flow prediction at the
ungauged site.

Introduction

Most statistical methods are concerned with what
happens in the centre of a distribution and seek robust
methods that can adequately describe a dataset without
being overly influenced by extreme values. There are
situations, however, where the extreme values are the
prime interest, as is the case for minima values in lowflow analysis. Estimates of the probability of occurrence oflow-flow events can be derived from historical
records using frequency analysis. The chapter starts by
presenting two example Australian catchments and
their low-flow data (section 7.2). Tllis is followed by a
general introduction to the concepts of frequency analysis (section 7.3), which involves the definition and
selection of the type of hydrological event and extreme
characteristics to be studied (section 7.4), the choice of
probability distribution (section 7.5), the estimation of
distribution parameters (section 7.6) and, lastly, the
calculation of extreme quantiles or design values for a
given problem (section 7.7).

7.2

Example data for at-site low-flow
frequency analysis

In this chapter, two gauging stations from Eastern
Victoria in Australia, namely, the Nicholson River at
Deptford (Station 223204) and Timban·a River at
Timbru1·a (Station 223207), are used to illustrate the
calculation procedw-e for at-site low-flow frequency

Station 223207
Station 223204

Station 223204

o Monthly minimum f low

• Mean monthly f low

Station 223207

300

.,>-

• Mean monthly ftow

300

250

.,>-

250

~

200

~

200

0
0

150

0
0

150

E

o Monthly minimum ftow

E

~ 100

~

50

100
50

0

0
Jan Feb Mar April May June .klly Aug Sept Oct f\bv Dec

Jan Feb Mar Apri May June July Aug Sept Oct f\bv Dec

Figure 7. 1 Location ofe:mmple catchments in Australia and their hydrological regime
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analysis and have catclunent areas of 287 km2 and
205 km2 , respectively. Both catclunents are located at
altitudes higher than 500 m .a.s.l. and are mainly covered
by tall forest trees. The geology underlining the catchments are known as Palaeozoic igneous and metamorphic rocks.
The location of the two catclm1ents is shown in Figme
7.1, along with plots depicting the hydrological regime
of each station. The seasonal variation in mean monthly
flow and monthly minimum flow shows that the lowest
flows are found in late swlllller (Janruuy- March) for
both stations. In om example, annual minima 7-day
(AM(7)) series (section 7.4. 1) are detennined for a
hydrological year starting on 1 August. Only Station
223204 experiences zero values (twice in the observed
record). The derived low-flow values are listed below
for Station 223204 and 223207, covering the period
1963 - 95 (n = 34 years) and 1959- 83 (n = 25 years),
respectively. Values are in 1 000m3/d (equivalent to
m 3/s if divided by 86.4).
Station 223204: 8.0, 13.0, 2.0, 2.7, 9. 1, 0.0, 0.7, 21.6,
35.1, 12.7, 1.3, 9.1 , 26.0, 22.7, 21.3, 7.9, 23.0, 6.0, 3.1,
4.1, 0.0, 4.9, 2.3, 12.4, 4.4, 2.1, 3.1, 7.6, 9.0, 9.0, 20.4,
13.6, 3.3, 10.3

fx (x) =

dF~x)

(7.2)

The relation between f(x) and F(x) is shown in Figme 7.2,
where F(x), the non-exceedance probability, equals the
area under the cwv e for X ~ x. The total area covered
by f(x) is 1.
An explorat01y data analysis, including a graphical
display of the data, is generally recoll1111ended before
petfomting a statistical analysis, as it might reveal
and help to explore impottant characteristics of the
time series. In Figme 7.3, the AM(7) flow values (in
m3/d) for Station 223204 are plotted for each year in
the record (data from Figw·e 7 .2). The plot provides
i.nfollllation on extreme values in the sample and their
time of occwr ence, possible trend in the series, spurious data, and so on. Although no clear trend can be
identified in the data series in Figme 7.3, a sequence of
wet and dty periods can be obsetv ed, that is, rather high
low flows are found in the 1970s, indicating wet conditions as compared with the dtyer values in the 1960s
and 1980s.
f(x)

Station 223207: 27.3, 38.0, 72.9, 53.6, 45.7, 37.0, 2 1.7,
36.6, 43.1, 12.6, 20.7, 66.7, 76.6, 53. 1, 15.7, 66.6, 78.0,
53.1, 62.6, 40.7, 51.6, 23. 1, 23.4, 23.0, 6.0
7.3

Intl'oduction to fl'equency analysis

Statistics are concemed with methods (estinlators) for
making conclusions about the propett ies of the population (true value) based on the properties of a sample
drawn from the population. A given characteristic, for
example, the mean value, computed by an estimator is
called a sample estimate or statistic and is cotlllllonly
denoted using the hat symbol (").
Let X denote a random variable, and x a real nwnber.
The cumulative distribution function (cdf):
Fx (x ) = Pr{¥ ~ x}

(7.1)

designates the probability P that the random value X
is less than or equal to x, namely, the non-exceedance
probability for x . The probability density function (pdf)
is the derivative of the cdf and describes the relative
likelihood that the continuous random variable X takes
on different values:

X

X

Figure 7.2 Probability density function, f (x), and nonexceedance probability, F(x)

The range of values observed within a sample can be
displayed in a histogram, a plot of bars showing the
fraction of the total sample which falls into different
class intetvals. The histograms of the low-flow series
from the two Australian catchments reveal clear differences between the two stations (Figme 7.4). Station
223204 experiences zero values and the series is skewed
towards higher values as compared with Station 223 207,
which has a more symmetrical distribution and thus
lower skewness. SU1lll11ary statistics such as the mean,
standard deviation and skewness can be used to describe
samples of a population (section 7.6.1). If the true distribution of the population is known, the sample statistics
can be compared to the theoretical values (section 7.8).
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A probability plot is a special form of the quantile plot
or flow-duration cUI'Ve (section 6.1). The values are
ranked similarly to the quantile plot method; however,
instead of plotting the observed frequencies, the observations are now assUllled to be independent and a
probability is assigned to each value by using plotting
positions (Cunnane, 1978).
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Generally, plotting positions that attempt to achieve
unbiased quantile estimates for different distributions
can be written as follows:
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where P; is a plotting position that gives an estimate of
the non-exceedance probability of the ith smallest event
and n the total nUlllber of events. Since it is not known
if the largest or smallest population value is contained
in the sample, plotting positions of 1 and 0 should be
avoided.

Figure 7.4 Histogram of the AM(7) flow for the Nicholson
River (top) and the Timban-a River (bottom)
(values are in 1 000m1/d)

••

2000

Figure 7.3
Time series of the AM(7)
flow for the Nicholson
River (Station 223204)
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90.00

Figure 7.5
Probability plot
(empirical quantiles) of
theAM(l) flow for the
Nicholson River (Station
223204) and the Timbarra
River (Station 223207)
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A well-known example is the Weibull fommla (a = 0 in
equation 7.3), which gives an unbiased estimate of the
non-exceedance probability for all distributions and is
therefore often recommended (for example, Haan,
1977; Stedinger and others, 1993). In the probability
plot in Figure 7.5, the Weibull fommla is used to determine the empirical distribution of the sample low-flow
series of the Australian catclunents. Probability plots
are conunonly used to compare sample data (empirical
quantiles) to a theoretical distribution (distribution
quantiles) as demonstrated in 7.8.

7.4

March), but the lowest flow can occur at any time of the
year. There is, however, no ne.e d to split the events by
season given that they originate from the same cause.
Seasonal calculations are typically needed in regions
with a seasonal snow and ice influence, as well as in
regions with a marked wet and dry season (for example,
monsoon climates). The low-flow time of occw1·ence
will then be distributed in one or two clearly defined
seasons.

Extreme value selection

For frequency analysis purposes, the data must be independent and identically distributed. Identically distributed (or homogeneous) implies that the data selected
should be fi:om the same population, that is, the same
generating processes have caused the extreme events.
Independent events have no serial con·elation (shOitrange dependence) or long-term trend in the time series
(stationary flow regime). The presence of serial con·elation in the time series is often refen·ed to as persistence
and occw-s as a result of a memory in the hydrological
system caused by large storages, such as exten<;ive
groundwater reservoirs or lakes. Persistence influences
precision in the estimated statistics because the series
contains less infonnation as compared with a series of
independent observations (for example, Tallaksen and
others, 2004). Time series that are independent and
identically distributed have the same population characteristics independently of tin1e, that is, there is no
seasonality in the series.
A pronotmced seasonality implies that different types of
weather conditions and hydrological processes dominate
in different seasons (section 4.3). For exan1ple, in snowand ice-affected regions, although low streamfiow may
occw- during the winter and summer, it will be caused
by different processes, that is, the data are non-homogenous. If the data can be divided into separate subsets,
such as by calendar date, one extreme value series can
be obtained for each season (process), and a frequency
analysis can be perfonned for each series separately.
Alternatively, a mixtw-e of two distributions may be
applied; however, moment expressions for mixed distributions tend to be complicated (Hosking and Wallis,
1997). A simple plot showing the tin1e of occurrence of
the extreme events selected for analysis can be useful
to identify seasonal patterns, as demonstrated in Figtu·e
7.6 for Station 223204. In this river, the majority of
events occw- dw-ing the summer months (December to
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Figure 7. 6 Time of occu1rence of the AM(7) flow for the
Nicholson River (Station 223204)

7.4.1 N-d ay minima
The most cormnon approach to selecting extreme events
from a time series is the armualminimwn or maximlllll
series (AMS) method. The AMS method is a special
case of the block minima (maxima) model, which selects
the smallest (largest) events within each time step, ~t.
In the AMS, the block size selected is one year. Alternatively, it is possible to select the r-smallest (independent) events in each time step of equal size (block),
for example, the two smallest events each year or evety
two years. However, the asslllllption of independent
events argues for the use of a block size of at least one
year due to the role of catchment storages in sustaining
low-flow periods. An evaluation of the use of different
block sizes in the extreme value modelling of maximlllll values can be found in Engeland and others
(2004), whereas applications for low-flow values are
not known and therefore not dealt with further in this
chapter.
Traditionally, AM values have been selected for lowflow frequency analysis, that is, the lowest value is extracted for each hydrological year in the record. The
hydrological year should be defined such that the lowflow season is not split between years. In the northern
hemisphere, the calendar year is often used to select the
AM flows as the low-flow period coll1.ll1only occurs in
late. sw-nmer, namely, July-August. In our example, the
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hydrological year is defined to start on 1 August as the
catchments are located in the southern hemisphere,
where the surmner covers the December- Febmaty
period (Figur·e 7.6).
The minimum values can be averaged over different
dur·ations to produce AM(n-day) series. The derived
time series are the result of passing an n-day moving
average through the daily data. Although it is conunon
practice to consider 7, 10 or 30 days, values as high as
365 days have been reported (Institute of Hydrology,
1980). It is, however, important to avoid dependency
(autoconelation) in the time series when long averaging
intervals are used. The autocorTelation depends on the
averaging interval and the memoty in the hydrological
system, and large storages can cause even the AM(1)
values to be con-elated. In this chapter, the time series
of the AM(7) flow are used for demonstration.
7 .4.2 Censored series
Intennittent rivers regularly dty up dm·ing the dty
season and the ntunber of zero values can be considerable, particularly in semi-arid regions. Zero flows may,
however, also occm during the dty season in temperate
regions, part icularly in quickly responding (headwater)
catchments, karstic environments or dming the winter
in catchments affected by snow and ice (section 4.3).
Care should be taken as streamflow may be recorded
as zero for several reasons: the river has run dty, the
discharge is below a recording limit, or missing observations are recorded as zero (section 3.2).
A conditional probability model is recollllllended for
frequency analysis at sites whose record of AMS contains zero values (Stedinger and others, 1993). The
parameter pO describes the probability that an observation is zero (no flow), and a cdf, G(x), is fitted to the
non-zero values of X. The unconditional cdf, F(x)*, for
any value x > O, is then:
F (x)* = Po + (I - p 0 )G(x)

(7.4)

The AM series may also contain events from rather wet
years which might not be considered to belong to the
extreme low-flow sample. A break in the probability
plot of the AM n-day series has been reported accordingly (Institute of Hydrology, 1980; Nathan and McMahon,
1990). This problem can be addressed by choosing the
r-smallest events in each time interval of equal size
(block), for example, the smallest event (r = 1) in two
years. Alternatively, an upper level or threshold can be
introduced, below which only "true" low-flow values

are selected (censored series). In both cases, the proportion of"high" low-flow values will be redttced, but
the sample or series will contain fewer values and thus
less information. A truncated Weibull distribution was
proposed by Gottschalk and others (1997) for samples
detennined with a constant upper tln·eshold. Kroll and
Stedinger (1996) suggested replacing the censored data
with the threshold value as tltis resulted in less bias than
discarding the data. Another option is to use LH- or LLmoments, which is a generalization ofL-moments (section 7 .6.2) developed to give more weight to the higher
(Wang, 1997) and smaller values, respectively, in the
sample (Dun·ans and Tomic, 2001; Bayazit and Onoz,
2002). LH-moments have also been used within lowflow analysis to fit the generalized extreme value (GEV)
distribution (section 7.5) to negatively transformed
minima series (Hewa and others, 2007). The method
thus reduces the influence of rather wet years in a lowflow sample, but is sensitive to the size of the subsample
selected.
The AM series may contain both zero values (zero-flow
years) and years without events (non-dt·ought years).
and these values need special consideration as they
represent the dty and the wet range of the observations,
respectively. The conditional probability model and the
plotting position method are considered to be simple
and reasonable procedt1res when the majority of years
(> 25 per cent) have observations (Stedinger and others,
1993). In arid and semi-arid regions, rivers are often
intemuttent or ephemeral (section 4.3) and the AM
values may nearly all be zero. Under such circumstances,
a traditional frequency analysis of AM flow is not
applicable.
7.5

Distribution functions

Hydrological design may require extrapolation beyond
the range of observations. Tlus can be achieved by
fitting a distribution function to the sample. There are,
however, few observations in tl1e tail of the distribution,
which contains the extreme events. Estimates of events
with high rettrm periods will therefore depend on the
behaviom of the tail of the fitted distribution. The prediction of rettll'n periods that do not greatly exceed the
length of hydt·ological records is less sensitive to the
choice of distribution fimction. Tl1e distribution ftmctions presented in this chapter have been chosen based
on their suitability to model minimum streamflow values.
An extensive ovexview of distribution ftmctions for low
flows (nllnimum values) and hydrological drought (expressed as maximum values) is given in Tallaksen and
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others (2004). It includes expressions for the pdf, the
cdf, the extreme quantiles xP or Xp product moments
(P-moments) and L-moments, and procedures for parameter estin1ation using P-moments, L-moments and
maxinuun likelihood.
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The GEV distribution is a general mathematical fom1
that encompasses the three types oflinllting distributions
(Coles, 2001). Following the Fisher-Tippett theorem or
limit laws for maxima (Fisher and Tippett, 1928), the
GEV distribution can be defined by:
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(7.5)

The model has three parameters: a location parameter,
~. a scale parameter, a, and a shape parameter, K, which
controls the tail of the distribution (Figtu-e 7.7). When
K= 0 it reduces to the Gtunbel distribution (EV I); for
K< 0 it equals the Frechet-type distribution (EV II); and
forK> 0 it equals the Weibull-type distribution with a
finite upper bmmd (EV III). The three types of extreme
distributions can be compared on a Gtunbel probability
plot, which plots the observations (x) against the Gumbel
reduced variate, y, where y = - ln (- ln F(x)). A reduced
variate, y, substitutes the variable x in the expression
for F(x) and is linearly related to x (here, y = (x - ~/a) .
This implies that the Gumbel distribution (EV I) will
plot as a straight line and EVIl and EVIII as curved
lines (Figure 7.7).
The EVIII distribution has a parent distribution that is
bound in the direction of the desired extreme. If X is
EVIII distributed, - X is Weibull distributed, and the
Weibull distribution can be fitted using the parameter
expressions for the GEV distribution applied to - X
The Weibull probability distribution for mininltun values
is given as:

F(x) = I - exp[ - (

x~~

J]

Figure 7. 7 The quantile, xr for the three types ofGEV
distributions plotted against the Gumbel reduced
variate, y (from Tallaksen and others, 2004)
(the return period is defined here as 11(1 - F(x))
as for the traditional case of annual maxima)

Low-flow values generally show a range of skewness
variations and are bound in the direction of the extreme.
The distribution ftmction should, accordingly, be skewed
and have a finite lower limit greater than, or equal to,
zero. When the flue distribution has a lower bound that
is closely approximated by the observed data, as is the
case for low flows, it is advisable to fit a distribution
capable of modelling bound data (Hosking and Wallis,
1997). If a low-flow distribution does not have a lower
bow1d, negative estimation values may result. These
are commonly treated as zero values or simply ignored.
Apatt from the Weibull distribution, the ftmctions
collllllonly applied in low-flow frequency analysis include the EVI distribution (Gumbel), the log-normal
distribution and the Pearson Type 3 (P3) distribution.
The EV I distribution cannot in general be rec.ommended
for analysis of minin1a values as it is not bound (in the
lower or upper tail); thus, there is a probability of negative values in the lower range. Nonetheless. it often
empirically fits AM well and can be used, provided that
caution is applied when exfl·apolating to negative
flows.

(7.6)

which for K= 1 equals the exponential distribution. The
value of ~ (lower bound) should be greater than, or
equal to, zero. A two-parameter Weibull distribution
(Weibull, 1961) is the EV Ill distribution for mininla
bound below by zero (I; = 0). The flexibility of the
Weibull distribution, its theoretical base and the fact
that it has a lower bound has made it a favourite choice
in low-flow studies around the world (Tallaksen, 2000).

If the series is positively skewed, the logarithm can be
described by a nonnal distribution (Y = ln(X)), provided
that the original series X is strictly positive. If a lower
bound parameter is introduced (X - ~). a tlu-ee-parameter
log-nom1al distribution results. The P3 distribution is
bound below or above, depending on the sign of the
scale parameter a. If a > 0 and the location pru·an1eter
~ = 0 (lower bmu1d), the P3 distribution reduces to the
Gamma distribution. The Log-Pearson Type 3 disfl·ibution describes a random vat'iable whose logarithms
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are P3 distributed. Different fomlS of GEV (including
the Weibull distribution), log-nom1al and P3 distributions have frequently been chosen for low-flow analysis
based on goodness-of-fit tests and visual inspection
(for example, Kroll and Vogel, 2002; Smakhtin, 2001 ;
Zaidn1an and others, 2003). Gottschalk and others
(1997) combined recession analysis with the frequency
analysis of dry spells (derived distribution approach) to
obtain a family of low-flow distribution ftmctions, including the Weibull distribution. The results confum the
suitability of the Weibull distribution for low -flow
frequency analysis.
7.6
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the distribution (peakedness), which can also be characterized by a. dimensionless ratio called kmtosis, "(4 •
Given a set of observations x 1 • • • xn, the first folll' estimators of the P-moments can be calculated as:

A

(7.7)

!! =X

I

A

cr 2 = s 2

=

•

-- ~)x; - x?

(7.8)

n - 1 i=l

Parameter estimation methods

Once the distribution ftmction has been selected, the
next step is to estimate the parameters of the distribution
from the sample data. In this Manual, the method of
moments, including P-moments and L-moments, is
presented. For other methods, such as maximum likelihood methods and Bayesian inference, the reader is
refetTed to common statisticalliteratlll'e (for example,
Smith, 2001 ). In this section, the method of moments is
used to estimate the parameters of a distribution; however, it can also be used to stmllllarize the statistical
properties of a probability ftmction or an observed data
sample, to test hypotheses about distribution fotm and
to identify homogeneous regions.
The moment estinlators of the parameters are obtained
by replacing the theoretical moments for the specified
distribution with the sample moments (for exan1ple,
mean value, variance and skewness). Conventional
P-moments, probability weighted moments (PWMs)
(Greenwood and others, 1979) and L-moments (Hosking,
1990) can be used. L-moments are weighted linear stmlS
of tl1e expected order statistics and can be written as
ftmctions of PWMs. Procedures based on PWMs and
L-moments are therefore equivalent.
7.6.1 P-momen ts
The first product moment about X = 0 is the mean, Jl, or
the expected value of X, E {X}. The second moment
about the mean is called the variance, cr2• The standard
deviation, cr, is a measlll'e of the spread around the
central value and equals the square root of the variance.
A relative measlll'e of the spread is the dimensionless
coefficient of variation, CV = cr/Jl.. The third moment
about the mean is a measlll'e of the symmetry of a
distribution, which is characterized by the dimensionless
skewness ratio, "(3 . The fourth moment about the mean
provides infotmation about the thickness of the tail of

(7.9)

(7.10)

The first two moment estimators (equations 7. 7 and
7 .8) are unbiased and independent of the distribution
and sample size, whereas the skev.rness and kmt osis
estimator in equations 7.9 and 7. 10 are, in general,
biased. Corrections similar to those for the variance,
namely, a factor like (n- 1), can be introduced for
higher order moments that generally reduce, but do
not elinllna.te, the bias (for example, Stedinger and
others, 1993).
7.6.2 L-moments
The Hosking (1990) method of L-moments has found
w idespread application in the s tatistical analyses of
hydrological data. L-moments are weighted linear (the
"L" is therefore introduced) combinations of the expected
order statistics and are analogous to the conventional
moments used to smnmarize the statistical propetiies
of a probability ftmction or an obsetv ed dataset. Let X
be a real-valued random variable with the ctunulative
distribution ftmction F(x), and let X(1:n) ~ X (2:n) ~ ...
~ X(n:n) be the order statistics of a random sample of
size n drawn from the distribution of X. The first folll'
L-moments are then defined as:
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ned by invett ing the expression for Fx (xP) for a given
value of p. The quantiles of the Weibull distribution
(section 7.5) can be estimated from:

A, = E {Xo:ll }

1E {X<2:2l - Xn2l}
A.3= t E {Xu,3, - 2X<Hl + X0,3,}
A.4 = t E{X<4:4l - 3X(3:4l + 3X<2:4l A-2 =

(7.11)
(7.13)

X(,:4l}

The first moment equals the mean (E{X}), and the
second moment is a measlU'e of variation based on the
expected difference between two randomly selected
observations. It is conunon to standardize moments of
higher order to make them independent of the measlU'ement llllit of X. The L-moment ratios, L-coefficient of
variation, L--CV ( r2), L-skev.'Iless (r3) and L-kuttosis
( r4), are defined as:

TI1e focus of interest in low-flow analysis is the nonexceedance probability p, which is defined for any time
interval f>t. The non-exceedance (p) and exceedance
probability (1-p) is frequently expressed in terms of
the return period, T, which for minimmu values is defined as:

1

T =-

(7.14)

p

(7.12)

The main advantage of L-moments is that they suffer
less from the effect of sample variability compared
with product moment estimators because the calculation
does not involve squaring or cubing the observations.
Sankarasubramanian and Srinivasan (1999) suggest
that P-moments are preferable at lower skewness,
particularly for smaller samples, while L-moments are
preferable at higher skewness, for all sample sizes.
Generally, L-moments are more robust to extreme values
in the data and enable more seclU'e inferences to be
made from small samples about an Wlderlying probability distt·ibution (Hosking, 1990). The at-site sample
variability is often high, and this suppotts the use of
regional procedlU'es given that less emphasis is then put
on single observations. L-moment estin1ators have
proven to be especially advantageous in regional frequency estinlation (section 7.9).

7.7

E stimation of the T-year event

Percentiles or quantiles of a distribution are often used
as a design quantity. The quantile, xP, is the value with
cllllmlative non-exceedance probability, p , that is,
Fx (x) = p (section 7 .3). The expression for xP is obtai-

where T is the mean tin1e interval between occtul'ence
of an event X:::; xp and the T-year event is given by the
corresponding value for xp. Annual non-exceedance
probabilities are defined for M equal to one year. The
probability that a T-year event occurs in any one year
is 1fr, for example, the probability of a 100-year event
occtul'ing in any year is 0.01. On average, a T-year
event will occm· once in a T-year period.
A simple meastu'e of the precision in the T-year event is
the variance of the quanti le estimator, which equals the
square of the standard error. Another measure is confidence intervals, which can be calculated using the
standard error of the quantile. A 95 per cent confidence
interval will, in repeated sampling, contain the parameter
95 per cent of the time.
Expressions for different distt·ibutions can be fotu1d in
Stedinger and others (1993). Altemative methods for
calculating tmcertainty include Monte Carlo sinmlations
and resampling methods.
Table 7.1 P-moments and L-moments for the AM(7)
series of the example catchments
(values are in 1 000 m3 /d)

Station

223204;F(x)

P-moments

L-moments

IJ

o2

y3

}.1

}.2

T3

9.765

8.68

1.149

9.765

4.721

0.273

10.375

4.670

0.276

41.977

21.05

0.146

41.977

12.305

0.045

223204;G(x)
223207;F(x)
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Application of the Weibull distribution for
low-Oow frequency analysis

7.8

In this section, the Weibull distribution (section 7.5) is
fitted to the AM(7) series of the example catchments
presented in 7.2, following steps I to Ill. The sample
P-moments (equations 7.7- 7.10) and L-moments
(equations 7.11- 7. 12) of the two series are given in
Table 7 .I. F(x) refers to all values in the series, whereas
G(x) refers to non-zero values only (section 7.4.2).

