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FDREWORD

Flash flooding inflicts heavy loss of life and often catastrDphic damage in
( all regions of The world. Accordingly, the WMO Commission for Hydrology (CHy) has
accorded high priority to the monitoring of developments in the forecasting of flash
\ floods and to the preparation of r~levant guidance material for the benefit of all
\_~oncerned.

I

At the recommendation of CHy, WMO co-sponsored, together with IAHS and Unesco,
a Symposium on Flash Floods which was held in Paris in Septemb~r, 1974. At its fifth
session in 1976, CHy appointed a Rapporteur on Flash Floods, Mr. A. J. Hall
(Australia), as a member of its Working Group on Hydrological Forecasting. The terms
of reference of this rapporteur included the preparation of a technical report on
flash floods. The rapporteur therefore prepared the present report which
after
review was approved for publication by the sixth session of CHy which was held
in 1980.
\

\

It is hoped that the publication will prove useful to hydrological forecasting services and individuals developing methods and techniques of flash flood
forecasts and/or warnings.

It is with great pleasure that I express the gratitude of WMO tD
Mr. A. J. Hall and to all those who assisted him in his work for the time and effort
they devoted to the preparation of this publication.

A. C.Wiin-Nielsen

Secretary-General

SUMMARY

The report attempts to review in six sections the problem of flash floods
and to summarize the basic flash flood forecasting techniques and warning systems
as well as non-real time solutions to flash flood problems. The first section deals
with the various definitions of flash floods as well as the nature and scale of the
problem. The replies received to a~WMO questionnaire on flash floods sent in 1978
to all WMO Member countries are summarized and briefly reviewed.
In the second section, data sources for flash flood forecasting are reviewed,
including radar, satellites and quantitative precipitation forecasting. Section 3
discusses the four groups of flash flood forecasting techniques namely, meteorological, hydrological, meteorological-hydrological and dam break techniques.
Section 4 deals with the design and establishment of flash flood warning
systems ranging from simple networks and procedures to sophisticated computer-based
automatic 3ystems. The success of a flash flood warning system should be measured
by the response of the public to warnings and the saving of life and reduction of
damage to property. Community involvement is therefore reviewed indicating the
complex interactions among agencies, dissemination sub-systems and the public.
The non-real-time solutions to problems of flash floods are discussed in
section 5, including non-structural measures such as flood plain zoning and basin
management, as well as structural methods which involve the construction of engineering works. The limitations and advantages of flood damage reduction measures are
also listed in tabular form.
Section 6 summarizes the conclusions of the report: flash flood forecasting
can build on experience gained with the operation of a flood forecasting service for
normal river flooding; flash flood forecasting must be based on close co-operation
between meteorological and hydrological forecasters; flash flood data sources should
be improved by making use of new and relevant technology; the key to successful
flash flood forecasting is organization, involving all levels of government and
relevant disciplines.

RESUME

Le rapport tente d'exposer en six sections le problème des crues éclair et
de résumer les méthodes de prévision de base et les systèmes d'avis de ces phénomènes,
ainsi que les solutions dlfférées aux problèmes des crues éclair. La première section traite des diverses définitions des crues éclair, ainsi que de la nature et de
l'échelle du problème. Il résume les réponses à un questionnaire de l'OMM en la
matière, qui avait été envoyé à tous les pays Membres de l'Organisation en 1978.
La deuxième section indique les sources de données pour la prévision des crues
éclair, y compris la détection par radar, par satellite, et la prévision quantitative
des précipitations. La section 3 présente les quatre groupes de techniques utilisées
pour la prévision des crues éclair; les trois premières sont fondées, respectivemen~
sur des données météorologiques, hydrologiques et météorologico-hydrologiques, la
quatrième portant sur les cas où les crues seraient provoquées par une rupture de
barrage.
La section 4 traite de la conception et de la mise en place de systèmes d'avis
de crues éclair, allant des simples réseaux et procédures aux systèmes automatiques
complexes informatisés. L'efficacité d'un système d'avis de crues éclair doit être
mesurée en fonction des réactions du public aux avis, ainsi que des vies humaines
sauvées et de l'atténuation des dégâts subis par les biens matériels. Cette section
donne donc des renseignements sur le rôle joué par les collectivités, en soulignant
les interactions complexes qui existent entre les institutions, les sous-systèmes de
diffusion et le grand public.
Les solutions différées aux problèmes des crues éclair font l'objet de la
section 5 et englobent les mesures n'impliquant pas de travaux de construction, telles
que la délimitation des zones submersibles et la gestion des bassins, d'une part, et
les méthodes comportant la construction d'ouvrages d'art, d'autre part. Les avantages
et les limites des mesures prises pour réduire les dégâts occasionnés par les crues
sont énumérés sous forme de tableau.
La section 6 résume les conclusions qui se dégagent du rapport: laprévision
des crues éclair peut être fondée sur l'expérience acquise dans l'exploitation d'un
service de prévision des crues normales; la prévision des crues éclair doit être
basée sur une collaboration étroite entre les personnes qui établissent des prévision~
météorologiques et celles qui font des prévisions hydrologiques; il faudrait améliorer les sources de données sur les crues éclair en ayant recours à une technologie
nouvelle et appropriée; la clé d'une bonne prévision des crues éclair réside dans
l'organisation des activités, à laquelle participent le gouvernement à tous les n~
veaux ainsi que toutes les disciplines visées.
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RESLt1 EN

El presente informe trata de estudiar~ en las seis secciones que comprende,
el problema de las crecidas repentinas y de resumir los métodos de predicci6n y sistemas de aviso de tales crecidas repentinas, así como las soluciones en tiempo no real
aplicables a ese problema. La Secci6n 1 versa sobre las diversas definiciones de
las crecidas repentinas- y sobre la ....n aturaleza y alcance del problema. En dicha secci6n se resumen y analizan sucintamente las respuestas recibidas a un cuestionario
de la OMM sobre crecidas repentinas, enviado a todos los países Miembros de la Organización, en 1978.
En la Sección 2 se examinan las fuentes de datos necesarios para el establecimiento de predicciones de crecidas repentinas, incluidos los datos obtenidos por
radar, por satélite y los derivados de las predicciones cuantitativas de la precipitaci6n. En la Sección 3 se estudian los cuatro grupos de factores que intervienen
en los métodos de predicci6n de crecidas repentinas y que provocan éstas últimas, a
saber el factor meteorológico, el hidro16gico, el meteoro16gico-hidrológicoyel originado por la rotura de diques.
La Sección 4 versa sobre el diseño y establecimiento de sistemas de aviso
de crecidas repentinas que van de las redes y procedimientos simples a los sistemas
automáticos perfeccionados basados en computadoras. La calidad de un sistemadeaviso de crecidas repentinas se determinará en funci6n de la respuesta del público a los
avisos y del número de vidas preservadas, así como en funci6n de la reducci6n de los
daños causados a la propiedad. Así, pues, se examina la participación delas comunidades interesadas y se indican las interacciones complejas entre los diversos organismos, subsistemas y el público.
En la Sección 5 se examinan las soluciones en tiempo no real aplicables a
los problemas de las crecidas repentinas, así como las medidas que suponen la no edificación de estructuras, tales como la determinaci6n de zonas llanas inundables y la
gestión de las cuencas, al igual que métodos que requieren la construcci6ndeestructuras, tales como trabajos de obras públicas. También se indican en forma tabular
las limitaciones y ventajas de las medidas adoptadas con miras a reducir los daños
causados por las inundaciones.
En la Sección 6 se resumen las conclusiones del informe: la predicción de
las crecidas repentinas debe basarse en la experiencia lograda merced a la explotación de servicios de predicción de crecidas fluviales normales; la predicci6nde crecidas repentinas debe basarse en una estrecha colaboración entre los predictores meteorológicos y los predictores hidrológicos; las fuentes de datos relativos a las crecidas repentinas deben mejorarse recurriendo para ello a la nueva y pertinente tecnología; la clave del éxito en materia de predicción de crecidas repentinas es la organización de actividades a todos los niveles gubernamentales y la utilizacióndelas
disciplinas pertinentes.

FLASH FLOOD FORECASTING

1.

INTRODUCTION

1.1

Definition and nature of the problem

A flash flood is defined as "a flood of short duration with a relatively
high peak discharge" (WMO-Unesco, 1974). In the United States the National Weather
Service (NWS) has adopted a more general definition of a flash flood as a flood that
follows the causative event (excessive rain, dam or levee failur~,
etc.) within a
. ,
few hours.
As the essential difference between a normal flood and a flash flood is the
. speed with which it occurs, that is the duration between the causative event and the
flood, it is useful to speci fy a flash flood by this "duration". In the case of a
flood resulting from heavy rainfall this is analogous to the time of concentration
of the catchment above the point of interest. It would appear to be generally
accepted that the words "short" and "few hours" in the above definitions refer to
"durations" which lie between four and six hours. To be more specific a "duration"
of up to six hours is proposed as a suitable break point between a flash flood and
a "normal" flood. Floods which occur within six hours of the causative event are
not amenable to the conventional flood forecasting techniques. The time delay in
collecting, evaluating and modelling of the data, and the preparation, dissemination
and. interpretation of the flood warning is too great to make the forecast fully
effective. By speeding up these processes it is possible to give useful flood forecasts where the duration is in excess of six hours. Beyond six hours, flood forecasts
are not necessarily dependent on quantitative rainfall predictions to give a warning
of sufficient timeliness to enable precautionary measures to be taken. However, to
attain the desired minimum warning time of 12 hours, forecast rainfall is a necessary
input for floods which occur within a "duration" of 12 hours.
It is useful to consider flash floods under three categories:
(a)

Those which result from heavy rainfall on an essentially natural catchment which has not been substantially modified by man, for example,
catchments above recreation areas, generally small communities, rural
road bridges, culvets or dips, etc.i

(b)

Those which result from heavy rainfall on a catchment which has been
altered by man so as to reduce the stability of the catchment itself
or to have changed the runoff, storage or hydraulic characteristics of
the catchment;

(c)

Those which occur from the sudden release of impounded water by the
failure of a dam or other natural or man-made barriers. "Dam-break"
floods of this type often occur in conjunction with heavy rainfall.