The moments of the Weibull distribution can be calculated from:

r(I+~)-3r(I+~)r(I+~)+{11+~)J

[~~+~l-[ ~~+~llT'
where r is the gamma function; ~ is the location parameter; a is the scale parameter; and K is the shape parameter. If ~ is known, the moment estin1ate of K can
be obtained by combining equations 7.15 and 7.16,
which can be solved using Newton-Raphson iteration.
The moment es tin1ate of a is then given by:

A

a

~ -~
=---;,....--__.:_"

r(I+ ~ )

(7.21)

IfI; is known, L-moment estimates ofK and a are given
by:
ln2

~~- ~ J

(7.22)

If ~ is unknov.rn, expressions for the parameters ~. K
and a can be derived from the first three moments (Pmoments or L-moments).
For example, refer to
(7.15)
Tallaksen and others
(2004). Empirical quantiles are calculated below
for the two example
AM(7) series, and the
(7. 16)
Weibull distribution fitted
using both P-moments
and L-moments (fable
7.2) . The results are
plotted in Figures 7.810 (note that Station
(7. 17)
223204 has zero values
and therefore additional
calculations are performed).
Table 7.2 Parameters of the Weibull distribution
estimated using (P-moments) and L-moments

Station

223204; F(x)

Method of P-moments

Method of L-moments

1/ K

1C

Ct

1/K

1C

Ct

0 .695

1.44

10.76

0 .953

1.05

9.953

0 .863

1.16

10.926

0.500

2.00

47365

223204; G(x)

(7.18)
223207; F(x)

0.3265

3.06

46.96

The L-moments of the Weibull distribution can be
estinlated from:
(7.19)

(7.20)

Step 1: Derivation of empirical quantiles
(a) Rank theAM(7) values in ascending order and
give the smallest value rank 1 (i =1);
(b) Derive the non-exceedance probability, F(x) = p,
for each value using the Weibull plotting
position fonnula (equation 7.3 for a = 0);
(c) Plot the AM(7) values against F(x) in a probability plot (section 7 .4).
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Step 11: Fitting the 2-parameter Weibull
distribution by P-moments
(a) Calculate an estimate of the first two Pmoments for the AM(7) series (Table 7.1);
(b) Combine equations 7.15 and 7.16 to obtain an
estimate of K, using a Newton-Rapshon iteration scheme. Altematively, create a table (or
plot) to depict the relationship between the
skewness of the Weibull distribution (equation
7 .17) and 1/K, and use the table (or plot) to
intetpolate liK corresponding to the sample
skewness (equation 7.9) of the low-flow series;
(c) Estimate a by substituting the intetpolated liK
into equation 7.18 for~ = 0;
(d) Estimate F(x) as given by equation 7.6 (here, ~
is zero).
Step Ill: Fitting the 2-parameter Weibull
distribution by L-moments
(a) Calculate an estimate of the first two L-moments for the AM(7) series, both with and
without the zero values included (Table 7.1);
(b) Obtain an estimate of K and then a from
equation 7.22 for both F(x) and G(x), where
G(x) is fitted to the non-zero values;
(c) Estimate F(x) (based on all values including
the zero observations), G(x) and F(x)* as given
by equation 7.4 (the percentage of zero values
is six for Station 223204, that is, p0 = 0.06).

Graphical methods that plot the empirical quantiles
(observations) against the distribution quantiles can
provide an important visual check on how well the
distribution fits the data. The points should lie close to
the theoretical curve (probability plot) or the unit diagonal (pp-plot for probabilities and qq-plot for quantiles),
if the distribution is a reasonable model for the data.
The probability plots in Figures 7.8 and 7. 9 clearly
show that a better fit is obtained for the AM series using
the Weibull distribution in combination with Lmoments, as compared with P-moments. The asterisk
in Fig:me7.8 indicates that the estimate is obtained
using the expression for F(x)* (equation 7.4). Indeed,
a vety good fit is obtained in the lower range using Lmoments as confumed by the qq-plot in Figure 7.10
(Station 223204 is used as an example). TI1e results
support the use of the Weibull distribution for the analysis of minimum flow values. Accotmting for zero
values has only a minor influence on the distribution
fonn, as can be expected given the low percentage of
zero values in the series.
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Figure 7.8 Probability plot showing the empirical quantiles
(observations) against the Weibull distribution
for the AM(7) flow series ofthe Nicholson River
(Station 223204) (*the estimate is obtained
using the expression for F(x)*)
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Figure 7.9 Probability plot showing the empirical quantiles
(observations) against the Weibull distribution
for the AM(7) flow series ofthe Timbarra River
(Station 223207)

The low-flow quantile for the return period of interest
can subsequently be derived from equation 7.13. A
retumperiod ofT = 10 years cotTesponds top = 0.10
(equation 7.14). Table 7.3 gives the 10-year low-flow
value, xp = 0.1, estimated for the different parameter
sets in Table 7.2. TI1e notation F(x)* implies that zero
values are explicitly accmmted for following equation
7 .4, which is also the recol11Ulended approach. The empirical values are obtained by linear intetpolation between nearby observations. In general, lower (more extreme) values are found when L-moments are used.
This is confirmed by the curve in Figure 7.8, which
shows that the P-moment estimates generally overestimate the quantiles for F(x)>0.6-0.7, con·esponding to a
rettun period higher than one to two years.
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Figure 7. 10 qq-plot showing the empirical quantiles plotted
against the Weibull distribution quantiles (fitted
using L-moments) for the AM(7) flow series of
Station 223204 (values are in 1 000m 11d)

The deviation between the observations and the estimated quantiles from a theoretical distribution can also
be judged by a statistical test such as analytical goodness-of-fit criteria. The pwpose is to evaluate whether
the difference between the ordered obsetvations and
the estimated quantile from a given distribution is statistically significant. The chi-squared test statistic is based
on a comparison of the number of observed and expected
events in each class interval of a sample histogram,
whereas the Kolmogorov-Smimov test looks at the
absolute deviation between the empirical and the cumulative distribution fimction. TI1e conclusions that
can be drawn from these tests depend on the level of
Table 7.3 Estimate of the 10 -year event
using the Weibull distribution
Station

223204; F(x)

1Q-year event (1 000 m'/d)
Empirical

P-moments

L-moments

1.0

2.3

1.2

The more parameters a distribution has, the better it
adapts to the sample data, including the tail of the distribution. Although it might therefore be tempting to select
a distribution with a high number of parameters, the
reliability in the parameter estimates will be more
sensitive to sample variability. A larger sample size is
thus required to give acclU'ate parameter estinlates. In
hydrology, tlus generally implies that not more than
two or tllfee parameters are recommended for at-site
frequency analysis. In regional frequency analysis
(section 7.9), additional time series are introduced, and
distributions with three or more parameters can be
considered for the regional distribution. For exan1ple,
the Wakeby distribution with five paran1eters is considered appropriate for most applications, provided
that the sites in the region have an average record length
of20 years (Hosking and Wallis, 1997).
Although a distribution selected primarily based on
theoretical considerations nught not necessarily give
the best fit to the data, it nlight still provide a better
prediction of a frttlll'e event (Tallaksen and others,
2004), fue main reason for tllis being fue great mlcertainties inherently in conclusions that can be dravm by
merely comparing the distribution fit to the observations. The asswnptions underlying the extreme value
fueory may, however, not always be satisfied. It is
fuerefore often recommended that the goodness-of-fit
of an extreme value distribution be validated against
that of other candidate distributions.

7.9

223204; G(x)

1.6

223204; F(x)*

1.5

223207; F(x)

example, Cunnane, 1985). Other more powerful tests
(for a greater probability of correctly detennining that a
sample is not from a given distribution) include the
probability plot cotrelation test, the L-moment and
likeliliood ratio tests, and the Akaike criterion as presented, for example, in Stedinger and others (1993) and
Tallaksen and others (2004).

14.1

22.5

15.4

confidence adopted; commonly, a 95 per cent level is
chosen (Stedinger and others, 1993). In many cases,
however, several distributions will provide statistically
acceptable fits to the data, and goodness-of-fit tests fail
to discriminate between the different distributions (for

Rt>gional ft·equency analysis

L-moment ratio diagrams are valuable for obtailling a
general overview of the statistical properties of fue
sample observations and for investigating what families
of distributions are consistent with a regional dataset.
Figm·e 7.11 shows an L-moment ratio diagram where
L-skewness is plotted against L-kmtosis for a selection
of theoretical distributions. Two parameter distributions
will show as poillts i11 tile diagram (the nonnal, exponential and Gwnbel distributions), whereas four paran1eter
distributions are depicted as curves (the Weibull, lognormal, GEV and generalized Pru·eto (GP) distributions).
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In addition, sample properties of AM(l) values calculated for the smmner season of a Nordic dataset of 52
daily streanrllow series are included in the plot.
The diagram shows that the Weibull and the log-nmmal
distributions give the best overall fit to the data. In
general, the GEV distribution has higher L-ktu1osis
than the sample dataset. Also included in the plot is the
GP distribution, which is the limiting distribution for
partial duration series, similarly to the GEV distribution
for AMS. The observed data clearly do not fit the GP
distribution, in acc.o rdance with the extreme value
themy. It can be concluded that the Weibull distribution
is a good choice for the low-flow data in the region.
Ratio diagrams using L-CV and L-skewness can similarly be applied when choosing from two parameter
distributions. Goodness-of-fit tests, including procedures
based on L-moments, are commonly used to judge
whether a particular time series is consistent with a
regional distribution (Hosking and Wallis, 1997).
Regional frequency methods have been developed to
in1prove at-site estimates and obtain more accurate
estimates at sites with few or no observations. At-site
procedm·es are sensitive to sample variability and model
procedures, and more robust estimators would result if
regional information was taken into accmmt, particularly
when estimating T-year events that largely exceed the
length of observed record. A robust estimator should
perfmm reasonably well for a wide range of catch-

ments. This can be achieved by combining site-specific
and regional information, provided that it can be assumed that the sites in the region have similar properties in
terms of the variable being studied. TI1e most conm1on
regional frequency method is the index method, first
introduced for floods (index-flood method) and later
successfully applied to drought studies (Clausen and
Pearson, 1995; Madsen and Rosbjerg, 1998). The index
method assumes that the data at different sites in a
homogeneous region follow the same distribution,
except for scale. The individual series are normalized
by an at-site index parameter and then pooled to yield
an estimate of the regional distribution parameters. The
at-site T-year estimate is subsequently obtained by
multiplying the nonnalized estimator by the at-site
estimated index paran1eter. The mean value is often
used as an index parameter, which, at an ungauged site,
can be obtained using a regression equation.
TI1e index procedure requires, among others, the classification of sites into homogeneous regions and the
detennination of a distribution fiu1ction for each region.
Hosking and Wallis (1993) developed procedures based
on L-moment analysis for this ptupose, and a general
introduction to the topic is provided in Hosking and
Wallis (1997). L-moment diagrams as described above
are useful for identifying a regional distribution and
can also provide an indication of the regional homogeneity by considering the dispersion of the points. The
question is whetl1er this dispersion is larger tl1an the
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expected variability as a result of sampling tmcertainty.
A statistics test based on L-moments is available for
this pwpose, namely, for testing the regional homogeneity of the sites. L-moments can subsequently be
used to estimate the parameters of the regional distribution. Regional frequency analysis assumes that the
station data are independent. The main effect of intersite
dependence is to increase the variability of estimators,
similarly to a reduced number of stations in the region.
The effect is fairly small, however, for cotrelations that
do not exceed 0.2 (Hosking and Wallis, 1997). A detailed
example of regional frequency analysis elaborated for
drought deficit volume and dw·ation can be fotmd in
Tallaksen and others (2004).
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Streamflow deficit

8.2

Introduction

Streamflow deficits (Hisdal and others, 2004) are periods when the river is below a specific threshold that
defines a drought or critical deficit. TI1ere are two main
methods to select and characterize deficits, namely the
tlu·eshold-level method and the sequent peak algorithm
initially used for reservoir storage-yield analysis. In this
chapter, only the tlu·eshold-level method is described.
Tills method is used for providing estimates of the frequency of low-flow periods and for designing and operating regulating reservoirs where reservoir releases are
made to support dowll.Strea.m abstractions. Examples of
water use include those related to hydropower, public
water supply and itrigation.
Figme 8.1 shows the definition of the timing, dmatioll.S
and volUllles of deficits below a threshold discharge in
a river. Streamflow deficits can also be characterized by
intensity and spatial extent. The threshold-level method
was initially named the "method of crossing theory"
and is also refened to as "nm swn analysis" because it
generally studies t1111S below or above a given tlu·eshold.
A detailed discussion of the method applied to a global
dataset is given it1 Fleig and others (2006).

Definition and derivation

The threshold level Q0 is also referred to as the tnmca.tion level and is used to define whether the flow in a
river is deficit (Figure 8.1). Tile deficit starts when
the flow goes below the threshold and ends as soon as
the flow rettuns above the threshold. Thus, the begirlning
and the end of a deficit period can be defined. In addition,
the following deficit characteristics can be defined:

m

(a)

(b)

(c)

(d)
(e)

The duration, which is the period oftitne where
the flow is below the tlueshold level and is
also referred to as drought dmation, low-flow
spell or nm length (d;, Figure 8.1);
The volUllle or severity, which is also referred
to as drought volUllle or t1lll SUlll (vi, Figure
8.1);
The intensity, which is also referred to a.s defici t
or drought ma.gnirude, rni, is the ratio between
deficit volUllle and deficit dma.tion;
The mirlitnUlll flow of each deficit event (QmiD
in Figure 8.1);
The time of occunence, for example, the starting date, the mean of the onset and termination,
or the date of the rninimum flow.

Based on the time series of the deficit characteristics, it
is possible to derive indices, such as the average deficit
duration or average deficit volume.

Time (days)

Figure 8.1 Definition ofdeficit characteristics (modified
from Hisdal and others, 2004; reproduced with
Elsevier :S pennission)

Time resolution
Whether to analyse annual, monthly or daily discharge depends on the hydrological regime under srudy,
the data available and the specific problem to be solved.
In temperate climates a. year might include severe
short-dm·a.tion deficits followed by periods of high
flow, and therefore daily flow series would be required
to identify deficit periods.
Deficits may last for several years it1 arid and semiarid regimes, and monthly data. may be sufficient.
Different time resolutions might lead to different results regarding the selection of deficit periods.
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The tlu·eshold-level method was originally based on
analysing sequential time series with a time resolution
of one month or longer. Daily data is now more cornmonly used. However, the use of daily data introduces
the problems of dependency between deficits and minor
deficits. During prolonged <hy periods, the flow may
exceed the tlu·eshold level for a shott period of time,
dividing a large deficit into a number of minor periods
that are mutually dependent (Figure8.2). Tius is inappropriate for extreme value modelling, wlllch requires
independent events. It is therefore recollllllended that
pooling procedmes be applied to define an independent
sequence of deficits. A large number of minor events
may also introduce bias in the extreme value modelling,
and a procedure to remove such events may be required.
Pooling procedmes include the moving average procedme (MA), the inter-event tin1e (IT) and the interevent time and volume criterion (IC). The MA procedme sin1ply smoothes the time series applying a
moving average filter. This is demonstrated in Figme 8.2,
where a 10-day averaging interval has been used.
A study by Fleig and others (2006) found that the MA
procedme is applicable to both quickly and slowly responding streams. The averaging interval can easily be
optimized, and a filter width of around 7 days is appropriate for many hydrological regimes. An additional
advantage of the MA pooling method is that it reduces
the problem of nlinor deficits. A drawback is that the
method modifies the discharge series and nlight introduce dependency between the deficit events, particularly
for long moving averages.

Nov

nlustration ofpooling
mutually dependent deficits
and removal ofminor
deficits by an MA (l 0-day)
filter (modified from Fleig
and others, 2006; reproduced with the authors'
permission)

The IT method pools mutually dependent deficits with
characteristics (di, v) and (di+l' vi+l) if they occm less
than a predefined number of days, t.w., apart. The pooled
duration and deficit volume can be defined as:
dpool = di+ di+l
vpool = vi+ vi+l

(8.1(a))
(8.1(b))

Fleig and others (2006) used the IT method and concluded that t.w. = 5 days can be applied for perennial
as well as internlittent streams if the stream is not vety
flashy when the method tends to pool too many events.
Tallaksen and others (1997) suggest the IC method,
where two events are pooled if: (a) they occm less than
a predefined number of days, t.w., apati (the inter-event
time, Ti, is less than t.w.) and; (b) the ratio between the
inter-event excess volume, si, and the preceding deficit
volwne, vi, is less than a critical ratio, Pr The pooled
deficit is then pooled with the next one if the requirements of (a) and (b) are fulfilled, and so on. The pooled
deficit characteristics can be calculated as follows:
dpool = di+ di+l + Ti
vpool = vi+ vi• l- si

(8.2(a))
(8.2(b))

The method was tested on two rivers with contrasting
flow regimes and it was found that the optimal values
of the pooling criteria were t.w. = 5 days and pi= 0.1.
When the IT or IC method is used, minor deficits have
to be excluded in an additional step by excluding deficits if the deficit volume or dmation is smaller than
predefined values.
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Threshold selection
The choice of tlu·eshold is influenced by the pwpose
and region of the study and the data available. The
tlu·eshold could, for example, be the amount of water
required for a fish fatm or for navigation or the abstraction rate downstream of a regulating reservoir.
Alternatively, the purpose of the study may be of a
more general character, for example, frequency analysis
at a single site or a comparison of deficit characteristics
at different sites.
A compromise may have to be made between including
events that can really be regarded as significant deficits
and including enough events for analysing their characteristics. When using monthly (or longer) data, typical
tlu·eshold values are the mean or median flow or the
mean minus one standard deviation (Dingman, 2002).
It should be noted, however, that, if the median is used
as a threshold, the streamflow is in a deficit situation for
50 per cent of the time.

daily hydrograph

daily hydrograph
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For studies of daily data, a percentile from the flowdmation curve (FDC) (Chapter 6) can be used as
the threshold. For perennial rivers, relatively low
tlu-esholds in the range Q70 to Q95 are often used.
For intermittent and ephemeral rivers with many days
of zero flow, higher percentiles will be required, for
example, the median flow or even percentiles in the
range Q 5 to Q20• An alternative is to apply a variable
tlu-eshold, for example, a percentile taken from a
monthly FDC, or to calculate percentiles based on the
non-zero values only.
In Figure 8.3 (top), a constant threshold Q90 from the
FDC based on the whole period of record is used. If
seasonal deficits are studied separately, the tlu-eshold
can also be fixed, but based only on flow data from
the relevant season studied. This is also illustrated in
Figme 8.3 (top), with two seasonal thresholds for the
surruner and winter seasons. Variable monthly and
daily threshold approaches are illustrated in Figme 8.3
(middle) and (bottom), respectively. To increase the
sample size (if the flow record is short) and to obtain
a smoother daily varying tlu-eshold, the exceedance
percentiles for each day of the year can be calculated
from ann-day moving average.

Studies of within-year deficits may impose restrictions on the use of very low tlu-eshold levels because
tltis may lead to too many zero-deficit years resulting in very few events, or, for ltigh tlu·eshold levels,
the problem of deficits lasting longer than one year
(multi-year deficits) may arise. Hence, a comprontise
must be found. The use of very low tlu·esholds is also
problematic in cases of short time series because the
sample of derived deficits is too small for statistical
analysis.

8.3

Application: Determination of streamflow
deficit characteristics

daily hydrograph

In tltis example, a step-by-step procedme is used to
derive and compare streamfiow deficit characteristics
from rivers in two contrasting river-flow regin1es.

The calculations were progranuned in C++ and the
resulting time series of deficit characteristics were
imported into Excel spreadsheets and plotted.
Figure 8.3 nlustration ofthreshold levels: fixed threshold
(top); monthly varying threshold (middle); daily
varying threshold (bottom) (modified from Stahl,
2001; reproduced with the author :S pennission)

Data from the Dratrunenselv at Fishun (Norway) and
the An·oyo Seco at Soledad (United States) are used
to demonstrate the procedure in the example below.
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(a) Data: Drammenselva at Fiskwn has a cold climate
with no distinct dry season. Annual precipitation is
between 800 and 850nun. Winter precipitation falls
as snow and there is a distinct snowmelt peak discharge in the spring. A second streamflow peak often
occms in the autumn, caused by rain. The river is
perennial and the 30-yearperiod from 1976 to 2005
is analysed. To be able to distinguish between
swruner deficits caused by a lack of precipitation
and high evaporation losses, and winter deficits
cansed by precipitation being stored as snow, only
the swmner season (15 May- 15 October) is studied.
AIToyo Seco at Soledad has a temperate climate
with dty SWlllllers and wet winters. The annual precipitation is about the same as at Fiskum. However,
the river is intennittent, that is, it has periods with
zero flow and Q90 is zero. The complete 30-year
period from 1968 to 1997 is studied and the whole
year is analysed since temperatmes never fall below
zero;
(b) Parameter detennination:
(i) Threshold selection: A sequence of deficit
events is obtained fi:om the streamflow hydt·ograph by considering periods with flow below
a certain tlu·eshold, QO. The tlu·eshold level is
obtained as an exceedance percentile from the
FDC. In this example, to be able to compare
the deficit characteristics from these two contrasting river-flow regimes, the same percentile,
Q?O' is used as the threshold for both stations;
(ii) Dependent and rninor deficits: To reduce the
problem of dependent and minor deficits, the
MA procedme has been used with a filter
width of 7 days;
(c) Calculation: The following deficit characteristics
are calculated:
(i) The start date, defined as the first day below
the threshold;
(ii) The end date, defined as the last day below the
threshold;
(iii) The deficit volume (1 000m3 ) , defined as the
sum of the daily deficit flows multiplied by
the dw·ation in days;
(iv) The deficit dmation (days): A histogram of the
deficit dmations is shown in Figw·e 8.4. It can
be seen that the two rivers have different deficit characteristics. The total number of deficit
events at Fiskum is 59, on average almost two
per year. Short-dmation deficits dominate,
with the average being 22 days. The most
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severe deficit occwred in 1976 and lasted 90
days (from 6 July to 3 October). At Soledad,
the deficits are fewer (38 in total) and last
longer, with an average of 168 days. The
sample is split into two. Except for one deficit
lasting 42 days, there is one sample of less
than 25 days and another with dmations of
more than 70 days. The longest deficit occmred
in 1991/ 1992 with a dw·ation of 245 days
(from2 Jtme to 1 Febmary); It should be noted
that, becanse only swnmer deficits ar·e studied
at Fiskum, the maximwn deficit dw·ation is
from 15 May to 15 October, that is, 154 days.
Multi-year deficits cannot occw·. In this exarnple, none of the deficits starts prior to 15
May, but two deficits end on 15 October.

8.4

Definitions of low-flow and deficit characteristics: National standards in Germany

Some cmmtries have developed national standards for
deriving low-flow and deficit characteristics. One
example is Germany, where the German Association for
Water, Wastewater and Waste (DWA, formerly DVWK)
has issued recommendations for statistical low-flow
analysis and defined the following low-flow and deficit
indices (DVWK, 1983, 1992):
NMxQ: Lowest arithmetic mean of n consecutive daily
values of flow within the time period ZA dming
the reference period BZ (in m 3/s). With BZ =
ZA equal to one year, this is the annual minima of the n-day flow, AM(n-day) (Chapter 5).
MaxD: Longest period of non-exceeda.nce of a
threshold Q0 within the time period ZA dming
the reference period BZ (in days). With BZ =
ZA equal to one year, this is the annual maximwn deficit dmation.
SwnD: Swn of all periods of non-exceedance of a
threshold Q0 within the time period ZA dming
the reference period BZ (in days). With BZ =
ZA equal to one year, this is the sum of the
deficit dmations of all the deficit events within
one year.
MaxV: Maximwn deficit volume between the threshold,
Q0 , and the hydt·ograph Q(t) within the time period ZA dm'ing the reference period BZ (in llllll
or hm3). With BZ = ZA equal to one year, tlus
is the armual maximum deficit volume.
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Figure 8.4 Histogram ofdrought duration for the Drammenselv at Fiskum (Norway) and the Anvyo Seco at Soledad
(United States); selection criteria: threshold level Q70 and MA(7)

instance, the stunmer half-year, the water year, or the
grov.rfh season. An illustration is given in Figme 8.5.

SumV: Smn of all deficit vohunes between the
threshold, Q0 , and the hydrograph Q(t) within
the time period ZA during the reference period
BZ (in Illill or lun3). With BZ = ZA equal to
one year, this is the Stiill of the deficit vohunes
of all the deficit events within one year.

Practical studies define the threshold, QO, by refenmg
to flow minima that are either ecologically required or
required by water resomces management, reservoir
operation and navigation. Regional comparisons are
usually based on the mean low-flow. These definitions
of low flow and deficit chara.cteristics and the resulting
statistics are used in Getmany, Hungary and the Czech
Republic.

BZ is a reference period that depends on the low-flow
regime of the river under consideration; in a pluvial
flow regime, the water year from 1 April to 31 March is
used. ZA is the time period under consideration, for
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1Figure 8.5
An illustration ofdeficit
indices (BZ and ZA equal
the water year). The
1965/66 year has three
lowflow events below a
threshold ofQ0 = 30 m3/s.
The annual maximum
duration (MaxD) and
deficit volume (MaxV) are
determinedfrom event
nwnber 3. SwnD and
SwnVare the sums ofall
three events.
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Estimating low flows at ungauged sites

Introduction

An understanding of river flows and a well-fotmded
hydrological monitoring network are essential components for managing water resources. Data from these
networks underpin physical and biochemical process
studies, hydrological modelling, forecasting, the assessment of environmental change and water resotu·ces
planning and operation. However, many management
decisions are made in catchments for which measured
data are rarely available. Ftuihetmore, in many regions
of the world hydrological netwotks (Chapter 3) have
declined and the systems for collecting and managing
water-related information are inadequate. This has led
to the development of a wide range of techniques for
estimating low flows at river sites without any recorded
flow data, that is, ungauged sites.
Estimation methods can essentially be divided into
three groups. The first group consists of empirical
methods for the estimation of streamfiow indices using
simple mathematical equations. The equations developed do not explicitly describe physical, causal relationships (which are incorporated in deterministic or mathematical models), nor do they approximate estimation
enor. Nevetiheless, empirical procedures attempt to
account for the primaty influences on streamfiow in
order to graphically or analytically estimate low-flow
indices.
The second group is based on statistical models. Flow
estimation at tmgauged sites with the aid of multiple
regression techniques has gained wide use in applied
hydrology. This is largely because of the extensive application of research into hydrological design requirements. Although this approach is direct, objective and
easy to handle, it has the disadvantage that the methods
estimate specific low-flow indices rather than the full
time series of river flows.
The third group contains rainfaU-nmoff models used to
sinmlate the evolution of the time series of river flows
within a catchment. These describe the interaction

between catchment stmcture, rainfall inputs, evaporative
outputs and streamfiow outputs by representing hydrological processes by mathematical equations. The response of these models is controlled by model parameters.
For application within an ungauged catclunent, the model parameters may be derived from physical measurement or tlu·ough relationships between model parameters and the physical, and sometimes climatic,
characteristics of a catchment.
In practice, there may be shoti, or incomplete, local
records of river flow within, or near to, an ungauged
site. This local data may be used in conjtmction with
long continuous measm·ements from catchments with
sitnilar hydrological behaviour in order to reduce the
uncetiainty of flow estimation. Approaches to using
local data as either an altemative to, or to complement,
regional models are presented later (section 9.5).