- 2 Change in land use may introduce problems of erosion, into what is a naturally
stable regime. The natural storages of the catchment may be filled and, on steep or
particularly unstable ground, this can induce mud and rock slides. These in turn can
produce artificial dams backing up water until the wall is breached causing a "dambreak" flood situation which aggravates the existing flood situation. Ice jams will
produce the~me effect in some rivers and may occur without the influence of man.
Where hydraulic structures such as dams or levees have been constructed their failure
will result in the classical "dam-break" flood. This will be a flash flood with the
proverbial "wall of water" so often referred to by the news media. In these special
cases flood waters will rise quickly, and often without warning, for considerable
distances downstream until the flood volume is absorbed by the natural valley storage
of the catchment.
In areas without man-made storqge structures, the effect of development ~s
usually to increase the rate of runoff and, in the absence of careful planning, may
create flash flood prone areas. In most cases the flash flood potential is increased,
particularly in urban areas where there is a large percentage of impervious area.
Not only is the volume of runoff increased but the problem is compounded by the
increase in the speed of runoff and may even combine the peaks of tributary flood
waves in some instances. Land-use changes in agricultural areas can work in opposite
ways. For example, contour ploughing in a naturally grassed plain will usually reduce
significantly the volume of flood runoff and increase the time to peak. On the other
hand the development of rice fields, which are under flood irrigation most of the
time, and hydraulic works protecting them against floods, "for example cut-off channels, diversions, levees etc., may all serve to increase the speed and volume of
flood runoff. In addition, swamps and marshes may have been reclaimed for rice
fields, further reducing the mitigating effects of natural catchment storage.
Most flash floods result from intense localized thunderstorm activity, particularly stationary or slow-moving thunderstorms or lines of thunderstorms. Flash
floods may occur in conjunction with tropical cyclones particularly if they remain
stationary, for example if they fill over land, and with extra tropical cyclones. In
tropical and sub-tropical areas flash floods are often associated with intense rainfall which occurs during the monsoon season. Mountainous areas are particularly
flood-prone as the effect of orographic uplifting may be the trigger for intense
rainfall. By the nature of the mountainous landscape, flash floods are increased
by the steep channel slopes and limited valley storage, and have the potential for
causing land or mud slides.
1.2

Scale of the problem

It is only in more recent years that flash floods have been treated as a
distinct problem by flood forecasting and warning agencies, with additional forecast
and warning systems being established specifically to handle this problem. Well
before the time of these agencies indigenous populations had, through necessity,
learnt to avoid areas prone to flash flooding and to be more generally aware of the
elements. Flash flooding is now a major problem, particularly in the more developed
countries where new settlements have often been created without knowledge and consideration of the inherent flood potential. In the case of the United States, where

- 3 general river flood forecasting is well established, considerable attention is now
being given to flash flood forecasting and warning. The American Meteorological
Society (1978)* provided some revealing figures on the problem. During the 1970s
the average annual death toll from flash floods it:! the U.S. has tripled from the rate
during the 1940s and now stands at around 200 per year. Property damage is now running at about $1 billion annually.
The increase in deaths and destruction from flash floods results partly from
the spread of urban development and partly from increased population
mobility.
People are now visiting flash flood prone areas for recreation in more and more remote
places, such as mountainous areas and narrow canyons. Furthermore I
people have
established themselves on flood plains at an increasing rate in both urban and rural
areas. Even with careful planning and control measures, urbanization increases flash
flooding. Removal of vegetation and replacement with impervious surfaces increases
the peak flow rates in small streams. Bridges, culverts and buildings are often
constructed in a manner that inhibits the flow of water over a flood plain. Over
15 000 communities and recreational areas in the United States have been identified
by the U.S. Flood Insurance Administration as flash flood prone.
Mogil et al. (1978) state that more than 1 000 significant flash floods have
occurred in the United States since 1971. "Since 1945 more than 3 000 counties
have received Red Cross assistance following floods or flash floods. Although many
of these did not make national headlines, they have had a devastating effect on
scores of communities. But it is the catastrophic flash floods, such as Black Hills
in 1972, (NOAA, 1972), (237 deaths) and the Big Thompson Canyon in 1976 (NOAA, 1976),
(139 deaths), that highlight the vulnerability of the American people to these
events."
Flash flooding is now being highlighted in the U.S. and good documentation
exists which indicates the extent of the problem, for example the annual death rate
is roughly 0.0001% of the population. Similar documentation does not exist in other
countries and it has not been possible to summarize the loss of life and damages from
flash floods on a world-wide basis, although it is felt that an annual death rate
of 0.0001% would also be roughly the Australian rate. Countries with similar states
of development, life-style, geography and climatology would be expected to face a
flash flood problem of the same magnitude. Developing countries without, or with
a smaller scale, flood forecasting and/or meteorological services, communication
facilities and local agencies, may well be faced with an annual death rate from flash
floods of several times that of the U.S.
1.3

Survey of flash flood forecasting in WMO Member Countries

A questionnaire on flash floods and associated forecasting activities was
sent to Members of the WMO Commission for Hydrology (CHy) in 1978. Details of the
questionnaire and replies are given in the Annex. Of the 45 countries represented
by the replies, 25 provided flash flood forecasts and/or warnings for one or more

* The American Meteorological Society's second conference on flash floods was
organized in Atlanta, U.S.A., in March 1980;
in 1978.

the first conference was organized
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catchments. A number of different hydrological flash flood forecasting techniques
were reported. These ranged from simple methods based on rainfall rates to deterministic or conceptual rainfall-runoff and complex flood routing models. Approximately half (14) of the countries providing flash flood forecasts made use of radar
while satellites were used by approximately one third (nine) to assess areas of
heavy rainfall and/or forecast storm movement.
Most of the larger countries provided flash flood forecasts at a regional
or state level, this being the lowest level at which meteorological authorities
usually operate.
2.