If the acctu·acy of esti.n1ation using any of these techniques is considered tmacceptable, then it is necessary
to install a flow-measuring facility (Chapter 3). In
practice, the flow regin1es of many catchments are
modified by luunan water-use activities. Tilis chapter is
limited to the estimation of natural flow regimes. Standard practice is to estimate the natural flow regime and
then to superimpose the artificial influence of activities
such as abstraction/diversion of river flow, the constmction of impounding reservoirs and the discharge of
wastewater. These rutificial influences ru1d how they
nlight be accotmted for in flow estin1ation are discussed
futther in Chapter 10.
9.2

Empiricalmethods

Owing to the large spatial variations in rainfall and
hydrogeology in many countries, empirical transposition
techniques all attempt to adjust the flow record for the
analogue catchment for differences in hydrological scale
(differences in rainfall and catchment area) between the
analogue and tmgauged catchments. An analogue catchment is one that is believed to have a similar hydrological response to precipitation and evaporation demru1d.
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In the context of estimating the tin1e series of river
flows, it is also essential that the river flows within the
Wlgauged and analogue catchments be synchronous,
that is, with flows increasing and decreasing together.
Accordingly, an analogue catchment is usually one
that is:
(a)
(b)
(c)
(d)

Geographically close to the Wlgauged catchment and hence has the same climatic regime;
Hydrogeologically similar;
Sinlllar in size;
Either a nattll'al catchment or one that has a
naturalized flow record.

Ideally, the analogue catchment should lie upstrean1 or
downstt·eam of the Wlgauged catchment, that is, nested
with the target ungauged catchment. In the case of a
nested analogue catchment, there is a strong serial
correlation between the flow meastll'ed at the analogue
gauge and the flows at the tmgauged site, given that the
water flowing past both points has a cotmnon component.
It is quite common for no com1ected analogue catchment to be available, and thus a catchment from an
adjacent system or tributary for the same system is
selected as the analogue for the tmgauged catchment.
If there is a short period of local measured flow data at
the target site, it is common practice to build these data
into the transposition methods discussed in the section
on the use oflocal data (section 9.5).
Streamflow estimation for ungauged catdm1ents by
transposing gauged streamflow data from an analogue
catclnnent is a widely used technique requiring the rescaling of the flow regime to the Wlgauged target catchment. These techniques all take the following fonn:

(9.1)

where:
Q~ = the flow in the target ungauged catchment T;
QXA = the con·esponding flow in the analogue catchmentA;
~
= the catchment area for the ungauged catchment T;
AA = the catchment area for the analogue catchment A;
fn = a scaling constant or flmction.
Commonly, in sin1ple area scaling, the scaling constant
is set to 1. The simple scaling approach may be refined

by introducing the ratio of average armual rainfall in
addition to area to normalize for differences in average
armual rainfall. If a sh01t record is available for the
target catchment, the scaling relationship can be optimized over the common period of record. Within the
United Kingdom, the scaling flmction is often based on
estimates of mean flow derived from the LowFlows
2000 software system (discussed flll'ther in the LowFlows 2000 case study in Chapter 12), thus taking into
account the non-linearity between rainfall and l'Wloff
within dryer areas.
Accura.c y increases according to the similarity of the
flow regimes of the rivers, pruticularly if the two catchments ru·e nested. The greater the vru'iation of the lowflow indices, the less reliable the transfer flmction.
Accuracy can increase significantly if there is a sh01t
period of record for the target catchment which can be
used to optimize the relationship through flow cotTelation. Often, a short record is not available and the
practitioner must to decide whether the added accuracy
of using the sh01t record to optimize the relationship is
worth the time and money required to carry out a period
of measurement within the tru-get catchment (for example, six months or more).

9.3

Statistical methods - l'egionalization

The technique of relating river-flow stnnmary statistics
to the physical and climatic descriptors of a catchment,
or region, is commonly called regionalization. Regionalized models ru·e used vety widely for estimating low
flows within tmgauged catchments and have an advrultage over simple empirical methods (section 9.2). Regionalized models for low-flow estin1ation can be broadly
categorized into the regionalization of continuous simulation rainfall-nmoff models, as discussed in section
9 .4. and the regionalization of flow statistics. discussed
witllin tllis section. Much of the conceptttal thinking
that Wlderpins the development of regionalized flow
statistic models also tmdetpins the regionalization of
rainfaii-rWloff models. The first step in developing
such a model is to identify the facets of the low-flow
regime that are of interest at the tmgauged site and
hence that are to be regionalized. The most commonly
regionalized flow statistics are flow-duration statistics
(Chapter 6), with others including the base-flow index
(section 5.2), flow frequency statistics (Chapter7) and
recession pru·ameters (section 5.3). For example, in the
Utlited Kingdom, the main focus of reseru·ch on regionalized models has been the regionalization of flowdmation statistics as these statistics underpin both
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abstraction licensing and the establishment of consents
to discharge effluent into rivers.
Once the objectives for the regionalized model have
been identified, the next step is to develop a conceptual
model of the processes that control the spatial variation
in the flow statistic of interest. The dominant influence
is always scale. Rivers draining large catchments generally have larger flows thru1 those draining small catc.hments, and it is vety conuuon to see poorly defined
regional models published within literature focusing
entirely on scale. These scale effects dominate goodness-of-fit measures that may be used to judge the quality
of the simulation. TI1e main issue with such models is
that they cannot differentiate between the vru'i.ation in
low flows observed in catchments that are of the san1e
size but that may have very different climatic and
physical charactet'i.stics.
Low flows are influenced by a combination of the following: climatology, hydrogeology ru1d soils, topography ru1d land use (Chapter 4). TI1e location detemlines
which of these will be the dominant influences. For example, within the United Kingdom, the maritime climate
is generally characterized by a lack of a marked seasonal
vru'i.ation in precipitation. In contrast, the hydrogeology
of both major aquifers in the United Kingdom is complex, with hru·d rock and quatemruy in one, and tertiruy
drift deposits of vruying petmeability in the other. Once
normalized for hydrological scale (by dividing by the
mean flow) the between catchment variation in flowduration statistics is stmngly influenced by hydrogeology (Holmes and others, 2002). Tius contrasts markedly with the Hindu Kush, where the onset and
duration of the monsoon and elevation are the donlinant
influences on the vru'i.ation of flow regimes v.rithin the
region (Rees and others, 2005).
Tius conceptual tmderstru1ding is gained through data
analysis. The success or failure of a regionalization
process depends greatly on whether an appropriate
da.taset is compiled to suppott tl1e analysis procedure
and subsequent model development. In essence, the
dataset comprises a set of flow data fi·om gauged catchments, with accompru1ying catchment descriptors that
are representative of the hydrology of tile region of
interest. It is essential that the ca.tclrment descriptors
adequately represent the influences on tile variation in
low flows that the model is to estimate. In many regions
of the world, the appropriate mapping of tl1ese data is a
litniting factor; however, advru1ces in remotely sensed
data continue to address this issue. Collllllonly, it may
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be necessruy to identify appropt'i.ate sun'Ogate datasets.
or example, location can be used as a. good sun·ogate
for more detailed infom1ation on tile onset of the
monsoon season within the motmtainous Himalayan
region of Hindu Kush (Rees and others. 2005). Croker
ru1d others (2003) used average ruumal rainfall as a
surrogate for a tme measure of the degree of stream
ephemerality in a study that used the theory of total
probability for predicting flow-duration statistics
within ephemeral catcluuents in Portugal.
The flow data of a catchment must be of good hydrometric quality and relatively free of anthropogenic
disturbance (for example, impotmding reservoirs, abstractions and discharges), tmless this disturbru1ce is
to be explicitly addressed witlun tile model (this is
rarely the case). Furt.hetmore, the length of record
should be sufficient to capture the natural vat'i.ability
of the system to minimize the influence of sampling
etTor on the flow statistic of interest. The regionalization of hydrological variables that demonstrate significant trend through time should be attempted with
care, if at all. TI1e extensive quality assurance of data
will strongly influence the outcomes of a study, and
the impmta.nce of this step cannot be overly stressed.
The development of a regionalized model for estimating
low-flow indices can be summarized in the following
five steps (see also Figtu·e 9.1).
Step 1: Data. acquisition
(a) The selection of the low-flow indices of interest, for
example, the flow-dura.t ion curve (FDC);
(b) The selection of an appropt'i.ate set of gauged catchments across tile region of interest on which to base
the development and testing of the model;
(c) The acquisition and quality control of the t'i.ver-flow
data (Chapter 3) for these catchments. The following
are basic considerat ions:
(i) The period of measurement record should be
long enough, and without significant gaps, to
nlinimize the srunpling error within tile derivation of the low-flow index;
(ii) The hydromefl'ic en·ors in the measurements
should be sufficiently small, such tilat the lowflow index is not sensitive to the magnitude of
tile error. For exrunple, if low flows are of interest, tile measurements should be both accurate
and precise at low flows; but, tile accuracy and
precision at high flows may be of secondary
impottance;
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(iii) TI1e flow regime of the catclunent should be
essentially free of anthropogenic disturbance;
(d) TI1e acquisition and quality control of physical and
climatic descriptors of the catchment. These rnight
include geology, soils, land use, topographic characteristics, average annual rainfall and seasonal
rainfall;
(e) The partitioning of the catclunent dataset into a
model development dataset and a model validation
dataset.
Step 2: Model design
(a) The development of a conceptual model of the relationships between the low-flow index of interest
and the physical and climatic characteristics collated
under Step 1;
(b) The selection of an appropriate modelling framework (usually statistical) for developing predictive
relationships between the flow indices from the
catclunent descriptors.
Step 3: Model calibration
(a) The identification of significant relationships between flow indices and catclunent descriptors;

Data acquisition !Step 11
);> Catchment selection
);> Selection of catchment

descriptors

Step 4: Model evaluation
The evaluation of the predictive performance of the
model over the development catchment set and the
examination of patterns in model residuals. Steps
3 and 4 are normally iterative, with the evaluation
step leading to a recalibration of the model.
Step 5: Model validation
(a) The evaluation of final model fit over the development catclunent set;
(b) The evaluation of the reliability of the model over
the independent catchment set.
Researchers have used many different techniques for
developing regional relationships between flow statistics and catchment descriptors. It is beyond the scope of
this Manual to detail all of these. Demuth (1993) gives
a comprehensive review of the regionalization of low
flows in western Em-ope. Smakhtin (200 1) provides an

Model des ign !Step 21
);> IVIodel selection
);> Data splitting
.....----------, );> Assumptions and
requirements
Multiple linear
Calibration dataset (56stations)
regression model
Y; =b0 + I: bi" X;i +e;

);> Calculation of catchment

descriptors
);> Selection of low-flow
indices
);> Calculation of low-flow
indices

(b) TI1e development of predictive models considering
issues such as covariance between catchment descriptors. It is strongly recommended that catchment descriptors be selected to minimize covariance. Good statistical textbooks (for example,
Manly, 1986) give guidanc.e on measuring covariance between datasets.

Catchment descriptors
(independent variables)

Model calibration !Step 31
);> Selection of algorithms to

Low-flow indices
(dependent variables)

depict the low flow indices
);>Computation of regional
transfer functions

Validation dataset (27 stations)
Catchment descriptors
(independent variables)

BASE
MAM(10)

Ogo

=

b 0 + I: bi • X;i + e;
b 0 + I: b/ X;i +e;
b0 + I: b/~ +e;

Low-flow indices
(dependent variables)
'

Model validation !Step 51
);> Check for agreement between observed

and estimated values
Model application

'--------------

I

Model evaluation !Step 41
);> Check outliers
);> Check model sta bility
);> Recalibrate as necessary

Figure 9.1 Regionalization procedure using multivariate regression (modified according to Demuth, 2004)
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extensive review of low-flow hydrology, including the
estimation oflow flows at ungauged sites, while Young
and others (2000) review the histmy of the regionalization of flow-duration statistics in the United Kingdom.
All techniques require the development of good, robust
predictive models. The most widely used methods are
based on multivariate regression. Within these models,
it is often the case that non-linear transformations of
either the flow data and/or catchment descriptors are
required to optimize the models.
It should be recognized that these steps are vety general

and may vaty in emphasis, depending on the nature of
the analysis. Fmt hermore, the relationships between
catchment descriptors and the low-flow indices of interest may not only be non-linear; they may also (in some
cases) not be amenable to capture using classical statistical models.
It may also be necessaty to subdivide a region into a

number of fixed geographic regions in order to develop
reliable models. This concept has been extended to the
development of region-of-influence methods in which
a dynamic pool of similar catchments to the m1gauged
catchment of interest is developed, and the estimate for
the tmgauged catchment is generated directly from
observed data from the pool of similar catchments
(Hohnes and others, 2002).
Whatever approach is selected for developing regional
models, great attention should be given to tmderstanding
model residuals; if these can be explained in tenns of
the limitations of the model, then the model can be
improved.
In practice, users should always be aware of, and look
to incmporate, local hydrometric data within the application of a regional model. Last, but by no means least,
users should also be aware of potential anthropogenic
influences (including discharges, abstractions and reservoirs) and take them into account when estimating
within an ungauged catchment.

There are cettain restrictions associated with multiple
regression analysis. Although the procedm·e may be
used to quantify the relationship between variables, it
does not replace observations and experiments. Equations are based on correlation and not on the understanding of processes, which means that the models are not
generally valid and cannot be extra-polated beyond
their interval of validity.
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9.4

Catchment modelling

9.4.1 Overview of rainfall-nmoff models
Rainfall-nmoff models are computer-based representations of catchment hydrology which are designed to
transfmm the time series of meteorological inputs and
outputs (precipitation, evaporation, temperatm·e, and
so on) into the time series of hydrological variables,
typically streamflow, but also possibly other storages or
fluxes within the drainage basin. Although there are
many different ways of classifying models, most systems use a combination of the complexity of the model
stmcture (and therefore the parameter set), the time
interval (hourly or less, daily or montllly) and the spatial
distribution system (lumped, semi-distributed or fully
distributed). Beven (2001) provides a useful integrated
guide to the principles and practice of hydrological
modelling, as well as a large munber of references to
many of the issues associated with their use. One of the
central issues is the choice of model structm·e and the
level of complexity included. Available models vary
from very simple mathematical transformation ftmctions
with few parameters, through conceptual models to
complex physically based models. However, the distinction between these different types of models is not
always clear. The "coefficients" of simple models and
parameters of conceptual models are frequently considered to have some physical relevance, while the direct
association between the parameters of physically based
models and basin propett ies is often obscm·ed by scale
issues. The type of model stmctm·e has a large impact
on the way in which a model is used, both in tetms of
calibration (establishing the parameter values for situations where observed streamflows are known) and
application to unganged basins.
Simple models with few parameters lend themselves to
automated approaches to calibration, whereas this is
more difficult with conceptual models because of the
greater parameter space and the degree of interaction
between parameters. The parameters of physically
based models are intended to be quantified using
measurable physical propetiies, avoiding the necessity
of calibration against observed data. However, problems and diffictllties exist with the parameter evaluation
approaches of all three types of models and parameter
quantification procedures. Many sophisticated mathematical methods have been designed to solve the problems of automatic calibration approaches and the determination of globally optimum solutions. However, it is
always difficult to be sure that the calibrated parameters reflect the real signals in the data (nmoff response
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to rainfall), rather than the noise ( etrors in the input
data). The same problem applies to manual calibration
approaches, frequently used with conceptual models,
which also suffer from potential bias related to the individualmodel user's calibration method. Some of the
criticisms of physically based models relate to the extent to which laboratory-derived physical equations
can be applied at the spatial scales typically used in
practical modelling projects. A further problem lies in
the ability of model users to measure appropriate physical basin properties and to coveti these into model
parameter values.
Most of the issues refen·ed to in the previous paragraph
can be evaluated when obsetved streamflow data are
available. However, beyond the simulation of potential
environmental change, the main practical use of hydrological models is to simulate flows where obsetved data
are not available. Tltis means that a method for estimating parameter values is required and that, ideally,
the uncettainty associated with those estimates can also
be quantified. Frequently used procedures for simple
and conceptual models involve the development of
regional relationships between model parameter values
and measmable basin properties. Inevitably, the development of these relationsltips relies upon the availability
of a sufficiently representative set of basins with obsetved streamflow data. They also rely upon access to
appropriate (in tenus of measured variables as well as
the scale of measurement) physical basin property data.
TI1e application ofphysically based models in ungauged
basins relies upon access to the same type of information
and, in fact, may require more detailed data with a
higher spatial resolution. In many data-poor regions,
the lack of such data represents one of the major limitations to confidence in the results of streamflow simulations in tmgauged basins, regardless of the type of
model applied.
9.4.2 Applic.ation of physically bast'd models with
measured parameters
As discussed, the boundaries between model classification categories are not dearly defined. Many models
are essentially hybrid, with constituent pruts drawing
fi:om stochastic and deterministic components. If the
detemtinistic components seek to describe the physics
of the process represented, using differential equations
that seek to consetve both mass and energy, the models
are commonly refen·ed to as being physically based.
Physically based models ru·e distributed, in that the
model equations include space coordinates and are
differential in nature (thus requiring the definition of
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boundaty conditions) as opposed to integral, as in the
case of the conceptual rainfall-nmoff models.
It is possible to ru-gue that no model components ru·e
tmly physically based. Any mathematical desctiption
of a process is an approximation of that process and is
thus always a conceptualization. The preservation of
the physicality of physically based deterministic model
components is also called into question in the application
of the model. While the process descriptions can model
the transpoti of water tmder well-defined laboratory
conditions, they may not do so when applied to the
complexities of a real catclllllent. The scale of the spatial
and temporal discretization of the model is extremely
important. In practice, it is necessary to limit the resolution of distributed models to a grid scale that is
c.ommensurate with the input data describing catchment properties, climatological variations and available
computing power. This hm1ping and the uncertainty in
the input climatic data and field measurement of catchment propetties (and hence parameter values) will
generally meatl that the model will require calibration
to compensate for these uncertainties. Hence, the tme
physicality of the model is comprontised. For a fi!ller
discussion of the relative merits of tltis type of model
compru·ed with the simpler, integral conceptual class of
detenninistic models, the reader is directed to the work
ofBeven (200 1) , which provides an introduction to this
topic.

Well-known physically based model codes include the
SHE (Systeme Hydrologique Europeen) model (Abbot
and others, 1986) and the Commonwealth Scientific
and Industtial Research Organisation TOPOGDYNAMIC model (Zhru1g and others, 1999). Although
these models are used for research applications, they
ru·e not widely used in operational practic.e for low
flows because of application costs and limitations on
data availability outside research catchments. The notable exception to this generalization is the use of
linked surface water- groundwater modelling codes, in
which the groundwater flow equations ru·e generally
solved on a finite difference scheme (such as the USGS
MODFLOW model) or a finite element scheme. These
modelling codes, linked to surface water codes, ru·e
being increasingly used to model the conjunctive use of
grotmdwater atld surface water resources within
g~·ow1dwater-dominated catchments.
9.4.3 Regionalization of conceptual models
Most conceptual models consist of components designed
to represent the major storages (interception, soil
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moisture, ground water, and so on) and fluxes (surface
runoff, interflow, groundwater discharge, and so on)
that exist within drainage basins and detennine the
nature of runoff responses to precipitation and other
meteorological variables. In turn, the parameters of
such models should reflect the operation of hydrological
processes at the model spatial and temporal scale within
a specific basin. The difficulty with applying such
models is to translate the qualitative tmderstanding of
relationships between the parameters and basin processes into quantitative relationships that can be expected
to generate streamflow simulation results with acceptable levels of tmce1tainty.
One of the simplest approaches to paran1eter regionalization is to calibrate the model using all available
gauged data, identify regions of hydrological sinlilarity
(based on physical basin prope1ties such as topography,
soils, geology and vegetation cover) and assume that
sinlilar regions will have sinlllar parameter values.
Such a method fmmed the basis of the current national
water resources database of South Africa. using simulated monthly flow time series (Midgley and others,
1994) and relied to a large extent on the establishment
of an a priori calibration scheme. Unfmtunately, the
original study did not identify the degree of tmce1tainty
associated with the approach's application.
A more quantitative approach is to attempt to dete1mine
relationships between appropriate measurable indices
of basin hydrological response and model parameter
values (Hughes, 1985; Femandez and others, 2000;
Yokoo and others, 2001 ; Yotmg, 2006). The most commonly used approach is multivariate regression ( discussed in the previous section), in winch model parameters are treated as discrete entities. However, this
approach ignores the issue of parameter inten·elationsllips, which are generally accepted to exist to a greater
or lesser extent in all rainfall-nmoff models. Several
approaches have been adopted to try to address this
issue, including the use of se.quential regression techniques (Lamb and others, 2000) and a region-of-influence approach based on canonical con·elation analysis
(Young, 2006). In an Austrian study, Merz and BlOschl
(2004) fotmd that the use of the average parameters of
inmlediate upstream and downstream (nested) calibrated
catchment models and regionalizafion by kriging both
perfonned better than parameters predicted using regression relationships. As already mentioned, many of the
proble1ns are associated with a lack of access to quantified physical basin prope1ties, a situation that is improving with advances in remote-sensing technology and
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the availability of new data products (Biftu and Gan,
2001). An alternative approach is to interpret the model
algorithms and associated parameter values in temlS of
the physical hydrological processes acting at the basin
scale, applying probability distribution principles
(Moore, 1985), and to attempt to estinlate the parameters directly from a knovm or intuitive understanding of
the operation of these processes. Such an approach may
bridge the gap between conceptual models and more
complex physically based methods.

9.4.4 Modelling future scenatios
One of the impmtant applications of hydrological
models is the estimation of water resources availability
under fi.lture conditions, which may include changes to
the basin response characteristics (land cover, and so
on), changes to the forcing clin1ate, changes to resolU'ces
management (impoundments, abstractions, retum flows,
and so on) or a combination thereof. Some rainfallnmoff models contain components that allow relatively
simple water resomces development operatio11S to be
simulated, such as run-of-river abstractions, reservoirs
with simple operating rules and artificial discharges
(for example, industrial and domestic effluent). However,
most rainfall-nmoff models do not have the required
components to sinmlate complex development in1pacts,
and the use of water resources system models is more
appropriate.
Land-cover changes can be simulated, given that the
required modifications to the model parameter values
can be identified and correctly quantified. This in1plies
that the expected changes (to interception, evapotra.nspiration losses, surface nmoff, and so f01th) can be either
explicitly or in1plicitly represented by changes in the
model parameters. Physically based models can successfully simulate these in1pacts, given that the model formulation is truly representative of the real hydrological
processes in the specific basin and that the parameters
can be quantified with confidence. There is little doubt
that conceptual-type models can also be used successfully; but, the parameter changes reqillred for different
land-cover change effects may require some fom1 of
calibration.
The co1umon approach to sinmlating climate change
effects is to substitute the historical time series of hydrometeorological forcing data with data sinmlated
using a regional clin1ate model to represent various
possible future scenarios. However, this approach has
the potential of ignoring other changes that may occm·
as a result of changes to the climate. Wllile these may
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take place over longer time scales than the climate
changes, they may nevertheless be significant. This is
particularly tme of arid areas where, for example, surface vegetation cover can be highly dynamic. associated
with recent climate events (of the past one to three
years), and can have substantial impacts on nmoff
generation and grotmdwater recharge.

9.5

Use oflocal data

If the river-flow records within a catclunent of interest
are shott or incomplete, it is always strongly recommend that these should be used to either in1prove or
contrast the estimates generated using a regional model.
TI1e prinlarY limitation of short-rec.o rd data is that the
data are tmlikely to capture the natural variability of the
catchment tmder investigation. The objective of most
local data schemes is to reconcile the shmt-record data
with tllis longer-tenn natmal variability through comparisons with an appropriate long-record analogue
catchment. The following subsections present commonly used approaches to collecting and using local
data as either an altemative to, or to enhance, regional
models.

9.5.1 Use of shol't t'ecot'ds
If a shmt flow record exists for the catchment of interest
and a suitable analogue catchment exists, with a long
flow record overlapping the shott flow record at the site
of interest, then it is possible to synthesize a flow record
at the site of interest from the long record. Tlus is accomplished by developing a statistical relationship between the short and long record. Regression is commonly used, with the relationship being developed by
regressing the shmt flow record against the flows at tl1e
long-tenn station using the overlap period and predicting a relationship between the two-flow series for this
period. TI1e so-developed regression equation can then
be used to predict flows at the site of interest for periods
outside the overlapping period, wluch can then be used
to detemune an FDC. A core assumption in this approach is that the flows witllin the catclunents are synchronous (see section 9.2 for further details on selecting
an analogue catchment). Shmt periods of record are
used in order to establish a relationship between the
flow in the target tmgauged catchment (QXr) and corresponding flow in the analogue catchment (QXA).
(9.2)
where a and b are estinlated by regression from the
conunon record.

The flow axis of the long record FDC for the analogue
catchment can then be transfonned using this relationslup.
Relationslups thus developed often have significant
associated uncettainties, wluch can be constrained by
developing relationships witllin more than one suitable
analogue catchment. Furilietmore, if the emphasis is on
simulating low flows, the dependence of the regression
relationslup on the high flow can be reduced by applying a logaritlullic transfmmation to the data before
developing the regression model and then taking the
anti-logs of the resultant model.

9.5.2 E stimating the FDC using spot cut't'ent
metel'ing
Flow-duration statistics can be detemlined by assigning
exceedance percentiles to spot flow measurements.
Measurement approaches include the use. of an inlpellertype or ultrasmuc cmTent meter or dilution gauging.
Exceedance percentiles are derived from the flow percentile cotTesponding to the flow measmed at a suitable
gauged natural analogue catchment (section9.2). Again,
the flows at tl1e two sites are assUllled to be synchronous. To approxin1ate the FDC, tile flow measmements
should be taken at a wide range of flows. However, if
the specific design problem is in the low-flow range,
then more metering should be carried out at low flows.
Once a suitable analogue catchment has been identified,
the m1certainty associated wifu the estimation of the
FDC is a function of the amount of spot ctm·ent metering catried out for a specific percentile point. The method
consists of the following steps:
l. Choose a gauged analogue catchment (A) with a
well-established one-day FDC and sinular catchment geology (see section 9.2 for guidance on the
selection of analogue catchments).
2. Measme flow Q~ for the target ungauged catchment of interest (T) with a current meter. If a new
progralllllle of spot ctuTent meter reading is to be
undertaken, then it is recommended that a sampling procedure be adopted based on the repeated independent measurement of flows corresponding to
a given percentile flow within the analogue catchment. If historical data are to be used, this more
rigorous procedme may not be possible, in which
case assign Q~ a percentile, PXA, (from the FDC
for the analogue catchment) conesponding to flow
QXA at the analogue catchment on the same day.
3. Plot Q~ against PXA.

ss
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An example of the approach using historical data is

swrunarized in Table 9.1 for the Pang catchment (located in the Thames basin) using the Kennet catchment as
the un-connected analogue catchment. The historical
current metering, Q~, for the Pang and the flows measmed on the same day for the gauging station on the
Kennet at Theale, QXA, are shown in Table 9 .1.
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The flow measmed with a cw1·ent meter Q~ within
the target catchment is plotted against percentile PXA
as demonstrated in Figme 9.2. An FDC constructed
from the fullmeasmed flow record for the Pang is also
shown in this figw·e for comparison purposes.
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Figure 9.2 Annual FDC for the Pang from current
metering data

Three somces of en·or must be considered when using
tllis method, as follows:
(a)

The hydrometric error associated with the
cm1·ent meter measurements within the tmgauged catchment;

(b)

The assumption that the measmement is representative of the day's average flow;

(c)

The en·ors associated with assmning that
the flows within the ungauged and analogue
catchments are synchronous.

Table 9.1 Current metering for the Pang catchment
DltiR of c:umnt
IMIIIrlng

CurNnt IMIIIrlng
QX,(m'ls)

flow within the
KennetQX. (m'/s)

PerQntlle on

K.ennetPX.

1/5/Year

0.63

11.100

34

16/5/Year

0.67

9.630

39
56

1/6/Year

0.52

7360

16/6/Year

030

6.460

63

1/7/Year

0.43

6.060

68

16/7/Year

0.34

6.060

68

1/8/Year

0.33

5.440

72

16/8/Year

030

4.870

80

1/9/Year

0.17

4590

84
78

24/8/Year

0.30

5.420

16/9/Year

0.19

5380

75

1/10/Year

0.14

4.420
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16/10/Year

0.17

4.120

90

If good hydrometric practice is followed, the largest
enors are associated with (c) at low flows . The errors
have a random component and a systematic component.
The random (sampling error) component can be reduced by repeated measmements.

However, systematic enors cannot be reduced. The
origins of the systematic component can be best understood by considering the probability of occurrence
of a specific flow percentile. If the target catchment is
at the Q95 flow for the catchment, there is a 95 per cent
chance that the flow within the analogue catchment
will be equal to, or greater than, the Q95 per cent flow,
and only a 5 per cent chance that it will be lower. At
low flows, therefore, there is a systematic tendency for
the low flows to be tmder-estimated. That is, if the tme
flow percentile is Qw the likelihood is that the flow
within the analogue catclunent will con·espond to a less
extreme flow percentile. At higher flow percentiles, the
importance of the systematic en·or reduces. and at the
Q50 flow it is negligible.

9.5.3 Spatial interpolation nsing FDCs
An altemative approach to developing relationships between short- and long-record time series of flows was developed by Hughes and Smakhtin (1996). This approach
is used for "patching" or extending the time series of
daily flow data using FDCs, which can also be used for
generating time series of flow data at tmgauged sites if
combined with a regional statistical model for estin1ating
the FDC. The approach is based on the asstmlption that
hydrographs from rivers in a broadly climatically homogeneous region will have similar pattems of rises and
falls. The actual flow values and rates of rise and fall will
be related to basin response characteristics (detennined
by, among others, topography, soil, vegetation and geology), as reflected in the shapes of FDCs. The analysis
procedures are simple, and are as follows:
(a)

Generate one-day calendar month FDCs for
all obsetved flow data in the same climate
area as the w1gauged target catchment;
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(b)

(c)

Generate equivalent FDCs for the nngauged
target catchment using regional data (see
Smakhtin and others, 1997, or the region-ofinfluence approach outlined in section 9.3);
For each day in the observed time series, find
the exceedance percentile of the daily flow in
the appropriate FDC and detennine the nngauged site daily flow from the nngauged site
FDC corresponding to the same exceedance
percentile.

Where there is more than one time series of observed
flow, the nngauged result will be a weighted mean of
several estimates.
The method can also be used to simulate the impacts of
some types of developments within a basin, assuming
that the developments can be expressed as changes to
the FDC characteristics. Examples might include nmof-river abstractions and land-use change effects. Although Smakhtin and Masse (2000) applied the same
principle, they used the time series of smoothed rainfall
data., instead of flow data., as the "observed" signal.
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10. Estimating low flows in
artificially influenced rivers

10.1

Introdu ction

In natural rivers, the magnitude of low flows is determined by climate inputs and hydrological processes
(Chapter 4). As a result of the development of rivers for
public water supply, inigation, power production, navigation and the dilution of domestic and industrial effluent
and because of land-use change, few rivers now possess
natural river-flow regimes. The impact of water resources development is most severe during periods of
low flows when absolute volumes of water transfers
represent a significantly higher proportion of the natural
flow regime. The impact of artificial influences on naturallow flows can be estimated either by analysing the
time series of natural and artificial influences or by
adjusting low-flow statistics with an estimate of the
artificial component. Tlus chapter outlines the approac.hes for estimating the impact of rutificial influences on
low flows. In addition, the chapter provides a basis for
assessing the degree of artificial influence on measured
river flows. This is an essential step in identifying
which flow records should be rejected from studies
when the objective is to relate low-flow statistics or
parameters of hydrological models to catchment descriptors. When developing such models, it is clearly
inappropriate to use data from rivers that are artificially
controlled.
In highly developed catchments, the artificial component
of flow may exceed the natural contribution, particularly
at low flows. Infonnation on the location, volume and
tinling of attificial influences is vital to enable water
resources managers to allocate :fi:eshwater to users and
preserve the ecological quality of rivers during periods
of low flow or drought. The water user may sometimes
monitor major abstractions and discharges on a daily or
monthly basis. Access to these data is useful for identifying the effect of the artificial influences on the natural
flow regin1e and for water resow-ces management. In
some cotmtries, water use is regulated within a legal
frrunework, where licences are issued to those who
need to abstra.c t water (from a freshwater body) or discharge effluent (into a freshwater body). Such licences

typically prescribe linuts on the volume of water (or
effluent) to be abstracted (or discharged) at a patticular
site on an annual or monthly basis. Users may be obliged
to periodically provide the regulatoty authority with
information on the volume of water actually used.
Similarly, reservoir operators ru·e required by licence to
follow a regin1e of regulated releases (compensation
flows) to ensure that a tninitnum flow is maintained in
the river downstreatn. They also periodically provide
the regulatory authority with data. on the releases. The
information provides a good indication of past atld
future water use within a catchment and helps water
managers to detennine appropriate operational responses, or strategies. for maintaining supply.

10.2

Inventory of artificial influences

The principal att ificial influences on low river flows are
as follows:
•
•
•
•
•

Abstractions from rivers;
Abstractions from groundwater;
Discharges into rivers;
Reservoir storage;
Land-use change.

To be able to incorporate the impacts of rutificial influences into flow estimation, it is essential to quantify the
major influences upstream of the site of interest (Bullock
and others, 1994). The first step in any low-flow investigation is thus to produce a digital or hard-copy map of
the catchment or region and to plot evety attificial influence on the map. One of the major constraints of this
task is that very few agencies routinely measure the influences on a daily, monthly or even annual time step.
As a result, it is often necessruy to make approximations of the magnitude of these inputs, storage changes
and outputs and how they vruy annually or seasonally.
A second constraint is that the location of artificial influences is often not known, or, if they are known, the
infom1ation is held by a large number of different
agencies. It may be necessruy to contact one or more of
the following organizations to develop an inventory:
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(a)

Hydropower companies, for infotmation on
abstractions, diversions and change in reservoir
storage;
(b) Power companies, for infotmation on abstractions and retums from thermal power plants;
(c) Water utility companies, for information on
reservoirs and river and groundwater abstractions;
(d) Water utility companies, for information on
effluent discharges;
(e) Private companies, for infotmation on industrial abstractions and discharges;
(f) In1gation agencies, for infonnation on river
and groundwater abstra.ctions and reservoir
storage and the efficiency of in·igation
schemes;
(g) Individual farmers, for inlgation data;
(h) Navigation agencies, for information on river
diversions;
(i) Consulting companies which may have information on the design of water resources
schemes;
(j) Govemment departments which may have
inventot1es of major water resources projects;
(k) Agencies that have can1ed out previous lowflow investigations;
(1) Land-use survey agencies, including forestry
departments and mapping agencies;
(m) Basin authorities which may hold all, or some,
of the above infonnation.
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The following sections are drawn from licensing policy
in the United Kingdom. How ever, the key issues apply
to countries with a different regulatory framew ork
and the hydrological principles are genetic and apply
to countries where there is no licensing framework.
A licence (for an example, see section 6.5.4) typically
identifies the name and address of the abstractor, the
location of the abstraction poit1t and ilie petmitted annual, seasonal and maximum abstraction rate.
Figme 10. 1 illustrates two different abstraction pattems (constant and seasonal) and the itnpact on
downstream river flows. A licence can contain information on multiple-abstraction locations, different
purposes, and different seasonal abstractions and imposed licence conditions.

A

Abstraction

Summer
only

8

The recorded time set1es of artificial influences on
low flows are ideal data. For major water resources
schemes, these may be available. Examples include
daily or monthly values of reservoir storage, reservoir
abstraction, reservoir spill, reservoir compensation
flow, river and grotmdwater abstractions, river diversions for hydropower schemes and effluent discharges from sewage treatment plants. In the absence of
measured data, it is necessary to estimate artificial influences indirectly.
10.3

Cons \ant

Abstr<K:Lio n

VB
~

Ungauged site

AI1ificial inO.uences

10.3.1 River and gr oundwatet· abstractions
In the absence of measured data, and where there is a
regulatory infrastmcture responsible for controlling
abstra.ctions, abstra.ction licences can provide valuable
information. However, a licence states only the legal
litnitations on abstractions. Operationally, abstra.c tions
may be significantly less than the legal abstraction
regime, or, in some cases, greater than pennitted.

Ungauged
site

Figure 10.1 Impact of two abstractions at a downstream
ungauged site
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Figure 10.2 Examples of reservoir release profiles (Source: Gustard and others, 1987)

The following inf01mation is required (this may be
specified in a licence) :

(c)
(d)

(a)

(b)

Location and source: Water may be abstracted
from groundwater or surface water from one
or more sites;
Location: A river abstraction could be a reach of
river covering several kilometres or, as is commonly the case for agricultural abstractions,
from a number of watercourses. Groundwater
abstractions are usually from a single borehole
or a defined well field;

(e)

Location: A licence may integrate sites and
specify individual abstraction rates;
Pwpose: It is important to record the pwpose
of the abstraction. liTigation abstractions are
effectively lost to the river; however, an abst:I<tction for public water supply is nonnally
returned as eflluent downstream or to an adjacent catchment. Although these key pathways
are complex and rarely documented, they
have major impacts on low flows;
Abstraction rate: TI1e mean daily abst:I<tction
rate should be estimated;
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(f)

(g)

(h)

(i)

Seasonality of abstractions: This should be
estimated and may follow a distinct seasonal
pattem - for example, maximum rate during
the dry season;
Abstraction restrictions: Conditions may be
imposed on the abstractor so that abstraction
is ceased when cettain conditions prevail - for
example, the flow at a prescribed flow point
(or grmmdwater level at a monitoring borehole)
falls below a particular threshold;
Measurement: The abstractor (licence holder)
may be required to monitor the vohunes of
water actually abstracted (on a daily, monthly
or annual basis);
Water use: An estimate is required of the percentage of abstracted water that is retumed for example, cooling water losses from thermal
power plants.

If there is no measured data or infonnation from licences,
then abstractions have to be estimated. This can be
done through general knowledge or a site visit to the
specific scheme. Estimates for irrigation abstraction
can be based on crop area and crop water-use statistics
and local advice on irrigation practices. For major irrigation schemes, areas can be estin1ated from remotesensing data. Sinrilarly, abstractions for public water
supply can be estimated from per capita water consumption and an estimate of the population served.
With regard to hydropower. approximate flow estimates can be derived from monthly or armual power production data and physical constraints on diversion
schemes. Abstractions to ptunped storage resetvoirs
can be estimated from pumping rates and the ptunping
period. In many situations, estimates can be made by
combining a thorough tmderstanding of the scheme
with discussions with the scheme operator.
For regional studies, for example on the European scale,
detailed infonnation on water use is not available. Rees
and Cole (1997) combined data based on geographic
infom1ation systelllS (GIS) from Emostat on the degree
of urbanization (an index of population density) with
average daily domestic constunption (1016 1/hd/d) and
average daily industrial consumption (10161/hd/d).
Tlus enabled urban water demand to be compared with
a range of armual and seasonal natural low-flow statistics
such as the 90 percentile low flow. This was used to
highlight areas of water stress across Emope using a
consistent methodology. The main problem with this
more generalized approach is that no accmmt can be
made of water retumed to rivers in urban areas.
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In many countries, irrigation is the dominant water use.
For example, it accounts for 80 per cent of water demand in Greece and 65 per cent in Spain. Rees and
Cole (1997) also developed a European model to estimate the spatial distribution of irrigation demand, again
based on a GIS approach. The model combined estimates
of the area. of inigated crops, an allocation model of
crop-type distribution, a crop water requirement model
and irrigation efficiencies to estimate irrigation demand
across Europe. This enabled irrigation demand expressed as a prop01tion of mean armual discharge to be
mapped across Europe. Although these approaches are
not appropriate for detailed investigations, they provide
a consistent method for estimating areas of water stress
on a regional scale and contribute to large-scale environmental assessment (EEA, 1998).

10.3.2 Artificial dischru·ge t·eleased into livers
The following infonnation is required on discharge
released into rivers:
(a)
(b)
(c)

The location of each discharge site;
The average volume of discharge released into
the river;
The seasonal variability in discharge.

Obtaining measured data on actual discharge vohuues is
extremely problematical. Although measurements may
be taken from large effluent treatment plants, discharge
estimation must n01mally be caiTied out indirectly.
For example, the population served by a treatment plant
can nonnally be used together with per capita water
constmlption or estimating the discharge retumed to
the river. This provides only an approximate guide to
actual discharge volumes since it is difficult to quantify
accm·ately the true population setved by the works, the
per capita water use and additional industrial effluent
that may flow into a sewerage system.

10.3.3 Impounding reset-voit·s
To take into accmmt the impact of resetvoirs on low
flows, it is recommended that the recorded daily or
monthly time series of flow below the resetvoir be
used. If measurements are not available, then estin1ates
of long-tetm mean monthly values of resetvoir spill
and compensation flows should be made. Figure 10.2
illustrates a range of typical release profiles. The impact
of a resetvoir on dovmstream flows depends on the
reservoir type and the operating policy for managing
the reservoir. Reservoirs can be divided into four main
types as follows:
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(a)

(b)

(c)

(d)

hnpotmding resetv oirs with a direct abstraction from the resetv oir to supply a city or
i.trigation scheme. TI1e downstream i.tnpact
depends on the operation of the reservoi.t·;
however, it nonnally reduces peak flows and
replaces the natural low-flow variability by
controlled releases (compensation flow) from
the dam;
Regulatmg reservoirs, which regulate the river
flow at an attificially high level to suppott an
abstraction downstream . Again, the i.tnpact
is generally that of reducing peak flows and
replacmg the natural low-flow variability by
controlled releases. Given that water is not
abstracted at the dam and is allowed to flow
down the river, the impact is generally less
than that of impounding resetv oi.t·s;
Pumped-storage reservoi.t·s, where water is
pumped from a river to a reservoir. The i.tnpact
is the same as that of direct abstraction from a
n ver;
Multi-pwpose resetv oirs - normally impounding or regulatmg - which are used for
more than one pwpose, for example, suppotting abstraction, generating hydropower,
flood control.

10.3.4 Groundwater abstractions
Abstractions from groundwater sow·ces do not have an
illlmediate impact on the flows m rivers because of the
complex response of stream flow to the pumpmg of
water fi:om an unconfined, or semi-confined, aquifer
(Chapter 4).
For an mdividual well, the impact of abstraction on river
flow is complex and depends upon the followmg:
•
•
•
•
•

Aquifer hydrogeology;
Distance from the stream;
Seasonality of pumpmg;
Pumpmg rate;
The degree of hydraulic connection between the
aquifer and the stream .

be appropriate where the abstraction is close to the
stream, where the grom1dwater abstraction is known
to be a small propottion oflow flow m the river, or
where a prelmlinaty estm1ation is required;
(b) To use an analytical solution for calculati.t1g the
lllpact of gromldwa.ter pumpmg from a. smgle
borehole or a group of boreholes on an adjacent
stream. The Theis (1941) model is the sm1plest of
the analytical models available and requi.t·es a millinuun amount of input data for describmg the aquifer.
It has been implemented on a regional scale for estimatmg the impact of abstraction on low-flow statistics (Bullock and others, 1994). The prmcipa.l assumptions and simp1ifications within the Theis
model are as follows:
(i) The aquifer is isotropic, homogeneous and
infinite m areal extent;
(ii) TI1e borehole is screened over the enti.t·e depth
of the aquifer;
(iii) TI1e pumpmg rate is constant with time;
(iv) Water is released mstantaneously from storage
m the aquifer;
(v) Water-level variation m the stream caused by
changes m discharge is neglected;
(vi) The stream represents the sole sow·ce of
recharge, and, accordingly, recharge from infiltrated precipitation can be ignored;
(vii) TI1e stream fully penetrates the aquifer;
(c) To use physically based groundwater models (section
9.4.2), which model the impact of groundwater
pwnpmg on local water tables, the movement of
water through the aquifer, the hydraulic connection
between the aquifer and the stream, and the i.tnpa.ct
on river flow. Detailed measurements of aquifer
propett ies and the hydraulic connectivity between
the aquifer and the river and the time series of precipitation, evaporation, groundwater level and river
flow are requi.t·ed to develop these models. TI1ey
will, however, provide the most accw·ate estimates
of the impact of groundwater pumpmg on low flows
and are recommended where this is a primary and
significant impact (Ta.llaksen and van Lanen 2004).

10.4
The options for estimat mg the impact of groundwater
abstraction on low flows mclude the followmg:
(a) To assume that groundwater abstraction has a. di.t·ect
i.tnpact on river flow. This approach tends to overestimate the impact at extreme low flows because
the storage propett ies of the aquifer are not taken
mto account. However, tllis simple approach may

Estimating a11ificially inOuenced low Oows

10.4.1 Gauged Oow data
If contmuous flow measurements have been taken at, or
close to, the ungauged site, tllis data. can be used to
detennille the flow mdices and statistics described m
tills Manual. However, care must be taken over the mterpretation and extrapolation of thes e data, beca use the
i.tnpact of the artificial illfluence may have changed over

ESTIMATING LOW FLOWS IN ARTIFICIALLY INFLUENCED RIVERS

93

time. This invalidates extreme value analysis (Chapter 7),
which assumes a stationruy process with no trends in
the data.

(a)

10.4.2 Ungauged sites

(b)

At an ungauged site, low flows can be estimated by
using a continuous simulation model to detennine a
time series of daily or monthly flows (Chapter 9).
(c)
Tllis series is then adjusted for artificial influences, using
recorded (at a daily or monthly time step) or estimated
(usually using mean monthly values) abstractions and
dischat'ges (section 10.3). Low-flow statistics can also
be estimated at ungauged sites. Standard procedme is to
develop a regional model (Chapter 9) to estimate natm-al
flow statistics for each month of the yeru·, for example,
the natural flow-dmation curve for each month. TI1ese
are then adjusted using a monthly influence profile.

Identify reservoirs that lie immediately
upstream of the ungauged site and draw the
catchment boundaries of the resetvoired
catchment(s);
Identify all influences that lie within the impounded catchment(s) and discount them
from the list of influences above the ungauged
site of interest;
Estin1ate the natural-flow statistics using a
regional model only for the incremental
catchment, which is the catchment lying between the site of interest and any upstream
reservoirs (tllis is illustrated in Figure 10.3).
Lastly, treat the influence profile(s) for the
impounding reservoir(s) as discharges released
into the ungauged, incremental catchment.

10.4.3 Construction of monthly influence profiles
It is necessruy to define the cunmlative in1pact of all
upstream artificial influences before adjusting the natm-al
low-flow statistics at atl ungauged location.

The net impact of these rutificial influences during each
month can be represented by a monthly influence profile
that allows the monthly vru·iations in operating regimes
to be taken into account. The three key steps to the
construction of a monthly influence profile at a specific
location ru·e the following:
(a)
(b)

(c)

The identification of all occurrences of artificial
influences upstream of the ungauged site;
The quantification of monthly abstraction, discharge and reservoir impacts for each identified
rutificial influence;
Tl1e summation of monthly abstraction, discharge and resetvoir impacts at the location.

,--/
I

~ ---~/
Ungauged site

Figure 10.3 Schematic representation of the treatment of
impounding reservoirs

Although as a generalmle recorded data should be used,
in practice, estimated data may have to be used following
the above guidelines. Tllis can be carried out manually,
yet it is more efficient to digitally overlay catchment
botmdaries on spatial data files containing the location
and monthly profiles of attificial influences. An operational example of this is the LowFlows 2000 software,
which is used for estimating natural and artificial lowflow statistics at ungauged sites in the United Kingdom
(section 12.3).

Tl1e monthly influence profile at an tmgauged (or even
gauged) site is the net balru1ce for any given month of
all upstream abstractions and positive values of dischru·ges and reservoir releases. In the case of a catchment containing only abstractions ru1d discharges, the
monthly rutificial influence profile cru1 be simplified to
tl1e following:

Tl1e impacts of an impotmding resetvoir can be taken
into account using the following steps:

IP(k) = Dischru·ges (k) - Abstractions (k), where k =
montllS 1 to 12.

10.4.4 Summation of monthly absn·action,
discharge and reservoir impacts
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The calculated monthly influence profile can be:
(a)

(b)

(c)

Negative in all months in a catchment in which
abstractions exceed discharges throughout the
year;
Positive in all months in a catchment in which
discharges exceed abstractions throughout the
year; or
Positive and negative in different months in
more complex catchments, pruticularly when
seasonal abstractions are significant.

10.5

Flow naturalization

The process of distinguishing the natural flow component from the measmed rutificially influenced flow
record is called naturalization. A key application is to
identify whether observed changes in river flow ru·e due
to natmal variability or to rutificial influences changing
over time.

Once the natmal low-flow statistics have be-e n determined and the profiles for the upstream rutificial influences constructed, the impacts of the influence can be
incorporated into the natural monthly flow statistics.
These influenced monthly flow statistics can then be
recombined to give annual statistics.

The adjustment of gauged daily or monthly flows is
nonnally can'ied out for the largest ru1d most easily
quru1tified rutificial influences, for example, "exported"
abstractions above the gauging station or "imported"
effluent dischru·ges into a river. Long series of natl.U'alized flows can be exceptionally valuable in detecting
low-flow trends. Normally, no attempt is made to account
for the often subtle in1pacts of land-use change, and
these may be impmtant.

10.4.5 Residual flow diagrams
Residual flow diagrams and flow accretion diagrams
(Figure 10.4) provide a usefi.d tool for displaying ru1d
interpreting the effects of rutificial influences within a
catchment. TI1e diagrrun shows how, for a given flow
statistic (mean flow in the exrunple shown), the estimated flow increases, or decreases, along a river: first,
when no artificial influences are considered (flow
accretion diagrrun - left); ru1d, second, when artificial
impacts are considered (residual flow diagram- right).
Step chru1ges are seen where a tributary, abstraction or
discharge OCClU'S.