DATA SOURCES FOR FLASH FLOOD FORECASTING

2.1

Ground stations

The primary basic inputs to flash flood forecasting systems are rainfall,
river height/discharge, or both. These are the same basic requirements as for conventional flood forecasting systems, and although the same equipment is often used,
these data collection systems are usually automated. Because of the short time
interval (less than six hours) between the observed rainfall or upstream river height
and the flood at the point of interest, the delays inherent in manual observation,
reporting and recording systems are usually too great for useful forecasts and warnings to be made in time. The current general trends towards automatic data collection for all types of forecasting systems has led to a range of data-collection techniques now being available. These may be equally applicable to the special requirements of flash flood forecasting systems (e.g. Burnash and Twedt, 1978).
Automatic data-collection systems are usually based on a digital output from
the sensor. Raingauges are primarily of the tipping bucket type which provide a
convenient incremental pulse count. River height sensors, are usually a shaft rotation type which require a digital attachment from a flat well or a pressure transducer from a pressure line, either closed or a gas-purged line. These digital outputs can be telemetered by land-line (dedicated, telephone or telex lines), or by
radio using ground or satellite repeaters. Note that in a flood situation telephone
and telex lines are prone to failure.
The design of ground station networks for flash flood forecasting follows
the same principles and techniques as those applied to conventional flood forecasting systems. These are covered in WMO publication No. 324, 1972 and were the
first topic in the IAHS/Unesco/WMO Flash Floods Symposium, Paris, 1974 (IAHS, 1974).
A paper by Ishihara and Ishihara (1974) at this symposium discussed a method for the
efficient arrangements of rainfall stations which takes into consideration the areal
variation of rainfall and the topographical catchment features.
2.2

Radar

As many flash flood situations result from thunderstorm rainfall, the
accurate assessment of areal rainfall is a major problem in flash flood forecasting.
Al though the catchments are often small, many of them are in mountaino.us areas where

- 5 orographic effects will increase the areal variability of rainfall. Radar can be
especially useful in assessing areal rainfall because it-gives an areal perspective
and has the facility to estimate areal rainfall quickly. Mogil et al. (1978) list
three methods whereby radar is so used in the Uni~ed States. The approaches of other
countries can be similarly classified. These are:
(a)

Subjective radar scope evaluation. A skilled radar observer can
determIne-areas-ot-heavy-raIntaII by visual examination of the radar
scope. The existence of thunderstorm cells is the main clue and their
identification alerts the observer to heavy rainfall. The larger the
cells, or the higher-the echo tops, the greater is the rainfall intensity.
Persistence in location given by nearly stationary lines of thunderstorms, or slow moving thunderstorms which redevelop. on the upstream
side of the storm system, increase catchment rainfalls and provide the
high rainfall intensities over a sufficient period of time to produce
flash floods. While these are the main clues, it must be understood
that heavy rainfall can occur from radar echoes that have relatively
low tops.

(b)

Manually digitized radar. Manual methods involve contouring isopleths
ot-echo-IntensIty-on-an-overlay of the Plan Position Indicator (PPI)
display of the radar and assigning rainfall rates to these intensity
levels. Taken at regular time intervals (10-15 minutes) these rates
can be averaged in time and space to give estimates of areal rainfall
over the catchments of interest. The theoretical rainfall rates, R,
are related to the echo intensity or radar reflectivity factor Z using
one of a number of empirical relationships. Marshall and Palmer (1948)
proposed the empirical relationship of the form Z = ARB and obtained
Z = 220 Rl.6 for strati form rain. There is no unique relationship
between rainfall rate and reflectivity factor as the relationship
depends on the size distribution of raindrops. The drop-size distributions show climatic and "rain type" variations and J more importantly,
mesoscale variation in a given type of rain situation (Barclay, 1975).
Rain type variations can lead to changes in the constants of the Z-R
relation which produce rainfall rates differing by a factor of two or
more. This technique is not always a reliable alerting method for
flash floods for the following reasons: Firstly, manually digitized
radar data are necessarily computed on a much Coarser grid than is
desirable on the small catchments subject to flash floods. There are
subjective assessments of_rainfall rate at each grid of the overlay,
depending upon the extent to which the grid is covered by rain of various
intensities. Secondly, because of the time taken to manually evaluate
rainfall intensity for each grid, the gaps in intensity in the gradings
used is much wider than is often desirable. As an example, Mogil et al.
(1978) noted several recent events where flash flooding occurred before
critical rainfall rates were detected by this manual technique (NOM,
1977) .
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Radar digitizer and processor (RADAP).