Essentially, naturalization involves the adjustment
of the observed (rutificially influenced) flow record
according to the known artificial influences upstream.
The procedme requires a systematic record of the influences, including the times, rates and dlU'ations of
abstractions, dischru·ges and reservoir releases. The
data should be in compatible units, and atl appropriate
method to temporally disaggregate the data should be
applied, as necessruy (for exan1ple, from monthly to
daily). On any day, the natmal flow, Qn, at a gauging
station can be approximated by simply adjusting the
observed flow, Q, according to the net upstrerun artificial
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influences. For example, if upstream of a. gauging station there is a constant abstraction for water supply of
15m3/s and an "impmt ed" sewage effluent discharge
of 5m3/s, then the net impact is a reduction in river
flow of 10m3/s. In order to derive a. naturalized flow
record from a time series of gauged flows, it would
be necessary to add 10m3/s to each measmed mean
daily discharge. If abstractions or discharges va1y on
a daily basis, the net in1pact must be calculated daily
and the time series of gauged flows adjusted accordingly. Given that there are often several artificial
influences in a catchment, it is important to identify
all upstream impacts in the catchment and to use abstraction and discharge data to calculate the total net
impact in order to adjust a gauged time series. These
may va1y seasonally and over decadal time scales. If
abstraction and discharge measmements are not taken,
then they will have to be estimated using the best data
available (section 10.3).
It should be noted that there could be a high degree

of unce1tainty in estimating artificial influences. While,
typically, there may be an error of ±5 per cent in the
observed flow, the eiTor associated with the rutificial
influence can be ru·om1d ±40 per cent, or higher. An
exan1ple of a. natlll'alized hydrograph for the River
Thames, a. heavily influenced catchment in the United
Kingdom, is shown inFigm·e 10.5. In Jrumruy 1997, the
natmalized discharge was approximately 20 m 3/s higher
than the gauged discharge measured at Kingston. This
is the result of a net reduction in river flows caused by
high abstraction rates for public water supply in London.
Figme 10.6 illustrates the time series of30-day annual
minima flows derived fi·om the 120-year gauged ru1d

0

N

D

natural components
(River Thames at Kingston,
United Kingdom, 1997)

natmalized time series (Figm·e 10.5) for the River
Thrunes. It shows that the gauged flow series indicates a
decrease in 30-day minimmn flows. However, once the
record is adjusted for the a1tificial component (primarily, increasing abstractions for public water supply in
London), recent low flows ru·e seen to be substantially
higher than those which characterized the early record.
10.6

Climate and land-use change

The impacts of both climate and land-use change on
low flows are complex. Chapter 9 reviews the modelling procedmes that can be used to estimate the impact
of changing land use and the sensitivity oflow flows to
different climate change scenarios. It is often difficult
to differentiate bet\>.'een the effects of lru1d-use change
and other hmnru1 influences ru1d clin1ate variability.
Approaches include paired catchment studies with
contrasting land use ru1d using hydrological models to
simulate the impact of changing vegetation pa.ra.n1eters
on low-flow response.
In a review of lru1d-use cl1a11ge impacts on low flows,
Tallaksen and van Lanen (2004) identified a wide range
of different responses, depending on land-use change
and clin1ate regime. With respect to climate variability,
although individual catchment studies have identified
positive ru1d negative trends in long time series of low
flows, studies over lru·ge regions do not indicate consistent pattems (Hisdal and others, 2001). Analysing
the sensitivity of low flows to changing climate inputs
provides a methodology for estimating the range of
low-flow responses to clin1ate change. However, these
produce only scenarios of possible outcomes and not
forecasts of futme events.
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LOW-FLOW FORECASTING

11. Low-flow forecasting

11-1

Introduction

This chapter examines low-flow forecasting and the
types of situations in which forecasting is provided to
improve decisions on water resources-related operations. In many regions of the world, clin1ate change
will have a profound impact on low flows, given that
small decreases in rainfall combined with increases in
evaporation and temperatlU'e will extend the period of
low flows in rivers, thereby affecting their operational
management. Some of these operations include the
following:
(a)

(b)
(c)

(d)

Water supply: The development of restriction
policies for public water supplies, reservoir
operations, inigation and hydropower scheduling;
Indnsny: The operations of many indnsn·ies
depend on the level and flow of a nearby river;
Environment: Environmental flows for ecological purposes, compensation flows and dilution flows for improving the quality of water
from n·eatment plants or power generating
plants;
Collllllercial navigation: On many larger rivers,
raw materials and finished products are shipped
on barges and other ships. Knowledge of river
levels and discharge is essential for managing
shipping schedules and for the optimum use
of lock systems.

The major objective of low-flow forecasting is to evaluate the consequences of flows in conjtmction with
future water-use demands, given a set of drainage basin
moisntre conditions and climate c.o nditions at a given
tin1e.
The lead time for perfonning low-flow forecasting is
generally much longer than for flood forecasting, vruying
from a few weeks to a few months and even years.
Given that there is great tmcettainty swrotmding futtll'e
meteorological conditions, both detemlinistic and
probabilistic forecasts are used, depending on the time

frame of forecasts. A probabilistic forecast can be made
using probable estimates of rainfall that can be generated fi:om global climate models combined with local
teleconnection relationships.

Forecast pe1iods
Although there are many ways to group forecasting
methods, one useful approach is to characterize the
forecast period into sh01t -, medium-, and long-term
periods. The efficacy of different methods and the
relevance of different hydroclimatic variables vaty
with forecast period length.
The degree to which current flows and local antecedent
conditions are relevant to the prediction of future flows
varies somewhat with the size and nantre of the drainage
basin; however, in general, such infonnation is useful
for short-tenn forecasts of approximately seven days'
duration. Although otU' ability to utilize synoptic, sea
stu"face temperattU"es and global-scale hydrometeorological observations varies with location and tin1e of year,
generally, such inf01mation catl be used to develop
meditm1-tenn three- to six-month forecasts. The relevance of atly antecedent infonnation reduces with the
length of the forecast period, and long-tem1 forecasts
will be predominately based on historical climatology,
that is, on the basis of statistics derived from extended
periods of llistorical observations. It is increasingly
pmdent to consider the possibility of clin1ate change or
local shifts in clin1ate state for longer-tenn predictions.
To this end, it would be n01mal to rely on only a censored
p01tion of the historical record in combination with
the outputs of munerical models of global weather
circulation.
Different methods have been developed to take advantage of the various infonnation sources. Methods
based on the recession analysis of streatnfiows (that is,
on the storage-depletion behaviour of the drainage basin in the absence of rain) provide a usefi.d conservative
forecast of short-term flow conditions. For medium-tetm
forecasts, it is necessruy to consider weather forecasts
that, in combination with knowledge of antecedent
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conditions, can be used to develop regression or simple
transfer-fimction predictions offuture flows. The nature
and degree of complexity of models used for longerterm forecasts vruy widely, and this reflects the vru·ied
efficacy of a wide range of different climate drivers.
The notional range of application of some data somces
and applicable methods is shown in Figme 11.1.

Long

Hen-parametric data analyses
Long-term climatalogy
Global cfimate modell&lg
Pateohydrologica) techniques

Figure 11.1 Notional range ofapplication ofdifferent
aspects offorecast methodology

The interaction of the critical nature of drought and
low-flow probability varies with the clin1ate regime
(Chapter 4) of the drainage basin. Forecasting in a
drought situation also encompasses the forecasting of
water demand, the availability of stored water and low
flows. Other factors that affect the choice of forecasting method are drainage basin size, climate regime,
geology and topography, all of which will be discussed
below.
Flows for a particulru· drainage basin will conespond
to the climate of the region, depending on seasonal
attributes. Tlus will also depend on the size of the
drainage basin, geology and topography. McMahon
and Finlayson (2003) stated that, generally, individual
streams will have an expected pattem of low flows,
which depends on their seasonal hydrological regin1e
type. These climate/regime zones tend to dictate the
necessity of forecasting atld the type of forecasting
required. Haines and others (1988) classified 15 types
of regimes globally based on the nature of low-flow
periods. Tl1eir studies have shown that, in w1regulated
rivers, shallow groundwater storage regimes supply
the water for low flows. Ten flow regimes were identi-

fied in Australia, ru1d the low-flow sequences tended
to follow the following patterns: perennial streams
with low axmual flow variability which have seasonal
low flows but do not cease to flow; perennial streams
with lugh rumual variability which cease to flow in
extreme years; ephemeral streams that regularly cease
to flow in the dry season; and arid zone streams with
long and en·atic periods of no flow.
On the other hru1d, the effects of river regulation on
low flows can vaty. In general, regulation nutigates
the severity of low flows. Forecasting low flows in
regulated rivers depends entirely on the operational
strategies of river regulations. The simple routeing
of releases, taking into account transnussion losses
atld abstractions from the river, cru1 result in accmate
forecasting.
fu tropical zones with defined wet and dty seasons, the

recession limb of the wet season to the lowest flow in
the dry season is important for forecasting flows for
nm-of-river schemes. This is also the case in some high
motmtain regions where snowmelt and ice melt in the
dty season enable sin1ple recession-based forecasting
procedmes to be used.
In temperate zones, although the recession limb of individual hydrographs will be important for detemlining
base flows, those in the smnmer season will be more
important. Forecasting flows after major anthropogenic
events, such as bush fires, agricultW'al activities atld the
building of cities, which affect base flows is particularly
problematical.
River and level forecasts for specific river systems,
such as navigation on the Rhine, ru·e available to all
operators through the Web and now bring the hydrological forecasting of low flows to all river users. There is
no single best practice methodology to forecast low
flows. The efficacy of different methods and the relevance of different hyd.t·oclimatic vru'iables vary with the
length of the forecast pet'iod.

11.2

Short-term forecasting

11.2.1 Purpose
Short-texm forecasts (one to seven days ahead) ru·e
seenungly more important for flood warning and the
optinuzation of reservoir storages for flood control that1
the release of water for irrigation and the enviroxm1ent.
A common requirement for short-texm forecasting is
the management of dilution flows, for instance, from a
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sewage treatment plant where treated effluent can be
disposed only when flows exceed some specific
threshold or a power station where the temperature of
cooling water is of interest. Short-tenn forecasting is
also conuuonly required for water-supply systelllS that
abstract water directly from rivers, or for the optimization of ptunping schedules for conjtmctive use
schemes that have multiple supply sow·ces. The typical
requirement for such shmt-tetm forecasts is from one
to seven days.
Three conuuonly used approaches for developing
short-tenu forecast models are based on the use of
recession analysis, low-flow frequency analysis and
autoregressive regression models. Each of these three
approaches are described in twn below.

duced to the threshold of interest can be estimated
directly as the difference between t and t0 , wluch in
this case is 11 - 2 = 9 days. Of cow-se, if the master
recession curve was fitted to a mathematical function,
then the forecast could be carried out analytically.
The forecast is conservatively low, in that it is based
on the assumption that no rain occw·s over the intervening period.
11.2.3 Regression analysis
Regression analysis is a more flexible tool that can be
used for forecasting. The development of models for
shmt-tenn forecasts will generally include streamflow
and/or rainfall tetms from prior time periods, for
example:
Qt+2 = a +b.Q, + c.R + d.S, + ...

11.2.2 R ecession analysis
Recession analysis, which is described in section 5.3,
provides estimates of streamflows in the absence of
rainfall. Although the length of the achievable forecast
period depends on the size of the drainage basin and
its degree of storage, in general it is possible to derive
forecasts between 1 and 20 days. The maximum
length of the forecast period is evident from the slope
of the derived recession curve and the degree of pessimism conceming the likely length of time before
rain is expected.
The simple natw·e of a recession-based forecast is illustrated in Figw·e 11.2 . Tlus figw-e shows a master recession curve for a drainage basin with a sustained
reduction in flow over a 20-day period statt ing from
around 90 ML!d. Let us assume that the cwTent flow
in the river is 74 ML!d and that an estimate is needed
of how long it might take before streamflows are reduced to a tlu-eshold of 30 ML!d. The forecast might
be undertaken graphically as shown in Figure 11.2,
where the number of days before streamflows are re-
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Figure 11.2 Forecast based on a master recession curve
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(11.1)

where Qt+2 represents streamflows to be forecast over
the next two-day period; Q, denotes cun·ent streamflows ; R represents rainfall that has occwTed over the
previous day; S1 is a seasonal tetm; and a, b, c and d
are fitted coefficients. For most short-term forecasts,
the inclusion of a tenn representing cun·ent streamflows (Q~ is important because of the lugh serial dependence in flow conditions, and the inclusion of the
previous period's rainfall (R) is a useful means of allowing for a subsequent increase in flows. It is sometimes useful to include the seasonal tetm, S1, which
may be defined by a fimction such as sin(1 +2nn/N)/2,
where n represents the sequential day number of the
year and N represents the totalnwnber of days in the
year. Altematively, to achieve a slight phase shift in
seasonal response, the cosine function can be used
instead of the sine function. In most cases, fitting a
regression model to successive observations will infringe the independence requirement (an assumption
required for fitting by least squares) because of the
high serial dependence in the data. The simplest way
of avoiding this problem is to fit the regression model
to a censored dataset where intervening days of dependent data are excluded. Alternatively, a more sophisticated approach can be taken where an autoregressive
model can be fitted to the residuals.
The main advantage of a regression approach is that
additional tenus can be included to improve the fit of
the model. Ideally, some form of climate forecast
could be included, yet, in practice, archives of shmtterm (less than seven days) clin1ate forecasts have not
been traditionally collected, or are non-stationaty as a
result of the in1provements in forecasting methods.
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Synoptic and global climate indices are useful for the
prediction of medimn-tenn (one to six months) forecasts, and a variety of infonnation on sea smface temperatures and measurements related to global circulation
patterns are conunonly used (for example, the Southem
Oscillation Index (SOI), the North Atlantic Oscillation
Index, the Indian Ocean Dipole and the Troup Index).
The use of regression models also allows confidence
intervals to be provided. Thus, rather than providing
merely a single "best estimate", confidence intervals
can be provided.
The development of regression equations for streamflow forecasts presents particular challenges, particularly for shorter-term periods where sfl·eamflows may
be zero. The presence of zero flows creates an asymmetl'i.cal boundary in the datasets which, without care,
can undennine the validity of a least-squares regression
model. The simplest practical approach to mitigating
this problem is to fl'ial a range of transfmmations
applied to both the independent (that is the predictor)
and the dependent (streamflow) variates. Logarithmic
and simple power transfmmations of the data are often
useful, whereby the flow and rainfall variates are first
f1·ansformed into the logaritlunic domain, or raised to
a power (in a range of 0.2 to 1.0). An alternative
approach is to develop regression models that are
conditional upon the time of year, or on a. range of
flow conditions of interest. Thus, it may be effective
to develop separate regression models for summer
and winter seasons, or for certain sets of flow conditions, where periods of antecedent rainfall is above or
below average conditions.

11.2.4 Othe1· models
Radar rainfall can be used to improve vety short tetm
rainfall forecasts. The most accm·ate method to forecast
rainfall for vety shmt lead times (1 to 2 h) is to use
weather radar to estimate the spatial disfl'ibution of
rainfall and then to advect the rainfall field fmwards in
time.
At some point in the forecast period, the en·ors associated
with this approach exceed those frommunerical weather
prediction (NWP) models, and the regional rainfall
forecast using tllis approach is projected to match the
NWP model forecast.
Generally, if a large rainfall event is projected over a
drainage basin, the low-flow situation is ameliorated,
but the reservoir storage problem might not be resolved
(Seed, 2003).
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11.3

Medium-term forecasting

11.3.1 Pm·pose
Medium-term forecasts of river flows are required for
a number of purposes, including for knowledge on
inflows to water storages for hydropower generation
and water-supply ptuposes for town water supplies,
irrigation and cooling water. Other applications include
the forecasting of flows from springs.
11.3.2 Low-flow frequency analysis
Low-flow frequency analysis provides an altemative
means of detennining simple probabilistic streantflow
forecasts when climate forecasts are either not available
or not accurate. The means of undertaking a low-flow
fi·equency analysis is described in Chapter 7. Figure
11.3 illusfl·ates a three-monthly analysis.
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Figure 11.3 Probabilistic forecast based on low-flow
frequency analysis

The median (or "typical") forecast is that which is exceeded 50 per cent of the time. In this illustration. the
median forecast is 93 ML. For more t'i.sk-averse forecasts,
rarer non-exceedance quantiles can be used. For example, the figure shows that there is only a 10per cent
chance that sfl·eamflows over the next three months
will be less than 16ML. In essence, such forecasts are
merely a statement of likelihood based on histm'ical
precedent; however, the armual minima used to fit the
distribution can be selected from a censored period that
reflects the antecedent conditions of interest. For example, if the preceding three-month period was dt'ier than
average, then the annual minima could be exfl·a.cted
from a censored data series comprised of only those
years where the relevant three-month flows were less
than the median recorded flow for that pet'iod.
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11.3.3 Using weathe1· p redictions to forecast Oows
In a drought situation where extreme low flows ah·eady
exist, it is possible to use a number of techniques, including long-tenn weather predictions to forecast flow
and forecasts using ensemble analysis of likely future,
or past, events. Forecasts of climate variables, of which
rainfall is the most in1portant in water resources applications, can be obtained from NWP models, which are
routinely nm by weather agencies in many cmmt:ries.
Although NWP models can provide reasonable largescale forecast out to one week or longer, because of
their coarse spatial resolution they have limited skill in
forecasting point or drainage basin-scale rainfalL Rainfall forecasts for a local region can be improved by
dO\vnscali.ng NWP model forecasts to drainage basinscale forecasts, using dynamic downscaling methods
(using a higher resolution NWP model constrained by
results from the low-resolution NWP model) or statistical dovvnsc.aling methods (relating large-scale atmospheric predictors estimated by a NWP model to drainage
basin-scale rainfall).
Estimates of future rainfall for various periods can be
obtained from meteorological institutions, either in the
fmm shovm in Figure 11.4, in depths of rainfall or as
total rainfall.

Purpose of long-term forecasting

11.4

Long-tetm forecasts (several months to several seasons
ahead) of hydroclimate variables can be used to help
manage water resources systetns, patticularly systems
with high interannual vat·iability. Seasonal forecasts
of water availability allow water managers to make
more realistic decisions on water restrictions in cities
and towus and water allocation for colllpeting users
and to make probabili.stic forecasts of water allocation,
streatn:fiow volmnes and the number of pumping days
available to help fanners make infonned risk-based
decisions for fatm and crop mattagement (Chiew and
others, 2003).
The hydroclimate variables can be forecast several
seasons ahead by exploiting the lag relationship between
the hydroclimate variable and the El Niiio/Southem
Oscillation (ENSO).
For example, Figure 11.5 shows that the spring (SepOct- Nov) inflow into a reservoir in south-east Australia
is generally higher when the winter (Jun- Jul- Aug)
SOI is positive. The SOI is based on the Tahiti minus
Darwin sea-level pressure and, together with sea smfac.e
temperature anomalies (particularly across the equatorial Pacific Ocean, for exatnple, NIN03) and upper
atmospheric pressure, is commonly used as an indicator
ofENSO.
The relationship between ENSO and climate is the
scientific basis for seasonal clin1ate forecasts provided
by research instinttions and meteorological agencies
throughout the world.
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Figure 11.4 Future rainfall for the next three months
(http://www.bom.gov.aulclimatelaheadlmaps/
rain.national.lr.gij?20070123) (accessed 7
November 2008)

These types of models are used for agricultmal pm-poses
and invariably are not converted into flows . Increasing
imp01tance will be placed on these models in the future
to develop procedures for forecasting environmental
flow releases, while at the same time attempting to
maintain the reliability of water for other uses.
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The ENSO-streamflow teleconnection is pruticularly
strong in Australia (low strerunflow is associated with
El Nifio), South America (high st:rerunflow is associated
with El Niiio on the Pacific coast, and low streamflow
with El Niiio in the north-east) ru1d Central America
(low streamflow is associated with El Nifio), with meditlUl strength ENSO-strerunflow teleconnection in
parts of Africa and Northern America as shown in Figure
11.6 (Chiew and McMahon, 2002).
The one- to two-month lag serial con·elation in strerunflow is often higher than the streamflow-ENSO coll'elation and should therefore be used together with ENSO
to forecast streamflow. However, the strength in the
ENSO-strerunflow relationship is maintained over a
longer lead time compru·ed with the streamflow serial
con·elation.
The hydroclimate forecast is usually determined using
statistical methods that relate the hydroclimate vru'iable
to ENSO indicators. For exrunple, the exceedance
probability forecast could be established simply by
using the strerunflow distributions resulting from
discrete categories of antecedent ENSO conditions
(like the discrete SOl categories in Figure 11.5). The
probabilistic forecasts are pruticularly important for
water resources applications where water resources
systems are typically managed with very low risks
(right-hand side of Figure 11.5). Shanna (2000) and
Piechota and others (2001) desct'ibe more complex
and reliable non-parametric methods for deriving probabilistic streamftow fore·casts that take into accotmt
the continuous relationship between streatnflow and
the explanatory variables.

The statistical seasonal forecasting methods ru·e useful
in a data-rich enviro1lll1ent. However, statistical methods
assume that clinlate processes ru·e stationary and lineru·,
which is contrary to ow· knowledge of the way in which
the climate system behaves. For example, statistical
methods cannot easily take into account the different
ENSO-streamflow relationship in different inter-decadal
periods or in an enhanced greenhouse climate. For this
reason, climate models are increasingly used to determine seasonal climate forecasts, patticularly as clinmte
models continue to improve. It is likely that future
seasonal forecasting methods will utilize the advantageous features of statistical methods and din1ate models.
For exan1ple, statistical methods can be used to downscale the large-scale forecast of climate models to
drainage basin-scale rainfall in order to drive hydrological models to provide probabilistic strerunflow forecasts. The rainfall and clinmte forecasts can be used as
inputs into hydrological and river operation models to
forecast hydrological fiuxes and states and river flows .
In data-t'ich areas and in regions where reliable estimates
ofsoil moisture ru1d evapotrru1spiration can be obtained
fi:om remote-sensing, data assinulation methods can
also be used to constrain the model simulations and
con·ect the model etl'ors, so that more reliable predictions can be obtained.
Seasonal models, such as the Non-parametric Seasonal
Forecast Model (NSFM), can forecast continuous exceedance probabilities of streamflow (or any other hydroclimate vru·iable). The NSFM forecasts the exceedance probabilities of streamflow several months ahead
by exploiting the lag relationship between streamflow
and ENSO and the serial cotrelation in streamftow.
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11.5

Basic modelling techniques for forecasting

11.5.1 Purpose
The aim of tlus section is to provide the reader with
some modelling tools for making forecasts based
upon the time series of river flows only, that is, without
rainfall or climate inputs. Three model types are presented, each with vruying degrees of difficulty in
terms ofconcept and in1plementation. TI1e first method
is the autoregressive moving-average (ARMA) modelling technique, which is suitable for forecasting at
tin1escales greater than one week. TI1e second and
third methods described are a two-state Hidden Mru·kov
Model (HMM) and a shifting-level model cast in a
HMM framework, respectively. These techniques ru·e
more involved stochastic models. More infoxmation
regarding these practices can be found in the appropriate references given in the relevant paragraphs. Models
that provide good approximations of low-flow forecasting include the intervention model of Kuo and
Sun (1993) atld the conditional forecasting approach
of Coley atld Waylen (2006). Both of these models
ru·e variations of tile techniques presented in this section.
11.5.2 Autoregressivl' mo\-iug-aver agl' models
The ARMA models have successfully modelled natmal
phenomena, and, indeed, it has been suggested that
they be nsed as a basis from wluch most natural processes can be modelled adequately (Montanari atld
others, 1997). ARMAmodels make use of persistence
characteristics in observed data by combining autoregressive and moving-average paran1eters, thereby
relating tile new, or forecast, value to a specified mm1ber
of previous values and the deviation of those values
fi:om the long-texm observed process. For a good introduction to ARMA and general time series modelling,
see Chatfield (2004). The generic equation for atl
ARMA model is given in equation 11.2. When used
for flow forecasting x ...l represents the forecast flow;
~t is the mean flow ; Z is tile measme of deviation of
the given value from the estimate of the long-term
process at the given time, with the best estimate of
z...1 equal to 0, asstmling nom1ally distributed errors;
a and ~refer to the autoregressive and moving-average
coefficients, respectively, with p equal to the order of
autoregression and q equal to the order of the movingaverage component of the ARMA model.

TheARMA(1,1) Model was used in streamflow at1alysis
by Stedinger and others (1985). The (1,1) indicates that
it is a first-order autoregressive and moving-average
model, meaning that both p and q in equation 11.2 are
equal to 1, retuming only one value of a and ~- Equation
11.2 therefore becomes:

x,+l = a 1 (X, -

has therefore been omitted.
Methods for estimating the number and value of autoregressive and moving-average coefficients have
been suggested in the relevant literature. Chatfield
(2004) implements a first-principles approach in his
technique. This method involves examining the tendency
of the data to autocmTelate (be related to previous values) and determining an appropriate munber of coefficients before using a least-squares solving technique
for coefficient values. This method offers a good introduction to some of the statistics behind time-series
modelling; but, it can also be replicated using a statistical software suite. One such suite, widely used and
recommended by the authors of this chapter is R,
which can be downloaded free of charge at tile following
Website: www.r-project.org.
Typically, low-order ARMA models are preferable to
higher order vru'iations (Hosking, 1984). Models such
as ARMA(l , 1) (for example, see Stedinger and others,
1985, and Venema and others, 1997) at1dARMA(l,O)
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As explained above, the best estimate of z...1 is 0 and

1!0:1

X,+! =

J.l.)+ ~ 1 Z, + J.l.

.zt+!- k

+ zt+l + ll

(11.2)

respective means demarcated (adapted from the
Nile River Fact File: http:lhVIVK(mbanvn.net/
Nile/fctfl_nfhhnl (accessed ?November 2008))
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(for example, see Kendall and Dracup, 1991) have
been used successfully in annual and monthly streamflow modelling. The ordinaty ARMA process can be
extended through techniques such as differencing the
data and adding a seasonal component to the model.
These methods rely on the modeller having a more
thorough understanding of the flow data. One simple
alternative technique is to stratify the time series.
Using the Hurst (1951) case study of the Nile Delta, it
can be seen in Figure 11.7 that the inflows follow vety
different patterns based on the time of year, with mean
flow different for each season. One way to include this
variability, other than using a seasonal model, is to divide
the year into two parts: Januruy to June and July to
December. Each of these segments will have a different
mean, and it is this mean that is used in equation 11.2,
with the model switching pru·ameter values at the
change of the selected seasons.
11..5.3 Two-state Hidden Markov Model
A two-state HMM, illustrated in Figure 11.8, assumes
that the climate is in one of two states (wet or dty),
with each state having an independent flow distribution.
A range of distributions can be compared, and these
depend entirely on the observed data. However, a
good strut would be to use a Gaussiru1 distribution.
The fitting and optimization of probability distributions
will not be discussed in this chapter: but, McMahon
and Mein (1986) offer good explru1ations and information regarding several probability distributions in a
streamflow context. The persistence in each demarcated
state varies according to state transition probabilities,
calculated in the calibration of the model. These transition probabilities dictate the probability of transition
from one state to the other and hence the probability of
remaining in the cuiTent state. A schematic diagram of
this process is given in Figure 11.8. By providing an
explicit mechanism to replicate the variable length
wet and dty cycles present in climatic data, Thyer and
Kuczera. (2000) indicate that a. two-state HMM goes
some way to explaining the complex non-linear c.limate
dynrunics responsible for these pattems in hydt·ological
time series, including streamflow. This capacity for
the inclusion of non-linearity makes HMMs generally
preferable to linear time-series techniques such as
ARMA modelling.
The "hidden" state in the HMM refers to the fact that,
rather than being specified by the user, the wet and dty
climatic phases of the HMM are included in the set
of parameters to be optimized in the calibration stage.
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Figure 11.8 Model framework ofa two-state HM:M (after
Thyer and Kuczera, 2000) where the transition
probabilities P(.) going from state to state are
labelled

Therefore, prior information regarding certain climatic
shifts does not need to be known or inferred. The set of
parameters to be optimized includes the state transition
probabilities, the parameters governing the respective
wet and dty probability distributions and the hidden
state time series, indicative. of the states of previously
observed values.
Several methods are available for calibrating the HMM.
One technique used in hydrological applications, and
favow·ed by Thyer and Kuczera (2000) and Pell'eault and
others (2000), is that of the Gibbs sampler. This technique forms pru·t of a family of Markov Chain Monte
Carlo (MCMC) simulation methods. More information
regru·ding the Gibbs sampler, accompanied with detailed
and extensive examples, eat1 be found in Gilks and others
(1995).
A fi.tlly calibrated HMM allows the user to recognize
the state of the current streamflow total and to detennine
the likelihood of a transition from that state in the next
time step. The forecast will then be the meru1 of the
distribution of the most likely state at the next time step.
Reference cru1 be made to the confidence sm1·otmding
the prediction by fratning the forecast in tetms of the
vru·iability of the selected distribution. Lu ru1d Berliner
(1999) used HMMs to successfi.tlly model daily streanlflow totals in a. rainfall-nmoff scenru'io. A statting point
for interested readers would be Chru·les and others
(1999) and Zucchini and Guttmp (1991).
11.5.4 Shifting-level model
The third technique is the shifting-level model, cast in a
Bayesian HMM framework. Conceptually, it is straightforward and combines aspects of ARMA and HMM
modelling. The shifting-level model has been used successfi.llly (for example, Salas, 2000) and was recently
extended by Fortin and others (2004) to have the capacity to forecast monthly and annual streamflow totals.
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The shifting-level model of Salas and Boes (1980)
consists of four parameters used to describe a process
that is modelled as the sum of two independent stochastic
processes, that is, x, = m, + c,, where m, and f.t are
independent and c, is a normally distributed random
variable. While c, is a white noise, mr is slightly more
complicated, referring to the unobsetved mean level,
m,, conesponding to each observation, x,, that is, m, =
E[x, I m,]. This mean level is also nonnally distributed,
but remains constant for epochs whose duration follows
a geometric distribution, given a parameter 11- Sudden
changes in the mean of the time series are taken into
consideration by the shifting-level model, including an
element of randomness necessary to describe a natural
process. This effect can be seen in Figure 11 .9. TI1e
time series seelllS almost random before the 60th observation; howeve1~ 12 shifts in mean level are obsetvable
in that period. There is a shift of considerable amplitude
at the 60th observation, followed by four more shifts in
the following 40 obsetvations. The shifting-level model
identifies these shifts and is applicable to hydrologic
data that exhibit such shifts, such as streamflow data.
With the new shifting-level model, an MCMC routine
(see Gilks and others (1995)) can be applied to calibrate
the model. Fortin and others (2004) used the Gibbs
sampler, as outlined above. The forecasting method is
slightly more difficult ilian that of a two-state HMM,
with a predictive sample generated from the probabilistic
relationships obtained using the Gibbs sampler. As with
the two-state HMM, the forecast value will be a predictive distribution, giving some boundaries to the
forecast. However, unlike the two-state HMM, the forecast value using a HMM-framed shifting-level model
contains inf01mation on the local state of the data and
not just the long-term means of the states, iliereby increasing the usefulness of the forecasting model.
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Figure 11.9 Example ofa shifting-level model over 100
observations (after Fortin and others, 2004)

Fortin and others (2004) applied their forecasting model
to the Senegal River (West Africa) and forecast the
1987 total annual streamflow value, ilie last value with
which the model was not calibrated. The forecast, with
the long-tetm mean. is displayed in Figw·e 11.1 0.
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Figure 11.10 Probabilistic forecast of1987 annual streamflow totnlfor the Senegal River (West Africa)
(after Fortin and others, 2004)

The actual value was approximately 200m3/s, which
was the lowest observed flow ever recorded. It can be
argued that, with the long-tenn mean being in excess
of 700 m 3/s with small variance, the model perf01med
extremely well. Fortin and others (2004) also explain
how the shifting-level model can be used to forecast
multiple time steps ahead and demonstrate the potential
of the shifting-level model compared with conventional
hydrologic models, such as the ARMA(1,0) and
ARMA(1 , 1) models.
11.5.5 Concluding l'emal'ks
The shifting-level technique is the most flexible of
the three models. ARMA models offer a good entry
point into streamflow modelling and forecasting, and
the variations on the general model provide insight
into the characteristics of the flow data, witltout the
compromise of the time requirements, difficulty and
computational expense of the other techniques. The
HMMs used to define persistent clin1atic states are
useful when applied to low-flow analysis given that
an understanding of the distribution and likely magnitude of low flows is gained. Howevet; the models
presented in tlus chapter should provide an adequate
means of low-flow forecasting on multiple time scales.
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Conclusions

There is no best practice for forecasting low flows .
The efficacy of various methods and the relevance of
different hydroclimatic variables vaty with the length
of the forecast period. However, the models presented
should provide an adequate means of low-flow forecast ing on multiple time scales. The nature and degree
of complexity of the models used for longer-tenu
forecasts vary widely, and this reflects the varied efficacy
of a wide range of different climate drivers. The majority
of models used for forecasting low flows follow the
short-tenn methods of recession curves and regression.
As forecasting breaks into longer periods of time, a
variety of climate-driving signals are used for predicting
the persistence of low flows.
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CASE STUDIES

12. Case studies

12.1

Summary of the case studies

Transboundary 1·ivers
This case study considers the issues faced by the regulators of transboundaty rivers and how low-flow
infmmation is used for their management. The Columbia River basin in Nmt h America and the Mekong
River in South-East Asia are used to illustrate some of
the most impmta.nt issues related to water management and planning.
Catchment-based water resources decisionsuppol·t tool within the United Kingdom
This case study summarizes the cmTent policy background to low-flow estimation within the United Kingdom and proce.eds to describe the development and
application of the LowFlows decision-support tool to
meet requirements for estimating natU1'al flows within
ungauged catchments and assessing the impacts of water use on the natU1'al flow regime. The techniques for
estimating low flows at ungauged sites are described
more fully in Chapter 9, and for estimating the impact
of artificial influences in Chapter 10.
Low-flow management issues in the United Kingdom
Wetlands derive their nature from a range of featw·es
associated with both surface water and groundwater
soU1'ces. They are maintained by persistently high water
levels at, or near, the ground swface which are caused
by poor drainage or proximity to a pennanent water
soU1'ce, for example a river and its floodplain, or by a
defined geological structw·e forming springs or the upwelling of groundwater.
This case study explores the inten·elationships between
streamflow and groundwater suppmt of wetlands and
sensitivity to abstractions using examples from the
United Kingdom.
Real-time management of environmental flow
requirements (Thukela Rive1; South Afric.a)
The revised National Water Act of South Africa makes
provisions for the protection and sustainable develop-

ment of aquatic resoU1'ces through the establishment of
environn1ental water requirements. These have been
established for the Thukela basin using standard approaches that result in a set of low-flow and high-flow
requirements designed to reflect the variability of the
natural flow regime.
This case study describes the methods being established
to provide for the low-flow component of the environmental water requirements. Mea.sW"ed or estin1ated data
can be used as hydrological inputs. Methods for regionalizing conceptual hydrological models in the region
are described in Chapter 9.
Regionalized resom·ces models for small-scale
hydropower: India and Nepal
In contrast to the case study from the United Kingdom, this case study describes the development of a
decision-suppmt tool for the design of small-scale hydropower schemes within Nepal and nmt hem India.
These schemes are generally t1lll-of-the-river schemes,
meaning that they do not have rut ificial storage to provide a constant water supply. The estimation of the
flow-dU1'ation cmve (Chapter 6) is a critical part of the
design procedU1'e.
Residual flow estimation and hydropower: Nonvay
As is the case with many hydrological topics in Norway, low-flow research has been related to hydropower
production. These studies mainly focus on how to set
instrerunflow requirements (residual flows) downstrerun
of hydropower reservoirs or abstraction diversions. As
a result of the increased awareness of the negative environnlental impacts of water resoU1'ces development,
there has been a shift in research focus towru·ds finding
methods to calculate low flows in catchments where
few or no measU1'ements are available.
This case study explores the estimation of low flows to
support the development of a hydropower scheme in
Norway atld draws comparisons betv.reen the results
obtained using a regionalized model and local data
from the region.
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12.2

Transboundary tivers

12.2.1 Towards international water management
Transbotmdary rivers cross one or more national borders
or flow along borders between sovereign nation states.
There are more than 260 transboundruy rivers worldwide, the basins of which are shared by between 2 and 17
different countries (Wolf and others, 1999). In many of
these intemational river basins, there has been dispute
and conflict over the water resources provided by the
river. Wolf and others (2003) conclude from their study
of global i.ntemational river basins that changes to a
transbotmdary river, and its flow, ru1d the absence of the
institutional capacity of the riparian cotmtries to deal
with these changes are the most likely combination of
factors contributing to violent conflict. Unilateral development, such as the building of a dam by an upstream
cotmtry and subsequent changes in the hydrological
regime and possible reduction in flow to the downstream
country, is a typical example. Conversely, upstream
cotmtries may be tmable to develop water resources if
undue economic or political pressure results in adverse
restrictions on legitimate developments. Basins subject
to higl1 i.nterannual climatic variability and extreme hydrological situations are particularly prone to disputes
over their resources (Stahl, 2005). This reflects the fact
that, in geographical regions with highly variable water
availability, rivers are often critical to political and econormc success.
However, there is also a great deal of cooperation in
intemational river basins around the world. In this
context, it is impottant to remember that transboundary
rivers are subject to intemationallaw. The fimdrunental
principles of intemational law are the principle of
"equitable" use of the resource and the "obligation not
to cause significant harm". These principles are enshrined in the United Nations Convention on the Law
of the Non-navigational Uses of Intemational Watercourses (United Nations, 1997). In essence, customary
intemational law requires any riparian cotmtly to be
reasonable in the use of the resource. Additional legal
fran1eworks that go far beyond these general principles
may apply. For example, the Em·operu1 Union Water
Framework Directive, which requires that joint management plans be established by the riparian countries of
transbotmdary rivers, along with specific agreements or
treaties between two or more riparian cotu1t1ies.
The planning process for ru1y development in a transboundary river basin therefore requires a thorougl1
assessment of the hydrology and hydrological variability
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of sn·earnflow. Water quru1tity, minimtun flows, flood
protection and hydropower are some of the most contentious issues in tratlSbotmdruy rivers. An assessment
of hydrological extremes in the entire basin, not only in
one of the countlies, is therefore an essential step towards the negotiation of treaties and joint management
that will comply with the pdnciple of equitable use.
Tlris case study draws from hydro-logical studies in
two n·ansbotmdruy livers that present contrasting cases
in tenus of their development and the development of
their ripru·ian cotu1tries. The Coltunbia River basin,
shared by Cru1ada and the Urrited States, is one of the
most developed rivers in the world. As the largest
energy-producing river in North America, it has a series
of large and small dams. Flow management in the
mainstream is regulated by one of the oldest intemational treaties, the Cohunbia River Basin Treaty, established
1961 (for a review, see, for example, Muckleston,
2003). The mainstream Mekong River, which flows
through China, Myrunnru·, Thailru1d, Cambodia, the Lao
People's Democratic Republic and VietNam is still relatively undeveloped. Through the Mekong River Commission (MRC), the riparian countries of the Lower Mekong are CUITently working towards a basin-wide flow
management strategy. Despite the different levels of
development, the pressure on tllis resom·ce in both basins is cm1·ently lligh, particularly dUiing the dry season.
The cotmtries in both basins are reviewing additional opportrmities for development and water withdrawals.
The following sections briefly describe the basins and
low flow-related issues studied as part of these reviews.
Rather than discussing the technical details of the analyses carried out, this chapter focuses on discussions
conceming the particular circtunstances and consn·aints
common to n·ansboundruy rivers.
12.2.2 The Columbia River: Balancing flows for
fish, agriculture and hydropower
The Cohunbia River basin drains 670 800 km2 of westem
North America and flows for over 2 000 km from British
Cohunbia (Canada) into and through the State of
Washington (United States) before dischar·ging ar1
average of 7 400m3/s into the Pacific Ocean along the
border to the State of Oregon. Although the Carladian
portion of the basin is only 15 per cent of the total basin
area, it receives much lrigher amounts of armual precipitation (Figure 12.1) ru1d hence accounts for about 30
per cent of the armual flow to the Pacific. Tllis proportion
is even lligher in the Middle Cohunbia in Washington
State, where most of the United States hydr·opower
plru1ts are located. However, most of the precipitation
falls in winter ar1d is stored as snow, wllich results in a
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~---.,....-or--, Mean annual precipitation (mm)

snowmelt-driven hydrological regime with the highest
flows during spring to summer (May to July) and low
flows during the winter (October to March). This annual
cycle is the opposite of energy demand, which is at its
highest in winter.
At the beginning of the twentieth century, the Colwnbia
River was known for its abnndance of many species of
salmon, which had been the main food source for native
peoples for centuries before. In need of cheap energy,
and nnder the pressure of the increasing development
of the North American West, Canada and the United
States signed the Colwnbia River Basin Treaty in 1961.
Under the Treaty, several dams were built in Canada.
They now store water from the spring snowmelt, which
is then released gradually throughout the winter lowflow season allowing hydropower generation from
the United States dams. In return for storage on its
territory, Canada currently receives 50 per cent of the
"downstream benefits" of the power production in the
United States.
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Figure12.1
Columbia River basin
map and mean annual
precipitation (Source:
Transboundary Freshwater
Dispute Database G/S
at www. transboundarywaters.orst.edu and CRU
precipitation)

In Washington State, where annual rainfall is low and
summers are hot and dry, the Colwnbia River is also a
major source of water for irrigation purposes. A study
by the National Research Conncil Committee on Water
Resources Management, Instream Flows, and Salmon
Sw-vi.val (NRC, 2004) reviewed and commented on the
implications for salmon survival of additional water
withdrawals from the mainstream Colwnbia River in
Washington State. The study was requested by the
Washington State Department of Ecology, which issues
water-use permits for this stretch of the Colwnbia River.
At the time of the study, the Department had several
applications pending for permits and was seeking an
improved scientific basis for decision-making.

The change from the natural hydrological regime of
high summer flows to the current regulated regime with
lower summer flows and late summer low flows has
had wide implications for salmon. The main concerns
during low-flow conditions in the mainstream Columbia
1~ r-------------~-----,=-o-~=1~
8~87
~-~
1~96~4~
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The building of dams and the storage of water across
seasons drastically changed the hydrological regime of
the Middle and Lower Colwnbia (Figure 12.2).

m both conntries, it has been recognized that the fish
habitat was severely affected by this altered regime
as well as by wide diurnal variations below the darns.
Although passageways for salmon have been built at
the dams, and in the 1970s operational management
schemes were revised to include flow targets below the
dams, salmon populations have declined significantly
since the construction of the dams.

Jan Feb Mar l>{lf May Jlll .All Aug Sep Oct NcN Dec
Month

Figure 12.2 Mean monthly discharge in the Columbia River
for different time periods
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are a decrease in flow velocity and increase in water
temperatures. Low-flow velocities make it more difficult
for juvenile salmon to swim out to sea, and high water
temperatures cause stress for adult sahnon retwning to
spawn in late stunmer. Most of the basin has a long, hot
and dry summer season during which fish consequently
compete with in'igation abstraction for agricultural
pmposes.
The study reviewed management schemes, historical
flows and withdrawals. It was discovered that prospective additional withdrawals have the largest relative
impact during the stunmer dry-weather season. The upper end of the prospective withdrawals would increase
withdrawals from the current 16.6 per cent to about
21 per cent of the rninimtun July flow. With the water
temperatw·e at this time of year ah·eady being a concern
at the cturent rate of withdrawal and the low dilution
capacity of the t'iver for polluted retwn flows from
agricultw·e, salmon species tnigrating through the t'iver
dm·ing the low-flow season would be exposed to greater
risk.
Despite strict regulation, flow in the Coltunbia River
still fluctuates from year to year. These fluctuations, as
well as futw·e changes through further developments
upstream in Canada and through clin1ate and environmental change, also need to be considered for decisions
on fi.lture water-use petmits in Washington State. In
low-flow years, the fish flow targets below the dams
have ah·eady been difficult or impossible to meet.
With populations in upstrean1 British Coltunbia and
Washington State growing steadily, consumptive water
use and the need for hydropower will remain tmchanged
or may even increase. Fnndamental changes to the
flows established in the Treaty which guarantee yearrotuld hydropower production are therefore tuilikely.
Additionally, a clinlatic trend of decreasing snowpacks
and increasing summer temperatw·es is predicted to
continue tu1der most greenhouse gas-driven scenarios
of climate change. This suggests a t'isk of further reductions in natw·al stunmer flows.
The study had no mandate to make policy suggestions.
However, it concluded that there is limited opportunity
for additional withdrawals during the stunmer and
therefore recommended that, if additional pennits are
issued, they should include conditions that allow withdrawals to be discontinued dtu'ing critical low-flow
periods (NRC, 2004). In the light of the threat to salmon
stuvival during low-flow years even nnder cturent conditions, the study also suggests that adjustments and
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more efficient use of the existing water resources be
considered.
12.2.3 The Mekong River : Low-flow
origin along the rivet·
The Mekong River drains 795 000 km2 of land across
six South-East Asian conntries (Figure 12.3). Its headwaters lie at over 4500m.a.s.l. on the Tibetan Plateau.
Dropping aronnd 4000m in elevation, the river flows
through the Ytlllllan Province of China and into the Lao
People's Democratic Republic, which lies almost entirely within the Mekong Basin. Here, the "Lower
Mekong" is also the Lao People's Democratic
Republic's eastern border with Myanmar and Thailand.
Eventually, the river flows through Cambodia and then
discharges a mean of 475km3 of water annually into the
South China Sea through its delta in VietNam.
The cotu1tries of the Lower Mekong all heavily depend
on the river for food, water, transp011, and so on. The
a1lllual cycle of the Mekong 's highly seasonalmonsoonshaped hydrological regime (Figure 12.4) is essential
for the production of rice and vegetables. However,
since many danlS have been built recently and more are
under construction, concerns have been raised over
fishety sustainability and the effe·ct of a "flattened" reginle on an ecosystem and fatming practices that rely
on the annual cycle of floods and low flows.
The Mekong River Commission, successor to the
Mekong Conunittee (which was fotmded by the United
Nations), was established in 1995 by an agreement
between the Govemments of Cambodia, the Lao
People's Democratic Republic, Thailand and VietNam,
with China. and Myanmar being dialogue partners. The
mandate of the organization is "to cooperate in all fields
of sustainable development, utilisation, management
and conservation of the water and related resources of
the Mekong River Basin" (MRC, 2005a.). The activities
conducted by the Conunission since the 1995 agreement have included the facilitation between member
cotu1tries for several strategies and plans conceming
hydropower, flood protection, urigation and other issues.
Furthermore, the member cotmtt'ies have signed subagreements, u1cluding one on data and infonnation
sharing and exchange, an unpot1ant step for any
hydrological assessment and planning process. The
Commission's major tasks include the development of
integrated t'iver basu1 management (IRBM) activities.
The long-tetm objective of IRBM is to gather ulformation on which member states can base theu· decisions
on basu1 developments. Specifically, the MRC ainlS to
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Figure 12.3
The Mekong River basin
(Source: Transboundary Freshwater Dispute database GIS
at www.transboundarywaters.orst.edu and CRU precipitation)

the World Bank (MRC, 2005b) and revealed some interesting aspects on low flows and droughts in the basin, as swnmarized below.

provide basic teclmical assistance for discussions on
compromises between development and the social and
environmental impacts, as well as discussions between
member states to ensure the "reasonable and equitable
share" in beneficial uses of water (MRC, 2005a). The
first component in this procedure was an extensive study
of the hydrology of this large basin (MRC, 2005b). As
part of the MRC Water Utilisation Programme, the study
was financed by the Global Environment Fund through

The largest proportion of streamflow in the Lower Mekong mainstream originates from the major left-bank
tributaries in the Lao People's Democratic Republic,
where rainfall amounts are highest within the basin
(Figure 12.3). About 16 per cent of total annual flow
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comes from the headwaters in China. However, during
the dty season, which is also the low-flow season, the
relative contributions from the Upper Mekong, pruticularly from China, are much higher because of delayed snowmelt runoff from the mmmtains. Dwi.ng the
low-flow season, the contribution of this so-called
"Yunnru1 component" to main river flow reaches up to
80 per cent at Vientiane (Lao Pe.o ple's Democratic
Republic) and 40 per cent at Kratie (C311lbodia). The
specific details of cunent d311l developments in the
Ytlllllall Province of China are not widely available.
However, it is reasonable to asstlllle that this development may have a considerable impact on all dov.'llStream
countdes dwmg the low-flow season.
There is also considerable vru·iability in the mainstre311l
flows from yeru· to year. The MRC study analysed lowflow parameters along different reaches of the Mekong.
The minimum 90-day mean discharge from 1960 to
2004 showed no trend. However, the low-flow histoty
along the more than 4000km long river varies longitudinally and severe low flows along the entire dver
occw· only rru·ely.
In the dty season, water is needed for many pwposes,
such as inigation, domestic use, industrial applications
and navigation, and for enviroillllental reasons. Cambodia and VietNam have two extraordinruy ecosystems
that are vety sensitive to the allllual cycle of flood and
low flow. A flow reversal dwi.ng the flood season pushes
water up the Tonle Sap River into the Great Lake in
Cambodia. Dwi.ng the dty season, water is gradually
released from that storage. Augmenting low flows, this
system minimizes the ti.sk of saltwater intmsion in the
similru·ly vulnerable Mekong Delta.
The study of the basic low-flow hydrology of the Mekong
reveals a complex dependence of the low-flow peti.od
on the flood pedod. Low flows in the Lower Mekong
are sustained mainly by the Ywman component, that
is, water stored as snow in the Upper Mekong, and the
outflow of water stored in the Great Lake in Cambodia.
Therefore, changes to the flood hydt·ology, such as the
in·egulru· failing of the monsoon in the notthern mountain regions or flood retention in reservoirs built in the
main flood-producing left-bank tti.butrui.es in the Lao
People's Democratic Republic, may ultimately have a
major influence on low flows further dov.'Ilstream
12.2.4 Conclusions
In tt·ansboundruy rivers, low-flow studies often become
necessaty within the context of international water
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management ru1d planning. The issues may concern,
311long others, new developments that will effect
downstre311l cotmtli.es or require specific flow management from an upstt·eam countty, the detennination of
shared benefits or the mitigation of existing low flowrelated problems. In both examples, the possibilities for
in1proving flow management are being reviewed,
taking into accotmt the adverse effects of further developments and withdrawals on fish habitat dwmg the
low-flow season. Owing to the high degree of regulation
in the mainstream of the Cohllllbia River, any alterations
to cunent flow regimes are pti.mati.ly a question of outflow regulation fi·om the major dams. These, however,
are bound by the Treaty and the energy market and
therefore provide vety little flexibility.
In the Mekong River, the flow is still more or less natural
and the impacts of changes on the environment and
society ru·e being discussed now, before major developments are initiated. However, several druns are under
construction and a total of 14 cascaded hydt·opower
stations and associated dams were planned for the
Upper Mekong in China (Ministty of Water Resow-ces,
1993) without extensive analysis of downstt·erun impacts or discussions with the downstt·eam cotmtries that
would be affected.
A recmrent problem in other transboundruy ti.vers is
that of extreme and tmexpected low flows. Few cotmtt1es have fitlly considered the interrumual variability
of climate, and fewer still have considered futtu·e climate change in intemational water management plans
and treaties. In the light of the difficulties in predicting
fittw-e conditions, it is advisable to make all agreements
and allocations flexible and to account for exceptional
situations by requiring the revision and renegotiation of
flow allocations and mininlillll flow guarantees in the
event of extt·eme drought and climate change.
The two examples illustrate how the matter of low
flows in tr311Sboundary rivers is one of many issues to
be considered; but, it is the issue that is most strongly
botmd by existing allocations and national interests.
Ideally, an intemational commission, such as the International River Conmlission in the case of the Colun1bia
River and the MRC, should facilitate the development
of an intemational management plan to guru·antee
equitable use of the resow-ce. Regular discussions,
joint monitoring, data management and research are
crucial to understand hydrological facts, cultural and
economic interests and the issues within an intemational
basin.
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12.3