Computer processing of radar
the manual method mentioned
above is hard work and comparatively slow, particularly if a number of
catchments are involved. A mini-computer coupled to the radar enables
the digitizing of radar video returns to be quantified into a number of
discrete levels, usually at least ten, and recorded in polar format in
range bins of approximately 2 km in length, extending from 18 to 230 km
for each 1 to 2° of azimuth depending on the radar's beamwidth. The
computer converts these to a more usable cartesian grid of say
4 km x 4 km. (Greene and Clark, 1974). The D/RADEX experiment in the
United States was quoted by these authors as showing the MarshallPalmer equation to underestimate rainfall rates in convective storms.
Based on observed data, a factor of 2.25 is applicable and the equation Z = 55 Rl.6 is used in convective situations. Further experience
with this project has shown that this equation over-estimates the rainfall rates associated with the higher reflectivity rates which in turn
are often associated with hail. To overcome this, a limiting rainfall
rate is applied to the top two levels of the ten-point scale (Greene and
Saffle, 1978). These authors quote "excellent" agreement with maximum
rainfall data collected by RADAP in the 1977 Johnstown flash flood. At
the time of publication of Mogil et al., 1978 (June, 1978) only five
radars in the U.S. National Weather Service network were equipped for
experimental application of this technique. Several countries (Japan,
and U.K.) have individual radars with a digital recorded intensity output in polar format. Through United Nations funding a digital radar
system has been installed recently in North Pakistan to cover the upper
reaches of the Indus River.
data-In~reaI:tIme-Is-generally-requIred
as

Bristor (1978) has surveyed the availability of digital radar data banks in
the U.S.A. From this survey it appears that a number of government research laboratories and universities have radars with real-time output capability suitable for
preparing flash flood advisory warnings.
To overcome likely Z-R variations, adjustment of the radar estimated rainfall is made by comparison with either a single surface raingauge (Huff, 1967) or
preferably with a small closely spaced network of raingauges (Hudlow, 1974). Brandes
(1974) suggested the use of objectively derived correction factor maps based on' the
integration of radar and raingauge data.
2.3

Satellites

Satellite data may also be used for estimating rainfall amounts. Satellite
imagery shows the life period of the cumulus cloud and the strength of the updraught
present as a function of the height or thickness of the cloud. The stronger the
updraught, the greater the input of moisture to the cloud system, leading to taller
and larger clouds with generally increasing rainfall intensities. Woodley et al.
(1978) describe the empirical diagnostic technique in which time histories of convective clouds at discrete thresholds on the visible and/or infra-red satellite
imagery are related to rainfall. As with radar, the authors conclude that it is
necessary to automate this technique using digital imagery
data to provide the
real-time speed and accuracy required for flash flood forecasting.

- 7 Scofield (1977) describes another method used by the U.S. National Weather
Service (NWS). The Scofield/Oliver technique uses both enhanced infra-red (8-km resolution) and hi~h resolution visible (I-km resolution) imagery in the estimation process. As many flash floods occur at night, the technique was also evaluated using
infra-red data alone. The Scofield/Oliver system 'was designed for estimating rainfall at a point by comparing two consecutive pictures. For flash flood forecasting
this system was modified to give areal rainfall. Three basic steps are used to
determine the storm isohyets. These are:
(a) . Locating the isohyet defining areas of significant rainfall (2.5 mm
over the half hour period between satellite images);
(b)

Locating the clouds of heaviest rainfall;

and

(c)

Computing the rainfall there and allowing for the displacement of the
thunderstorm anvils from the trace location of the cell and heaviest
rainfall.

Scofield concluded that satellite images are required more frequently than 30 minutes;
thus full development of these techniques may have to await the 15-minute interval
data proposed for the next generation geostationary satellites. To handle this
amount of data in real~time would necessarily involve automated procedures.
2.4

Quantitative Precipitation Forecasting (QPF)

Quantitative Precipitation Forecasting plays an important role in flash
flood forecasting. As a flash flood by definition is a flood which occurs after a
short time interval between the causative event (usually heavy rainfall) and the
flood at the point of interest, QPF is an extremely useful tool for both the meteorologist and the hydrologist. QPF shows both the areal distribution and the amount
of the rainfall expected to occur over a given time period. The most .important
feature of QPFs is that they alert the forecaster to the potential for excessive
rainfall.
The requirements of QPFs applied to catchment models used for flash flooding
are commensurate with the type of model used arid the usual assumption of a "lumped"
rainfall input over a catchment area, i.e. uniform rainfall in time and space. The
drainage pattern of the catchment or the requirement of forecasting points within the
catchment, together with known rainfall variations from a study of the climatology
of the area, will usually dictate the catchment sub-divisions to be used in the flood
forecasting system.
Thus for flash flood forecasting the requirement is for forecast rainfall
input to catchments or sub-catchments ranging in area from ten to several hundred
square kilometres. The catchment size and slope will primarily determine its time
of concentration, t , or the time between the centre of the rainfall input hyetograph
c
to the peak runoff outflow of the catchment (or the centre of mass of the resultant
hydrograph). The time of concentration will determine the time interval over which
the rainfall input can be averaged in the catchment model. This is usually 1/4 to
1/6 of t and in catchments subject to flash flooding would range from 15 minutes to
one hour~
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Three basic approaches have been tried to provide QPF values - empirical,
statistical and physical methods.
(a)