Catchment-based water resources
decision-supp011 tool in the United Kingdom

12.3.1 Introduction
The cwrent policy on low-flow estimation in England
and Wales has the objective of making information on
water resomces availability and abstraction licensing
more accessible to the public and of providing a transparent, consistent and structured approach to this aspect
of water resow·ces management. Tllis is being achieved
through a regulatory process called the Catchment
Abstraction Management Strategy (www.environmentagency.gov.uk), which is an implementation component of the European Union Water Framework Directive (WFD) within England and Wales. In Scotland, the
WFD is being implemented by the Scottish Envi.ronment Protection Agency through the Controlled Activities Regulations (www.sepa.org.uk). Within both regulatory jwisdictions, a basic hydrological management
tool is the flow-duration curve (FDC). T11e evaluation
of modifications to the FDC ruising from water use and
the consequences of such modifications for aquatic
ecosystems ru·e key management issues within both
jurisdictions.
12.3.2 E uropean Union Water Framework Directive
Low-flow infonnation is used to implement national
and international law and policy directives. In Europe,
the most in1portant of these is the WFD, which was
adopted by the Emopean Parliament and the Cotmcil of
fue Emopean Union in September 2000. This has established a strategic frrunework for the sustainable
management of both swface water and grotmdwater
resources. Each country must set up a competent authmity to implement the Directive and log every significant body of water, above grotmd and below it, inland
and on the coast. Most of the provisions of existing
water-related European Directives. covering issues
such as water abstraction, fisheries, shellfish waters and
groundwater, will be combined, with past legislation
being repealed or modified as the new regulations incorporate them.
Tl1e WFD requires that water management be based
on tiver basins, rather than on administrative issues,
political bow1daries or water sectors. River basin management plans are being developed for each tiver
basin district. The objectives ru·e to provide protection
for the basin in tenns of aquatic ecology, unique and
valuable habitats, dtinking water resomces and bathing
waters. To achieve these ambitions, all those who have
an impact on a tiver must be identified and involved in
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plru1ning how to meet the Directive's requirements. In
England atld Wales, the Environment Agency has developed a number of initiatives to implement the Directive
which include the Catchment Abstraction Mru1agement
Strategy (CAMS). This strategy is a sustainable. catchment-specific approach to water resomces management
which ainlS to balance hwnan and environmental water
requirements both in the present and in the futme.
12.3.3 Managing catchment abstractions
in England and Wales
The key objective of CAMS implementation in England
and Wales is to provide a consistent and stmctured approach to local water resomces management, rec.ogtlizing both the reasonable water requirements of abstractors and environmental needs. It has made
information on water resources publicly available and
provides atl oppmtmuty for greater public involvement
in the process of mru1aging abstraction at the catchment
level. A key element of CAMS is to assess the low-flow
resources available. This provides information on
whether there is a smplns of water available to meet
current licensed abstractions, or a deficit. It also enables
time-limited (nom1ally 12-year) abstraction licences to
be issued, in contrast to the historical practice of issuing
perpetual licences. Tl1e CAMS approach is to produce
FDCs for a range of situations, including the natmal,
cunent and future demand scenru·ios. This makes it
possible to identify river reaches that have the potential
for fut1her development, that are overabstracted or
overlicensed or tl1at have insufficient water for fut1her
development FDCs are being derived from over 800
continuously recording flow gauges in England and
Wales. However, despite this gauging network, winch
is dense by intemational standards, over 95 per cent of
reaches in Englru1d and Wales are located far from a
flow-measuring station. These sites use the LowFlows
methods and stmctme, wluch are in1plemented by the
regulat01y agencies in the United Kingdom. The balance
between the available resomces atld the environmental
needs of the river, cmrent abstractions and licensed
abstractions detennines the status of a specific location
(Figme 12.5). By developing water resources in a sustainable manner, the CAMS strategy will reduce conflict at
fue basin level between competing water users.
The need to develop a rapid, nationally consistent approach to estinlating natmal and ru1ificially influenced
FDCs witlrin ungauged catchments led to the development of the LowFlows software system (Young and
others, 2003). The system is tmderpinned by regionalized hydrological models that enable the natural,
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Figure 12.6 FDCs for natural and influencedflow regimes obtained ftvm the LowFlows 2000 software

long-tetm FDCs to be estimated for any river reach in
the United Kingdom, mapped at a 1:50 000 scale. Both
long-tetm "annual" statistics (considering variability
within a year) and "monthly" statistics (considering
variability within a calendar month) are provided. TI1e
impact of artificial influences is simulated using a geographically referenced database that quantifies seasonal
water use associated with individual features.
12.3.4 R egion-of-influence model
The regionalized models employed within LowFlows
are based on a region-of-influence approach, which
removes the need for a priori identification of regions
and instead develops a "region" of catchments similar
to the ungauged catchment (section9.5). The approach
is founded on the dynanlic construction of a region,
based upon the sinlilarity of the characteristics of the
gauge.d catchments to those of the ungauged catchment.
The application of this approach for estimating "annual" and "monthly" flow-duration statistics is described
fully by Holmes and Yotmg (2002) and Holmes and
others (2002a, 2002b). In summary, the sinlilarity bet-

ween the ungauged catchment and other catchments is
assessed based on the distribution of soils and parent
geology classes using an Euclidean distance metric. A
region of the 10 most sinlilar catchments is then identified from a good quality dataset of catchments with natural flow regimes. Estimates of the flow statistics for
the tmgauged catchment are then calculated as a weighted combination of the observed (standardized) flowduration statistics for the 10 catchments in the region.
The standardized annual FDC is re-scaled by multiplying
by an estimate of annual mean flow from a national runoff grid derived from a daily soil moisture accotmting
model (Holmes and others, 2002b). A sinlllar approach
is used to deternline the FDC for any month based on a
distribution of annual nmoff within the year (Holmes
and Young, 2002).
12.3.5 The LowFlows software system
LowFlows (Young and others, 2003) incorporates the
regionalized hydrological models within a PC-based
software framework using contemporary prograrmning
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tools. A geographic infonnation system-based graphical
interface provides access to the spatial datasets of
catchment characteristics and the clin1atic variables required for the application of the regionalized models.
Thes e are defined for the entire United Kingdom at a
1 km x 1 km resolution. A 1:50 000 scale vectored digital river network and a set of digitized catdunent
bound-aries are used in conjm1ction with a digital terrain
model to define catchment boundaries.
In practice, natural flow dm·ation statistics are obtained
by first selecting a point on the digital river network
which defines the catchment outlet. A boundary is automatically generated by a digital teiTain model. This
boundary is overlaid onto the spatial datasets to obtain
the catclunent characteristics, such as the distributions
of soil classes within the catchment, and the other variables required by the underlying hydrological models
described above. The required natural flow duration
statistics are retunled at a "monthly" and "annual"
res olution and are displayed in tabular and graphical
form. Examples of output from the software are shown
in Figtll'e 12.6.
Water use within ilie catchment is simulated by utilizing
data stored in a flexible database system. Seasonal wateruse pattetns associated with point influences, including
abstractions, discharges and impmmding reservoirs, are
geographically referenced to enable catclunent-based
data retrievals. The net influences acting within a catchment are calculated by summing the individual influences, where discharges and releases fi·om reservoirs are
positive and abstractions are negative. The "influenced" flow-dtll'ation statistics are presented,
together with ilie natural statistics, at a "monthly'' and
"annual" resolution. Hence, practitioners can make a
comparison between the natural regime and associated
river-flow objectives, and the regime as modified by
cm1·ent water use within the catchment. Furthermore,
the software can be used for scenario analysis, for example, to investigate the effect of increasing ilie abstraction rates across a particular catchment for simulating a
future water-use strategy.
The Environn1ent Agency in England and Wales and
the Scottish Environment Protection Agency have both
adopted the LowFlows system as tl1e standard decisionsupport tool for low-flow estimation in nngauged catchments. More than 170 trained staff use ilie system on a
weekly basis at over 95 installations across the United
Kingdom. The system is routinely used as an operational
tool in the process associated with granting new ab-
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stractionlicences and discharge consents, as well as for
reviewing licence renewal applications. Ftu'tltetmore,
the results obtained using LowFlows are being used extensively in the implementation of ilie WFD.

12.4

Low-flow management issues
in the United Kingdom

12.4.1 Introduction
Wetlands derive their natl.U'e from a range of features
associated with both stu'face water and gronndwater
sources. They are maintained by persistently high water
levels at, or near, the grmmd stu'face which are caused
by poor drainage or proximity to a petmanent w ater
sol.U'ce. for example a river and its floodplain. or by a
defined geological stmcttu'e fmming springs or tl1e upwelling of grotmdwater. Under seasonal and climatic
fluctuations alone, wetlands would alw ays be subject to
some variability of wetness, even to the extent of peripheral drying out. However, nnder ilie effects of htunan
intervention in river basin management, such as land
drainage and river and grmmdwater abstraction, wetlands may become more susceptible to drought. Even if
fuis impact does not result in the wetlands drying out
completely, the artificial extension of low water conditions, and interference w-ith the tinling and extremes of
ilie seasonal water balance, will have an adverse effect
on their ecology.
Wetlands are usually characterized by a high level of
biodiversity, with the exception of some high-altitude
peat bogs. In addition to the diversity of wetlands, a
number of species are restricted to their habitats.
Htunan development over the centuries has progressively
reduced ilie extent of wetlands and, in particular, produced fi·agmentation, for example, along river valley
bottoms. This inhibits or completely prevents ilie
movement of species between wetlar1d sites. If a site
becomes extensively degraded by dt·ought, species
carmot migrate, ar1d recovety or recolonization once
dt·ought conditions have ceased is severely impeded.
Drought management is particularly in1portant for determining how low flows and depressed grmmdwater levels
affect the condition of wetlands ar1d the consetvation of
river flora ar1d fatu1a. Since both aspects can be covered
by legislation, ilie duty to protect falls upon the agency
responsible for managing water resources. Management responsibility also extends to water-supply agencies and agricultural users, and remedial action and
control activities can be implemented tlu·ough licensing
ammgements and drought management provisions.
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Instream conservation is usually managed by defining
the mini.tnwn flow (volume) requirements and quality
conditions to suppmt aquatic life and habitats . In recent
years, the overall classification of river conditions has
been undertaken on a national or supranational basis,
for example, the European Union Water Framework
Di.t·ective (section 12.3.2). TIU.s is intended not only as
a baseline for cwrent conditions, but as a means of establishing futme quality targets to i.tnprove degraded
watercomses. Quality conditions are increasingly defined with hydroecological indicators as measmes,
rather than the simpler chemical/biological criteria.

ther for the effluent or the receiving waters, where the
critical i.tlllllediate i.tnpact is through increased BOD
(biochemical oxygen demand) or COD (chemical
oxygen demand) loadings.
The depth of flow is of pri.tnaty i.tnp01tance to migratory
species; but, on a more li.tnited scale, it may have i.tnpOitant i.tnpacts on the breeding and population diversity
of aquatic species. TI1e exposure of riverbed fonus such
as bars or rapids in low-flow conditions can introduce
batriers to movement and reduce suitable habitats or
affect breeding conditions.

In low-flow conditions. the i.tnpact of an effluent reaching watercourses becomes significant. Effluent
concentrations are usually controlled, as well as the
capacity of the receiving water to provide dilution to
absorb and reduce concentrations to below suitable
li.tnits. During low-flow periods, dilution capacity decreases, and the concentration of pollutants in the receiving waters increases. To prevent a critical build-up,
it is desirable to reduce or cwtail effluent discharge. In
practice, tlll.s is difficult to i.tnplement in the case of
continuous effluent delivety from, for example, sewage
treatment works or industrial processes. Where these
types of problems are recw1·ent, some additional treatment or the temporaty storage of effluent should be established. Aeration is often an appropriate measme, ei-

12.4.2 Public. water abstractions
These abstractions accmmt for some of the most significant demands on water sow·ces and are often closely
linked to wetland nw1agement problems. Historically,
these sources have been exploited where conditions are
most suitable, either by controlling river somces in
their headwaters tl1rough reservoir in1pmmdments, or
by extracting water from neat·-sw-face groundwa.ter
smu·ces. These abstraction points were first developed
on public health g~·ow1ds, movi.t1g somces for potable
water abstraction away from areas at risk from contanllilation from industrial waste or sewage disposal.
However, controlling headwaters has an effect on the
flow regin1e downstreatn; this catl become particularly
detri.tnental during extended droughts, where reservoi.t·

Table 12.1 Stages of drought management (United Kingdom)
Drought stage

River-flow status

Non-drought

Within normal ranges for time of year - no restrictions

Potential drought

At or below "trigger•
value for time of year

At or below "trigger•
value for time of year

Signs of local
deterioration

Some prescribed flow
conditions already active

Established drought

Many below Q95

Close to, or at, historical
minima

Reported low DO in
places

Remaining prescribed
flow conditions active.
Reducing spring flows

Severe drought

At or below historical
minima

At or below historical
minima

Increased incidence of
WQ, DO and fisheries
problems

Significant reductions
in spring flows. 557
restrictions in place.
Possible drought orders/
permits

Post-drought"
wind-down•

Clear evidence of
recovery to normal

Clear evidence of
significant upturn in
levels

General improvement
inWQ/00

Restrictions lifted

Groundwater level status Water quality/Fisheries

Abstraction

Notes: DO= Dissolved oxygen; WQ = Water quality; 557 =Refers to section 57 of t he Water Resources Act, 1991; Prescribed flow is a condit ion
attached to an abstraction licence which may limit abstraction when the discharge is at, or below, a specific flow rate.
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replenislunent delays the flow recovery in the
downstream reaches. This effectively extends the duration of low-flow hydroecological conditions and
increase adverse impacts as the river regime may be out
of sequence with other seasonal cycles. For example,
the replenislunent of reservoir drawdown in sununer
depends on rainfall excess in winter. Reduced winter
rains will result not only in a lack of reservoir recovery,
but, dming that period, dischru·ges downstream will
have to be reduced to maximize storage recovery in
order to deal with demand the following stunmer. Thus,
the river environment loses its synchronization with
seasonality and associated life cycles.
With regru·d to grmmdwater somces, the recommended
good practice for the water industly in the United
Kingdom since the 1920s has been to focus abstraction
above spring lines. Tllis is typical of many cotmtries
where wetlands ru·e identified as a convenient ru1d lowcost water somce. Such an approach was considered to
provide reliability of supply while allowing more direct
control, for example. in respect of residual flows. The
geological stmcture of the chalk in lowland England,
with hard bands (Melbomne rock, chalk rock) providing
widely recognized spring horizons in the aquifer, lent
itself very well to this approach, and, since they occur
generally on higher grormd, they were automatically at
some distru1ce from centres of population. The occmrence of spring somces is also affected by local fissure
pattems. which produce specific locations for springs at
the headwaters of rivers (for example, the River Cam,
River Hiz, River Dru·ent), rather than gen-eral seepage
from the full length of the river along the strike of outcrop of hard bands. In some parts of the chalk regions
in south-east Englru1d, main spring sotU'ces also support
wetland ru·eas, as well as ecologically significant chalk
stream habitats. Dming times of drought, combined
with continued abstraction, the depletion of spring flow
can lead to the <hying-out of chalk streatns at considerable distances below what is considered their upper
lixnit of perennial flow.
After severe <h·oughts in southem England in the
1990s, the level of cooperation and management between the catclunent mru1agement authority (the Environment Agency) and public water suppliers becrune
very high. The development of a drought situation has
cleru·ly defined stages that can be managed througl1 legislation, depending on the range of hydrological
(rainfall, river flow or groundwater level) or related
triggers. Table 12.1 below smumarizes the stages for
increasing restrictions.
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12.4.3 Low-flow support
Low-flow support relates to the need to maintain residual
flows downstream of an abstraction or impotm<huent
at, or above, a mininmmlevel, and is sometin1es referred to as a prescribed flow. Flows are designated as
quantities and are detenui.ned in relation to environmental requirements ru1d may be subject to specific
conditions once a <h·ougl1t is officially designated. In
the Utlited Kingdom, a <h·ought order, which is ain1ed at
tll3llaging both the river conditions and water sources
requirements, is issued. In some cases, reservoir releases or suppott pumping may be required to keep
downstream conditions within the specified linuts:
tl1ere is usually a point below which river flows are not
allowed to fall, sometimes known as the "hands-off''
flow.

Remedial discharges can be provided from extemal
sources, ru1d, on a lru·ge scale, these may be obtained
from inter-basin transfers. Tllis term usually applies to
smface water transfers; but, in catchments where both
surface water and grotmdwater somces are available,
remedial grotmdwater support into a piped network can
be used. Since waters derived fi:·om other somces and
catclunents may have a different basic chenlical composition to the receiving waters, for example hardness,
inter-basin transfers for environmental support must be
carefully considered. Within catclunents where both
surface water and grotmdwater somces are available,
this allows conjtmctive use schemes, where abstraction
switches between stuface water and grormdwater, depending on conditions. Thus, it may be operationally
beneficial to continue groundwater abstractions in the
normal recharge season, while leaving reservoir somces
untouched to allow the maximum effect of replenishment.
Pumped abstraction from grotmdwater is sometimes
used as a means of low-flow support to provide water to
maintain base flows above nlinin1mn levels, or to maintain water in headwater reaches that ru·e likely to <hy out
below tl1e normal perennial flow point, as smface water
and shallow grotmdwater somces <hy out. This may be
canied out for environmental or aesthetic purposes. In
parts of south-east Englru1d where the major chalk
aquifer is the main somce of water supply, integrated
schemes exist to maintain flow in main rivers, for example the River Kennet, a major headwater of the River
Tl1ames, the River Dru·ent (Kent) for ecological and
scenic ptu-poses, and the River Hiz to maintain flows
through the tovm of Hitchin (HR Wallingford, 2001).
The somces for remedial flows are separate fi:·om supply
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abstractions to avoid interference, and also from deeper
patts of the aquifer so as not to affect existing spring
somces by setting up localized circulations.
Drought supp01t can also be applied on a site-specific
basis, and this is patticulat·ly relevant as a. remedial
measme where a licensed abstraction has a. detrimental
impact on a neat·by wetland. The provision of remedial
water supp01t can be included in the tetms of the abstraction licence. Figme 12.7 illustrates tlte provision
of pumped compensation water to Fowlmere Reserve,
a protected wetland mere in eastem Englat1d (Dent,
2005). The compensation method is applied during a
winter period when the n01mal rainfall excess for replenishment failed. The target is a. specific level on a
lake (mere) gauge, which is related to tlte water control
on tl1e rest of the site.
12.4.4 Wl'tlan d hydrology monitoring
Wetlat1d water conditions ru·e an intricate balance between surface water atld groundwa.ter sources and losses
caused by outflow and evaporation. Slight variations in
topography and elevation have significant bearing on
plant colll111unities and tlte behaviom of water. Water
levels at the site may also be controlled by, or linked
to, extemal water fea.tmes, such as a river or groundwater somce, and may also be affected by abstraction
operations. The subtleties of these relationships make
the application of theoretically based models problematical in tenns of scale and suitable data for detailed
calibration.
Detailed monitoring is therefore the most appropriate
option to observe the changes in conditions atld to provide infonnation on operations for controlling water
level or for initiating remedial suppott measures. An
exatnple of wetland monitoring is presented in Dent
(2005) for the Fowlmere Resetve. To develop a monitoring network, the relationship of tlte site to tlte sm-
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Jan-05

rounding hydrological environment, including the abstraction somces, must be ascettained. In the case study,
instnnnentation is operated by the catchment management authority (observation boreholes, river-flow stations) and by the Reserve's oper-ators (gauge boards,
piezometers): these records can be compat·ed with the
operations of the water-supply abstraction boreholes.
The site has a number of control and distribution featmes,
and their interrelationship is illustrated in the network
schematic Figure 12.8. This figme shows the intetrela.tionship between extemal sources and controls, for exatnple streams and springs, and the necessary monitoring
components used to identify the overall water balance
and intemal water management.
12.5

Rl'al-timl' managl'ml'nt of l'nvironmental
flow rl'quit·l'ml'nts for thl' Thukl'la Rivl'r in
South Aft·ica

12.5.1 Desctiption of the study area
The Thukela River basin (29 046 km2 ) is located on the
westem seaboard ofSouthAfi:ica (Figure 12.9) and has
its headwaters in the Drakensberg mountains. Mean
annual rainfall varies from over 1 500 mm in the
mountain areas to about 700lll111 in the drier central
patts of the catchment and is highly seasonal, with a
wet season between November and Mat·ch and a dty
season behveen May and August. Mean annual potential
evaporation vat·ies between 1200 and 1500mm. There
are over 40 streamflow gauging stations within the
basin; however, tltey have variable lengtlt and quality
records, and most of tltem are influenced by upstream
developments. In tile past. there was a reasonably dense
raingauge network (over 50 daily repotting gauges
distributed throughout tlte basin); however, tlus network has deteriorated substantially since the late 1990s,
such that data are now routinely available only from
some 15 gauges. Water resomces developments v.rithin
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Figure 12.8 Schematic diagram for wet/and supporl and monitoring system

the basin consist of several major reservoirs for local
supply as well as for inter-basin transfers, plus many
distributed tun-of-river abstraction schemes for domestic, industrial and in-igation purposes.

12.5.2 Background to the study
The revised National Water Act ofSouth Africa (DWAF,
1997) makes provisions for the protection and sustainable development of aquatic resources through the establislunent of environmental water requirements (EWR).
A major project, completed in 2004, established the
EWR for 16 sites within the Thukela basin using

-...:."'
Figure 12.9 Location ofthe Thukela basin in South Africa
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standard South African approaches that result in a set of
low-flow and high-flow requirements designed to reflect the variability of the nattu·al flow regime (King
and Louw, 1998; Hughes and Hannatt, 2003). The next
step in the process was to design the approach to implement the EWR as part of the standard operating procedures used by the regional office of the Department of
Water Affairs and Forestry. The operating procedures
include releases from resetvoirs (sustained low flows,
as well as intermittent, short-tenn high flows) and restrictions on the abstractions allowed by various user
sectors. It was previonsly agreed that the principles
used in detennining the EWR should be reflected in the
way in which they would be implemented in practice.
This exan1ple concentt·ates on the methods being established for the low-flow component of the EWR.
12.5.3 Analysis methods
TI1e prerequisite that the EWR should reflect variations
in na.mral flow, coupled with the fact that most of the
streanlfiow gauging stations do not measure nattu·al
flow, suggested that an alternative approach was needed
to generate the required signals for EWR releases. A
monthly rainfall-runoff model (the Pitman model;
Hughes, 2004) was established for 87 sub-basins
within the Timkela based on historical rainfall data
available fi:om the 15 gauges that were still active and
able to supply near-real-time data (10-day cycles).

The calibration was based on comparisons with existing
flow si.mulations using ar1 ear·lier version of the model
ar1d more rainfall data, which were used in setting the
EWR as well as in previous water resources yield
assessment studies.

Two new "models" have been added to the SPATSIM
database and modelling fratnework (Hughes and
Forsyth, 2006), the first of which is used for manually
captwing the near-real-time daily rainfall data (sent to
the project team on a 10-day cycle by the South African
Weather Setvice), perf01ming some checks and building
the gauge and sub-basin rainfall data tinle seties
(Figure 12.1 0). TI1e second model is nsed for updating
the rainfall-nmoff si.mulations, viewing and editing
the operating rules (induding the EWR and user curtailment mles) and displaying the operating rules decisionsuppOit information (Figure 12.11).
The input information for this second model includes
reservoir releases and user cwt ailment rules that have
been generated nsing a system yield model (Mallory,
2005) and were fmmd to be sustainable on the basis of
simulations using more thar150 year'S ofhistotical data.
The decision-support information is based on the
quantification of a drought severity index using the
percentage points of calendar month flow-duration
cwv es. All operating mles are related either to the
drought sevetity value or the matmally input reservoir
levels.
12.5.4 Current progress
The modelling system and all the operating m les have
been established (in cooperation with the regional
water resources managers) for a mm1ber of decision
points within the basin, ar1d trial operations began
dming the latter part of 2006.

The intention is to operate the Thukela system according to the infonnation generated by the i.mplementat-
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Figure 12.10 Real-time rainfall data capture screen

Figure 12.11 Water management decision-support
program screen
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ion software and assess whether the EWR flow objectives are being met at a downstream gauging stationneru·
the basin outlet.

12.5.5 Conclusions an d recommen dations
It is too soon to report on the successes or failures of the
system; however, a number of issues have already been
identified. There have been some difficulties in obtaining reliable neru·-real-time rainfall data, which illustrates the importance of data collection and emphasizes
the weakness of current data networks. There are initiatives to develop improved real-time rainfall data generation (based on various somces, including ground, radar and satellite observations). However, problems may
still exist in terms oflinking the historical rainfall information used to calibrate the model with futme somces
of rainfall data (Hughes, 2006).
Although the implementation model relies upon restrictions placed on users under drought conditions, there
are no management stmctures cwrently in place to ensure compliance. The South African water management
infrastmctw·e is cwrently in a state of flux, and it has
been assumed that futw·e procedmes will ensme compliance with water abstraction licences that provide for
curtailment dming water shmtages.

12.6

Regionalized resources models fot·
small-scale hydropower: India and Nepal

1 23

sites for small-scale hydropower ru·e also located in
remote areas where the river has never been gauged.