Empirical methods. These are based on the climatology of precipitation
or-on-extrapolation of existing precipitation areas and their movements.
Earlier methods made use of variables such as dew point depression at
various levels, vertical wind shear, vorticity and precipitable water.
From the values of these variables the 12- or 24-hourly precipitation
was estimated from scatter diagrams, rating guides or computation sheets.
This technique was not satisfactory for these longer periods because of
the generally rapid changes with time in the value of the variables.
Furthermore, the generally poor network of observation of the various
factors means that they can only be measured and analysed on a scale
much larger than the mesoscale precipitation areas. Studies by members
of the Environmental Research Laboratories of NOAA are beginning to shed
some light on the characteristics of flash flood storms, for example,
the times these are most likely to occur and the critical iainfall rates,
storm types and patterns (Maddox et al., 1979; Muller and Maddox, 1979);

(b)

Statistical methods. These essentially make use of the same parameters
employed-In-the-empirical methods but utilize stepwise multiple regression techniques to develop the prediction equations. A recent example
of this approach is given by Belville et al. (1978), who describe a
limited area QPF flash flood aid developed for West Texas. Values from
the NWS Limited Area Fine Mesh (LFP) numerically predicted model are
used to determine the forecast variables of a lifted index, K-index, mean
relative humidity (surface to 500 mb), tropopause temperatures and precipitable water;

(c)

Physical methods. This approach is based on the dynamic equations of
motIon;-the-TIrst law of thermodynamics and the laws of conservation of
mass and water in its different phases. A model for QPF must not only
incorporate the physical atmospheric process related to precipitation
but must be able to handle the scale of these processes. The model can
do this only if the precipitation mechanisms affect a number of adjacent
grid points simultaneously. The precipitation which usually produces
flash floods results from deep convection which occurs over small areas
for relatively brief periods. A numerical model with a sufficiently
fine space and time resolution has yet to be implemented operationally.

The inclusion in the model of the physical processes related to moist convection still presents problems. Apart from the influence of detailed topographical
features on convection, moist convective processes involve mechanisms such as condensation and freezing nuclei, coalescence of droplets, entrainment, evaporation, formation of downdraughts inside and below the clouds, initiation of further convective
cells by the spreading of the down draughts in the lower levels and compensating sinking of the environmental air outside the cloud. Although it is not possible to
include these microscale and mesoscale details in a numerical model explicitly, their
overall effects on the larger-scale motion must be parameterized for incorporation
in the model.

- 9 Fritsch and Chappell (1978) state that there is currently no operational
capability for numerically generating QPFs. They give the same reasons of problems
with time and space resolution and lack of a suitable convective parameterization
technique. They have developed a numerical model to predict heavy cqnvective rainfall from mesoscale systems. Run under idealized'initial conditions over a relatively
small domain, the model produces explicitly predicted convective rainfall and its
mesoscale distribution which agree well with frequently observed mesoscale changes.
Further development of the model will require the convective parameterization used
in their simulation to be incorporated in a larger domain sigma model, which can
handle complex terrain and contains more boundary layer resolution and sophistication.
Nesting of the mesoscalemodel intb a larger scale model is also planned in order to
include the important synoptic scale forcing along the lateral boundaries.
3.

FLASH FLOOD FORECASTING TECHNIQUES

3.1

Introduction

Flash flood forecasti'ng techniques can generally be considered as one of
three group s:
(a)

Those based on meteorological input only, essentially the forecasting of
heavy rainfall over an area;

'(b)

Those based on hydrological techniques which use observed rainfall and!
or river height aata to predict the flood height or to warn of impending river rises; and

(c)

Those which are a combination of meteorological and hydrological techniques.

The latter group is generally the most useful as it has the advantages of
additional warning time based on forecast rainfall and of specific flood forecasts
based on predicted and observed rainfall, usually verified against observed river
height. A fourth group covers those hydrological and hydraulic models which can be
applied to the "dam break" situation.
3.2

Meteorological techniques

Meteorological techniques are essentially the forecasting and/or the advice
of heavy rainfalL In the United States generalized "watches"and "warnings" are
issued in all areas. These are prepared on a decentralized basis through the Weather
Service Forecast Offices (WSFOs). If meteorological conditions conducive to heavy,
intense rainfall are observed or forecast for an area, a flash flood "WATCH" is
issued. These alert residents of the area to the potential occurrence of rainfall
which could result in flooding. Flash flood watches are usually valid for periods
of 12 hours or less and may cover all or part of the WSFO forecast area. Co-ordination between adjacent WFSOs is necessary to ensure watch continuity across state
borders.
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The greater the lead time the more useful the watch, hence flash flood
watches are more effective if issued prior to the onset of heavy rainfall. General
guidelines for predicting thunderstorm rainfall potential based on diagnosis of
synoptic scale data are given by Mogil and Groper, 1976; Maddox et al., 1977; Maddox
e't a1., 1979; Hughes and Longsdorf, 1978. Guidelines for predicting extratropical
storm rainfall are given by Smith and Younkin (1972). Recent studies (NOAA, 1976;
Belville et al., 1978) suggest that a comparison between observed and climatological
moisture values (Lott, 1976) can be a useful indicator of convective rainfall potential. Macroscale numerical model guidance can be useful, particularly when the heavy
rainfall is associated with large-scale weather systems (Estelle, 1974; Hovermale
et a1., 1975). It is extremely di fficul t to forecast amounts from decaying. tropical
storms (NOAA, 1973) and from thunderstorms (NOAA, 1972; NOAA, 1976; Olson, 1977).
Trendel (1976) describes a QPF system for La Reunion Island based on satellite
pictures of tropical cyclones.
If excessive rainfall or actual flooding is reported a flash flood "WARNING"
issued. These are normally issued for periods of less than four hours and may
be made for a single drainage basin although they usually cover several districts or
counties. Flash flood warnings require residents of the area to take necessary precautions against flooding. Rainfall observers and automated raingauges t~at can be
interrogated by the meteorologist on demand or which warn of heavy rainfall, are the
main source of data. Radar is especially useful as.it gives an areal perspective
with a wide coverage and can delineate potential trouble areas. Similarly, improvements in satellite sensors are making this form of remote sensing an important data
source (see section 2.3).
1S

3.3

Hydrological technigues

The simplest hydrological technique is to monitor the river upstream of the
point of interest and to base flash flood warnings on stream rises. In view of the
short times involved and in order to provide continuous monitoring, this system
should be automated. The U.S. National Weather Service has developed a simple flash
flood alarm system (FFAS) as shown in Figure 1. This has three components: a river
station, an intermediate station and an alarm station. The river station senses the
critical water level for flash flooding and consists of a simple enclosed float
switch and a weather proof box containing a tone transmitter, battery and interconnecting circuitry. The intermediate station may be located up to 20 km from the
river station at a point where connexion to AC power lines and a telephone line can
be made. The river station is connected to the intermediate station by a pair of
wires. The alarm station is located in an appropriate place in the community with
continuous staffing, for example police and fire stations and municipal buildings.
It receives a continuous signal from the river station as a check on the system's
operational status. When the critical level is reached at the river station an
audible and visible alarm is activated. A monitoring switch enables a check to be
made at the alarm station for power or other failures in the system.
More recently, event reporting instrumentation (e.g., Burnash and Twedt, 1978)
has been developed. These may include both rainfall and river height observations and
operating on an event basis, can easily incorporate an alarm facility. Normal hydrological telemetry systems can provide the same information provided they
are
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Figure 1 - A typical flash flood warning system
installation (after the U.S. National Weather
Service)
interrogated frequently, for example every 15 to 30 minutes. This may require too
heavy a power .drain on the system, particularly with the older systems. To depend
upon the operator to switch to more frequent interrogation during potential flash
-flood periods is not always reliable, hence the advantage of an event system.
The observation of rainfall rather than upstream river rises requires some
form of hydrological model or assessment to determine the resulting flood potential.
These may range from a simple "rule of thumb" of rainfall rates exceeding a given
value over a given period to a complex hydrological model such as the Sacramento
Model. To eliminate the delays inherent in centralised data collection, analysis
and forecasting and warning, flash flood forecasting systems generally need to be
developed on a local basis or, as designated in the United States, as a' local flash
flood warning system. The simplified stream level forecast procedures are prepared
by NWS hydrologists utilizing data from a network of rainfall and river observing
stations. Forecasting procedures consist of an index of antecedent soil moisture
conditions and reported rainfall amounts (UNDRO, 1976; Monro and Anderson, 1974).
The River Flood Forecast Centers (RFC) provide the operator(s) of the local warning
system with an updated, generally weekly, index value. This index and the observed
rainfall are used to enter a set of tables or graphs giving the forecast peak stage
and the arrival time of the flood. An example of such a table is given in Figure 2.
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Figure 2 - Flood advisory table (after UNDRO, 1976)

- 13 Given operational rainfall and river height data at sufficient frequency,
most of the standard flood forecasting techniques can be applied equally well to
flash flood forecasting. This assumes that suitably trained staff are available in
the community and that the computation time is small compared to the· time of concentration of the catchment and the required forecast lead time. If the data can be
fed either directly, or quickly entered into a programmable calculator or minicomputer, forecasts can be quickly made unless the model is particularly complex. It
is also possible to have the model run automatically within a mini-computer. For
example, a simplified version of the Sacramento Model will run automatically in the
local data collection mini-computer if the link to the RFC computer is lost. This
occurs at the cost of losing the QPF input, thus shortening the forecast lead time.
Auto Regressive Moving Average models using Kalman filter. techniques (e.g.
Todini and Wallis, 1978) are a recent promising development. These models have the
advantage of incorporating automatic updating as part of ~he ~odelling technique.
This approach however is dependent on a mini-computer being available, whereas it is
possible to apply a simplified form of the Sacramento Model manually. Stepwise
multilinear regression as proposed by Bidwell (1971) results in a simple prediction
equation which is not computer dependent for its operation and is used for flash
flood forecasting in Malaysia and Australia. Curtis etal. (1978) describe a kinematic
wave model which could be used operationally on a computer or used to prepare graphical or tabular look-up flash flood forecasting systems.
In flash flood forecasting the main requirement may be the quick identi fication of the fact that critical danger thresholds will be surpassed rather than the
accurate definition of the magnitude and timing of the flood peak. Thus flash flood
forecasting does not necessarily have to be complex and simple models may suffice
(e.g. Holtz and Pugsley, 1978).
3.4

Meteorological - hydrological techniques

The most effective means of flash flood forecasting is to combine both meteorological and hydrological forecasting techniques. The use of QPF can extend the
watch lead time which is the key parameter in forecasting flash floods. A flash
flood warning system which has the advantages of a combined approach is described by
Colton and Burnash (1978). This system is shown in Figure 3 and is described by the
authors as consisting of four tasks:
(a)