12.6.2 The FDC in hydropower design
Figme 12.13 illustrates that not all of the water flowing
in a river will be available for hydropower generation.
A cettain 8lllount of residual flow (Q...;~ should be
left in the river to meet the needs of water users immediately downstream of the scheme ru1d to presetve the
ecology of the river. Neither is it possible to harness all
of the flow: tmbines that would operate at high flows
could not function at the lowest flows. TI1e highest design flow, or rated flow (Q..,J, therefore detenuines the
rru1ge of flows for generation and also the minimtml
flow of a turbine (Q.,j. The residual flow, rated flow
and minimwu flow, together with the FDC for the site,
thus detenuine the volume of water the scheme will
use.
12.6.3 Estimating the FDC at an u ngauged site
The Himalayas, which are chru·acterized by high
motmtains, rapid changes in elevation and a monsooninfluenced climate, have a relatively sparse network of
hydrometric ru1d meteorological stations and tllis cOinpounds the difficulty of hydrological modelling. Tllls
case study describes the development of a regional
model for predicting the FDC within Nepal and the
state ofHimachal Pradesh in northem India. The methodology for Himachal Pradesh presented here was c.onfined to a relatively hydro logically homogeneous rain-

12.6.1 Introduction
In contrast to major hydropower schemes with significant reservoir storage, small-scale hydropower schemes
frequently have no rutificial storage to provide a constant
supply of water for power generation (Figure 12.12).
These schemes therefore rely entirely on the natural
river flow to generate electricity. There are many hydropower scheme components for the prospective developer to consider. For example, the proximity of the
scheme to the consumer and implications for transmission, site accessibility, the extent of civil engineering
works, the practicalities of acquiring and maintaining
the electromechanical equipment, the tnitigation of
environmental impacts, the likely profitability of the
scheme, ru1d so on. However, there is one vital ingredient, without which none of the above can be contemplated seriously: a sufficient ru1d reliable water supply.
In small-scale hydropower design, as with many other
water resources projects, such as water supply, itrigation
and water quality management, the conventional method
for describing the availability of water in a river is to
use the flow-duration cwve (FDC). Many prospective

Figure 12.12 Typical laycmt of a small-scale hydropower
scheme
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Figure 12.13 The FDC in hydropower design

and snow-fed region at an elevation between 2000m
and 5 000 m. Having favourable topography, relatively
easy access and a reliable supply of water tlu·oughout
the year, this part of the state is the most suitable for
small-scale hydropower development. At lower altitudes
(below 2 000 m), there is little variation in topography
and, with nmoff derived solely from rainfall, rivers
tend to be ephemeral. At higher altitudes (above
5 000 m), the remoteness and hru·sh conditions rule out
extensive small-scale hydropower development. Although objective metl10ds, such as cluster analysis ru1d
principal component analysis, could have been used,
the homogeneous region was delineated acc.ording to
the advice of local hydrologists with reference to topographical maps and snowline remote-sensing data from
the Himachal Pradesh.
The development of a regionalized model requires
good-quality hydrometric datasets from catchments
that are representative of the study area, together wiili
meteorological and other spatial data that adequately
describe the region's climate and hypsographical featm·es. The first step was to identify gauged catchments
with a long tin1e series of flows wifu limited artificial
(htllllan) influences that were sufficiently widespread to
be representative of the flow regimes in the study area.
Data from60 gauging stations in the rain- and snow-fed
region were obtained from fue state authorities. Subsequent quality control checks to identify catchments suitable for the low-flow analysis reduced the final sample
dataset to 41. The catchment botmdary for every catchment was drawn from 1:50 000 topographic map sheets,
digitized and stored as polygons in the Arclnfo geographic information system. A variety of spatial datasets, describing the clin1ate and physiographical nattll'e
of the study ru·ea, were also identified.

The regional model for Himachal Pradesh (Rees and
others, 2002) seeks to captme the observed relationships between the shape of the hydrograph and the nature of ilie catchment hydrogeology through the
development of a multivru·iate linear regression model
relating the Q95 flow (expressed as meru1 flow percentage) to the proportional extent of different soil (or geology) classes, including a class for snow and ice, within
a catchment. The relationship yields ru1 estimate of
standardized Q95 for each soil (or geology type) encountered. A map of standardized Q95 , based on the distribution of soils (or geology), can thus be derived for
the region. Overlaying the botmdary of an ungauged
catchment onto the map enables the Q95 of that catchment to be detennined. The approach of Gustard and
others (1992) was adopted to extend the estimation
from Q95 to a full FDC. A family of flow-dw·ation"type" cw-ves was detennined for the region by averaging curves derived from observed flow data with similar Q95 values. The shape of the estimated FDC at
the tmgauged site is then detennined using the predicted Q95 value. An estimate of the catchment mean flow
is necessary to rescale the FDC in absolute tmits. A
detailed analysis of precipitation, flow and altitude revealed fuat the distribution of nu10ff in the rain- ru1d
snow-fed region ofHimachal Pradesh was best described
by means of a simple linear relationship between annual
nmoff depth and altitude.
12.6.4 H ydrA-HP
HydrA-HP is a softwru·e package fuat has been developed incorporating ilie Q 95 model and the mean flow
model as separate grids at a spatial resolution of 1km
It provides an easy-to-use, menu-driven interface that
allows even those with a minimal tmderstanding of
hydrology to rapidly estimate the FDC and, hence, the
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hydropower potential at any prospective site. The software user is simply required to enter the geographical
coordinates delineating the catclm1ent botmdary
upstream of the site of interest. The software identifies
the constituent grid cells and derives a FDC specifically
for the site. Refen'ing to the FDC, the user is then required to enter the rated (or design) flow, the residual
(or ecological) flow and head conditions at the site.
The hydropowerpotential (rumual energy output, maximtun power ru1d rated capacity) can be calculated for
up to eight types of turbine. Once the user has entered
the values of hydraulic head and rated flow, the software refers to the operational envelopes of eight standard
turbine types to identify which will operate tmder the
stated conditions. For each selected turbine type, the
softv.rare detennines the usable prut of the FDC (determined by the rated capacity of the turbine and the residual flow that is to be left in the 1'iver). Subsequently,
by refening to the relevru1t flow-efficiency curves, it
calculates the average annual energy potential (MWh)
and the power-generation capability (kW) of the site.
The single page report that results from this procedme is
shown in Figme 12.14.
12.7

Residual flow estimation and
hydropower: Norway

12.7.1 Introduction
As with many hydrological issues in Norway, research
on low flows has been related to hydropower production. These studies mainly focused on how to set instream flow requirements (residual flow) downstream
of hydropower reservoirs or abstraction diversions.
Owing to an increased awareness of the negative envirolllllental impacts of water resources development,
a number of water utility companies, hydropower
companies, consultants and municipalities now have
a professional interest in low flows. CwTent topical

water resources issues include the consequences of
pollution, reservoir design and management, and the
withdrawal of water from rivers for liTigation, small
hydropower plants and drinking water supply. This
has shifted research focus towards finding methods to
calculate low flows in catchments with few or no
measurements.
The Norwegian Water Resomces and Energy Directorate
(NVE), an agency of the Millistry of Petroleum and
Energy, is responsible for administrating the nation's
water and energy resources and is also one of the
ad1ninistrators of the Nmwegian Water Resources
Act. A hydropower company applied to the NVE for a
licence to regulate the Stalsvatn Lake and build the
Dirdal hydropower plant in the small river, the
Stalsvatnsbekken (Figure 12.15) ill south-west Nmway.
When the application was made, there were no other
types of flow regulation or water use within the
catchment.
The 1'iparian ecosystelllS of the St0lsvatnsbekken River
included species of rru·e mosses and lichens which were
dependent on spray from the river dw'ing the swlllller.
Consequently, the NVE sought to specify a mininum1
residual flow in the stlllllller months (May to August)
in order to maintain this habitat. When detennining
these flow requirements, it was necessruy to calculate
low-flow indices for the St0lsvatnsbekken River.
12.7.2 Estimation of low-flow indices fot· the
Stolsvatnsbekken Rive1·
There were no observations of river flow for Stalsvatnsbekken; but, two nearby stations, Sretervatn and
Saglandsvatn, had daily records for the periods 1973 to
2000 and 1973 to 1993, respectively. Basin characteristics, for example the area, the lake percentage and the
rru1ge of elevations present. were also available for the
three basins (Table 12.2).

Table 12.2 Basin characteristics for Stolsvatnsbekken, Sil!tervatn and Saglandsvatn
Sttlllsvatnsbekken
Area(km2)
Mean annual runoff (1/s/km")
Effective lake percentage
lake percentage

Sil!tervatn

Saglandsvatn

4.30

15.80

1.80

86.90

8530

44.90

5.04
6.80

536
14.70

21.87
22.30

Elevation (m.a.s.l)

420-760

295- 720

120-280

Basin length (m)

3026

5382

1754
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The region of St0lsvatnsbekken is dominated by autulllll
floods and summer low flows. The regression equation
for MAM(7) for the stunmer period is defined by:
MAM (7) = Q. (0.0322(E.ff1alre + O.l)

0314

)(H~
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)

(12.1)

where Qn is the mean ammal nmoff (l/slkm2); Hmax
is the maximum difference in altitude in the basin (m);
and Efllake is the effective lake percentage.

•

r('
it

(12.2)

~
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A

where n is the nwnber of lakes in the basin; Ai is the
drainage area of lake I; ai is the area of lake I; and A is
the total basin area.

'

Figure 12.15 The Stt~lsvatnsbekken catchment in
south-west Norway

In Nmway, there are no requirements or standard
methods for estimating low-flow indices at ungauged
sites, and subjective methods are frequently applied.
For St0lsvatnsbekken, estimates of the mean annual
minimum 7-day flow (MAM(7)) were derived using a
combination of the following two methods:

1.Regional regression equations to calculate
MAM(7), with mean annual flow and basin characteristic.s as independent variables.
2 .Estimates based on the streamflow observations
from two similar nearby catchments at Saetetvatn
and Saglandsvatn.
The regional regression equations (section 9.3) were
detel'lllined using data from 172 stations in a frequency
and regression analysis (Krokli, 1988). The country is
divided into regions according to the different hydrological regimes. Regression equations are defined for
MAM(D) values (D = 7, 30 and 60 days) and the 10year retum frequency ofMAM(D) for both a smnmer
and winter season, for each region. This is essential in
Norway because, in winter, low flows are caused by
precipitation being stored as snow and ice, whereas
sunm1er low flows are caused by lack of precipitation
and high evaporation losses. The regression equations
relate MAM(7) to basin characteristics, while other
dmation minima MAM(D) are expressed as functions
ofMAM(7).

For St0lsvatnsbekken, these equations yield an estimate
of MAM(7) of 10.01/s/km2 • TI1e estimated MAM(7)
values for Saetetvatn and Saglandsvatn are 10.3 and
7.21/slkm2, respectively. These three values were used
as a. statting point to set the minimum residual flow
requirements.

12.7.3 Conclusions
A study of the hydrological operation of the scheme
and its impact on the ecology concluded that the moisture supply resulting from spray from the river, suppott ing the riparian ecosystem, would be heavily reduced if minimum residual flow requirements were
not set. The environmental consequences of this could
include a. local reduction in biodiversity. Guaranteeing
the supply of sufficient moisture dming the grov.rth
season in the smnmer was seen as the most impot1ant
factor to preserve the rare mosses and lichens. Outside the growth season (September to May), it was
assumed that precipitation and floods would give sufficient moistme support to the ecosystem; therefore,
there was not considered to be a need for a minimum
residual flow requirement in this period. Following an
economic analysis of the impact of possible levels of
minimum residual flows, the NVE recolll1llended that
an abstraction licence be granted with a. seasonal restriction on abstraction between June and August,
when abstraction may take place only when river
flows exceed 351/slkm2 • This is about three times the
estimated MAM(7) value and is almost equal to the
mean flow. When inflows to the St0lsvatn reservoir
are less than this required residual flow, hydropower
cannot be produced.
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13. Recommendations and conclusions

13.1

Introduction

In both developed and developing cotmtries, there is
increasing pressure to improve the reliability of water
resources schemes and enhance ecosystems degraded
by overabstraction and pollution. Both surfac.e water
and grotmdwater resources are lmder greatest pressure
dming low-flow periods, and with population grovvth
and clinJ.ate and land-use change these pressures will
increase. It is thus essential that water resources schemes
be designed and operated so that people's livelihoods
and the ecosystems on which they depend are enhanced.
This can be achieved only by developing and disseminating operational techniques based on a thorough lmderstanding of drought processes, good-quality hydrological data and analytical techniques appropriate to a
wide range of envirouments. Tilis chapter makes a
munber of recommendations for improving abilities
and reducing the m1certainty in predicting and forecasting low flows in tluee areas: data collection, operational
applications and capacity-building.

13.2

Data

Estimates of the frequency of low flows require long,
preferably lmbroken, time series, while the need to
make estimates at sites without data is reduced if there
is good spatial coverage. Chapter 3 describes a number
of techniques for processing, controlling the quality
of, and disseminating hydrological data. In some
cotmtries these methods are well established; but, in
many parts of the world the resources allocated to envirorunental monitoring are inadequate and both the
vohune and quality of data are in decline. The highest
priority is therefore to ensure that there is a long-tenn
comnlitment over several decades to increasing the
resources allocated to data collection and disseminating
good practices, particularly, but not only. in developing countries. Networks need to be expanded, data
processing and quality control improved, and different enviroumental datasets must be integrated into
geographic infmmation systems and freely disseminated.

It is anticipated that there will be continued improvements in sensors, data loggers and processing software. Advances in remote-sensing and low-cost sensors
for measuring water levels should improve the availability of data from large rivers and lakes, patticularly
in remote locations. The spatial resolution, global coverage, measw·ement frequency and record length will
continue to improve along with the remote-sensed
measurements ofland use and snow and ice. Tilis will
have direct benefits in estimating the impacts of landuse change in large basins and that of deglaciation on
dly-season flows.

In many catclunents. the dominant impacts on hydrology are the rutificial influences caused by the constmction of reservoirs, direct river abstractions, grotmdwater pumping, power generation and urbatlization.
There is a need to improve the availability of information
on the location, volume and tinling of these influences
using direct measurements for the dominant impacts
and estimation procedures for the large munber of minor
influences. For tile improved operation of water resources, it is essential to have access to data in real
time to make decisions on, for example, the operation
of a hydl·opower scheme or the control of abstractions.
The next decade will see continued advances in the
real-time dissemination of precipitation, stream flow,
grow1dwater level and reservoir data, as well as the
synthesis of this data through regulru· reports on the
cw1·ent status of the low flows and flow forecasts. The
increased use of the Web as a platfotm for data dissemination will improve access to infmmation and its
exchange betwe.e n envirorunental protection agencies
and power and water utility companies; the general
public will also benefit.

13.3

Oper ational applications

\Vhere there is adequate data for understanding lowflow processes or for hydl·ological design, this should
always be used in preference to a predictive model.
However, on many occasions data are absent or inadequate. In these situations, it may be necessaty to
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develop a hydrological model, for example, to estimate low flows at an nngauged site or to predict the
impact of land-use change.

bringing together of disparate databases of meteorology, hydrogeology, soil surveys, river networks, land
use and topography.

Chapter 9 describes different regional hydrological
models ranging from simple empirical relationships
to more complex multivariate models. The key application of these models is to estimate the frequency of
low flows at sites for which flow data is not available.
The main limitation on their flll'ther development is
the requirement of good-quality hydrological data for
model development and calibration and the absence
of the most appropriate catchment descriptors. All basin
properties must be in digital fonn and. where necessary,
new descriptors need to be developed. Although it is
recognized that hydrogeology is a key variable in
controlling low-flow response, it is rarely incotporated
explicitly in regional low-flow models. It is also necessaty to improve estimates of model nncertainty by
testing the model on a subset of catchments not used
in calibration.

There have been considerable advances in hydrological
modelling over the last two decades using different
types of hydrological models operating at a range of
spatial scales. Most of this research has focused on
reducing the tmcettainty of model prediction based on
the calibration of single catdunents or small subsets of
catclunents. One of the most in1p01tant priorities is to
build on tills expettise to regionalize monthly and daily
continuous simulation models. Using inputs of daily
precipitation and evaporation, it will then be feasible
to generate long periods of daily flows at ungauged
sites, extend shott records and predict the impact of
land-use change or tlte sensitivity of low flows to clintate
variability. The regionalization of these models will
enable operational hydrologists to cany out these
tasks for all river reaches within a region.

Although the science of stream ecology is outside the
scope of the Manual, the estin1ation of low flows is
often a key issue in river-flow management. One of
the most in1portant reasons for in1proving our tmderstanding of river ecosystems is to develop instream
flow models for in1proved river management, patticularly for minimizing the in1pact of river abstractions
on the abnndance and diversity of stream biota. Very
rapid assessment techniques where the ratio of an abstraction to the natural low flow is vety low are still in
demand. Although simple low-flow statistics have
traditionally been used, the availability of national
field programmes and associated databases describing
cha011el geometry and substrate combined witll flow
infonnation should lead to significant advances in rapid
assessment techniques.
There is considerable oppottunity for improving the
transfer of existing knowledge from the research to
the operational cormmmity. For gauged locations, it is
essential that software be available to analyse the range
of low-flow indices described in this Manual, with tabular and graphical outputs in an appropriate fonn for
the decision-making and repotting of the operational
agencies. To estin1ate flows at ungauged sites, existing
regional models must be integrated witl1 digital databases of catchment descriptors.
TI1is may require major national digitizing programmes to convert existing maps into digital fonn or the

Hydrological design is rarely required in sparsely populated pristine catchments. Conversely, most hydrological problems arise in densely populated catchments and in areas with the greatest presslU'es from
competing water users. These catchments, which
have very complex pattems of water use, are rarely
studied by the research colllllnmity. There is an urgent
need for the improved monitoring and modelling of
these attificial influences. Although some impacts are
relatively sin1ple, for instance, the effect of a sewage
discharge on low flows, otlters are more complex,
such as the impact of gronndwater pumping or mbanization. A holistic approach to integrated catchment
management must be adopted in contrast to the historical approach of considering issues separately for
each water industty sector.
At the global level, tl1ere is a need to advance operational design and forecasting in developing countries.
In motmtain enviromnents, there is a need to predict
the long-tetm impact of deglaciation on dty-season
flows. Tilis is of particular importance in the Himalayas
and the Andes, where low flows derive primarily from
glacial meltwater and are critical in the dry season for
agricultural and dtinking water.
Advances in operational hydrology will be accelerated
if long-tenn prutnerships can be established between
the user and research conununities. This enables the
operational requirements to be clearly specified before
a reseru·ch prograrmne is initiated. It is important that
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the final product be compatible with the available data,
the skills of the organization and its policy objectives.
N01mally, research will be transferred through software,
which must be supported over several years so that decision-suppOit systems can be refined according to advances in the underpinning research.

manage and use the available infrastructure and to ensure
proper governance of the water sector. This, however,
requires appropriate knowledge resources and the involvement atld attention of all stakeholders, from the
government level right dovm to individual water consumers.

13.4

Capacity development is the process by which individuals, organizations, institutions and societies develop abilities (individually and collectively) to perfonu
functions, solve problems, and set and achieve objectives (UNDP, 1997; Lopes and Theisohn, 2003). Tllis
involves management in the areas of resolving conflicts, dealing responsibly with change, coping effectively with institutional pluralism, encouraging communication, ensuring that data and infonuation ru·e
collected, analysed and shared, and creating the necessary conditions for knowledge generation, shruing
and transfer. Tluee levels of capacity development
can be identified (Figure 13.1), namely, the individual
atld institutional levels embedded in the appropriate
enabling environment (van Hofwegen, 2004).

Capac.ity-building

The management oflow flows in extreme droughts puts
considerable strain on individuals and organizations
if they are not well prepared. In the past, the primary
concem was to develop a strong physical infrastmctme,
which was deemed necessary to cope with the competing demands of different stakeholders. Although infrastructw·es may have been appropriate to make optimal
use of the available and even decreasing water resources, infi:astmctw·e management was often inadequate,
such that systems were far from sustainable and the services provided deteriorated tmacceptably. Thus, institutional capacity and detailed planning are cmcial for
good low-flow management. A key component of this
is to ensure that, before an extreme event, organizations
have the necessruy tools and experience to analyse atld
interpret low flows. There is a need for a strong underlying knowledge base (as reported in the previous chapters) and the corresponding capacity of managers to act.
In particular, managers have the responsibility to plan,

Individual
level

r+

Without capable individuals who are both competent to
think through the issues associated with low flows and
have the authority and ability to act responsibly in a
collaborative manner, little can be acllieved in managing the critical situations that may ruise. This is a hu-
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Figure 13.1 The three levels of capacity development (World Water Assessment Programme, 2006; adapted from van Hofwegen, 2004)
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man resources development issue that must be thought
of as a continuous process aimed at embedding knowledge in the minds of the individuals, developing their
skills and changing attitudes and behaviom. Tills is best
done on the job to maximize the benefits of knowledgesharing and collaborative processes. However, the ability
of professionals in particular to acquire new knowledge
and skills on a continuing basis also depends on their
f01mal education and professional training. Professionals,
in particular, must increasingly regard life-long learning
as a necessity and indeed an obligation so that they
can take advantage of the growing knowledge base on
every aspect of water resources management. Tills is
particularly the case for low-flow management, which
is often carried out by (mid- and high-level) professionals who work in water and enviro11111ent agencies.

in the decision-makmg processes associated with the
appropriate water services. As highlighted in the second
World Water Development Report (WWAP, 2006),
capacity development at the institutional level requires
the followmg:

At the same time, academic institutions (universities,
higher education institutes, post-graduate training
centres) should be more concemed with improving the
content and methods of the education they offer, in line
with the expressed requirements of professionals and
other stakeholders. Tills will involve taking advantage
of new fomlS of blended leaming that encomage more
active and participatoty learning. Low-flow knowledge
that can be characterized as an advanced topic for students and practitioners with a fundamental knowledge
of hydrology and hydrogeology seelllS an appropriate
topic for blended learning methods.

Lastly, the enabling enviro11111ent sets the boundaty
conditions for the ftmctionmg of the agencies and mstitutions entrusted with the development and management of water resomces and services. Such boundaty
conditions mclude the broader political, policy, legal,
regulatory and administrative frameworks that promote sustamable development and are based on the
view that water is a social and economic good. Sector
agencies will be contmually encomaged to improve
their performance through the generation and acquisition
of appropriate knowledge and through refonn, when
needed. Well-infonned stakeholder groups in civil society can raise public awareness and provide mfOimation that promotes socialleruning.

I11Stitutional capacity is concemed with the capability
of a11 organization to look al1ead ru1d adapt to change.
This is crucial for low-flow management, as low flows
and droughts are subject to change because of global
changes (for example, climate change, land-use char1ge).
In this sense, ulStitutional capacity is a measure of the
institution's overall performance in managillg the totality
of its resomces, whether personnel, facilities, technology,
knowledge base or fu.ndmg. Inevitably, effective and
efficient management involves carefitlly considered
procedmes that are consistently implemented and adapted to changing situatiollS, when necessruy. TI1e procedmes provide the context for vru1ous processes that
have ail impact on the institution's resources, progranlmes and extemal relationships, in other words, its
capacity to manage. However, the institution's capacity
is measured not only by its mtemal functioning and
consistency, but also in its relationships with extemal
partners, in pruticular the fallge of stakeholders, when
managmg scarce water resources. Tius can be encouraged by establishing a platfonn where stakeholders ca11
express their interests and concetns and have some say

A cleru· tnandate for the managmg agencies,
water providers and policy-making bodies
that promote and enhance the illStitutionalization of good water management and water use
throughout all levels of society;
(b) An organizational system conducive to effective and efficient management decisions;
(c) Improved decision-supp01t mechanisms
through research on lessons leruned and
indigenous knowledge.
(a)

The mdividual professional experience of managmg
low flows varies widely depending on the local infrastmctW'e, the climatic and hydrological regime, physiographic characteristics (for example, geology, soils,
land use and topography), the mcidence of recent extreme events, the skills and experience of professional hydrologists and the input from a wide range of
stakeholders. The apparent consequences of clilnate
change and other global changes add urgency to the
need for professionals and other stakeholders to increase their capacity to manage change in theii· water
resomces, especially where water resources are decreasing in the face of growing demand from collSumers. With the bmgeoning gro\¥th of the Intemet and
the rapid transfer of new technologies to developmg
cmmtries, which have the potential to leapfrog their
developed cmmterparts, there is every reason to anticipate that the mtemational knowledge base on low
flows can but grow, to the advantage of all who have
Intemet access.
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ABBREVIATIONS

Abbreviations

ADAM

Australian Data Archive for Meteorology

AM

Purrnual~ntun

AMS

Purrnual ~ntun!Maximum Series

ARMA

Autoregressive Moving-average

BFI

Base-flow Index

CAMS

Catchment Abstraction Management Strategy (Environment Agency)

cdf

Cumulative Distribution Function

CHy

Collllllission for Hydrology

DWA

German Association for Water, Wastewater and Waste

ENSO

El Niiio/Southern Oscillation

ERFO

Ecological River Flow Objective

EWR

Environmental Water Requirements

FAO

Food and Agriculture Organization of the United Nations

FDC

Flow-duration Cmve

GEV

Generalized Extreme Value

GIS

Geographic Infonnation Systems

GP

Generalized Pareto (distribution)

HMM

Hidden Markov Model

HNRC

HOMS National Reference Centre

HOMS

Hydrological Operational Multipurpose System

HTML

HyperText Markup Language

HYDATA

Hydrological Database and Analysis software (United Kingdom)

IC

Inter-event time and volume criterion

ICSU

International Council for Science

IRBM

Integrated River Basin Management

IRS

Individual Recession Segments

ISO

International Organization for Standardization

IT

Inter-event time criterion

MA

Moving average

MAM(7)

Mean of the 7-day annual minima series

m.a.s.l.

Metres above sea level
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MCMC

Markov Chain Monte Carlo

MRC

Master Recession Cmve

MRC

Mekong River Commission

NAOI

North Atlantic Oscillation Index

NIN03

Index ofSSTs in the region (5S-5N; 150W- 90W) of the tropical Pacific Ocean with the largest
variability in SST on El Nifio tin1e scales

NSFM

Non-parametric Seasonal Forecast Model

NVE

Norwegian Water Resotu·ces and Energy Directorate

NWP

Nmnerical Weather Prediction

OPACHE

Open Panel of CHy Expe11s

pdf

Probability Density Ftmction

PWM

Probability Weighted Moments

P3

Pearson Type 3

SHE

Systeme Hydrologique Europeen

SOl

Southem Oscillation Index

SST

Sea Smface Temperattu·e

UNESCO

United Nations Educational, Scientific and Culttu-al Organization

USGS

United States Geological Smvey

WATSTORE

Water Data Storage and Retrieval System (USGS)

WDC

World Data Centre

WFD

Water Framework Directive (Emopean Union)

WMO

World Meteorological Organization

XML

Extensible Markup Language
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