Collection of event-reporting data as discussed in section 3.3;

(b)

Interrogation by a mini-computer of other automatic sensors (e.g.
"Telemarks") or systems;

(c)

Transfer of the data collected by the field mini-computer to the computer
at the River Forecasting Centre (RFC), through Automation of Field Operations and Services (AFOS);

(d)

Stream flow forecast/flash flood warning generation. The latter involves
the input of QPF's from the Weather Service Forecast Office and observed
rainfall and river height data through AFOS to a version of the

- 14 Sacramento Model, which has been found to be very reliable in producing
accurate streamflow simulations f~r small catchments. The RFC computer
system produces a worded forecast in terms of river height which is
monitored by the hydrologist and revised if necessary before it is
transmitted back to the local mini-computer where it is displayed. The
prediction of a peak height and time makes the flash flood forecast
more meaningful than a general statement merely indicating that flooding
will occur.
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Figure 3 - Flash flood warning system (after Colton and Burnash,
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Dam-break technigues

Catastrophic flash flooding results when a dam (either man-made or artificial - ice walls, jammed debris, etc.) fails and the outflow through the breach in
the dam inundates the downstream valley. Usually the dam-break outflow is several
times greater than any previous flood. Little is known of failure modes of artificial or natural dams and failure may not occur until a certain flow oVer the crest of
the dam is attained for an undetermined duration of time. Hence, forecasting of dambreak floods is almost always limited to occasions when failure of the dam has
actually been observed. A failure mode may be assumed in planning calculation, when
the implications for downstream development are being investigated.,
'
Earlier classical studies of this problem have assumed in.stantaneou$ dam
removal or idealized downstream conditions. More recently engineers have sought to
approach the problem by assuming a triangular-shaped outflow ~ydrograph based on the
Schocklitsch or similar maximum flow equation, Le.
;:

8

27
in which g is the acceleration due to gravity, Wd the width of the breach and Y is
the height of the water behind the dam. Using tnis equation and an empirical 0
recession coefficient, the synthesized hydrograph is routed through the downstream
valley via a hydrological routing technique such as the Modified PuIs method. Examples of this approach are given by Snyder and by Blanton in the Proceedings of the
Dam-break Flood Routing Model Workshop (Water Resources Council, 1977). A more
realistic approach, given in papers by Price et al., Fread, Thomas, Strelkoff, and
Balloffet at this workshop, uses dynamic routing techniques to route the very rapidly
changing and relatively large wave. Explicit account is taken of downstream dams,
overbank storage, downstream highway embankments, and expansion-contraction losses.
Since time is of the essence in real-time forecasting of a dam-break flood,
the operation te~hniques must be computationally efficient.
The techniques described above are in increasing order of computational
difficulty. Whichever technique is adopted it is vital that the data files containing channel and valley geometry and the coefficients and parameters of the routing
model are immediately available in the forms necessary for direct input.
4.

FLASH FLOOD WARNING SYSTEMS

4.1

General

There is no single solution to the problems of warning systems for flash
floods. These are site specific and each problem area must be evaluated by competent
personnel who can decide which of the available methods is most appropriate. Overall
the problem is not simply one of providing the necessary hardware but one of organization. Generally speaking, the greatest benefit will come from adequate technical

- 16 advice and communi ty preparedness in advance of floods .and the establishment of the
appropriate flash flood warning system. In every case, the local community must be
closely involved in the effective use of community action plans that guide·the
emergency measures required by the local situation. The importance of the advanced
preparation cannot be over-emphasized, because the time scale of the flash flood
is too short to permit the development of an action plan, deployment of equipment,
and establishment of communication channels after the flood threat becomes evident.
4.2

Establishment of flash flood warning systems

The design of local flash flood warning systems win depend upon site specific problems, such as topography, climate, flood plain population, flood control
structures, warning time and the resources available for programme implementation
and maintenance. The systems can range from simple networks and procedures to
sophisticated computer-based automatic systems. Local flash flood warning systems
may include the following equipment and communication options (after Mogil et a1.,
1978):
[quipment.

Plastic raingauge·
Staff river gauge
RecQ.rding river gauge
Tipping bucke.t raingauge
Electronic river level sensors
Automated rainfall reporting stations

Communication system - from observer. to flash flood co-ordinator:
"FeIep.hone
Amateur radio;
Citizen-band (CB.) radio
Police, fire· and other emergency radio
Communication system - from automafe.d equipment to flas.h flood co-ordinator:
Telephone
Hardwire
Line of sight radio
Satellite. re.lay radio
The essential elements of such a local p.rogramme are the following:
(a)

Volunteer rainfall and stream gauge observersj.

(b)

A reliable and rapid local communication system with emergency backup;

(c)

A flash flood warning co-ordinator and alternative;

~d)

Forecast procedures;

(e)

A warning dissemination plan;

- 17 (f)

An adequate preparedness plan (including public education).

If the flood forecasts are made by a more centralized forecasting authority
the same requirements exist, except that automatic data collection i~ usually necessary along with more efficient communication systems. Although in this case the
forecasting authority prepares the forecast, there is still the need for a local coordinator to handle local dissemination and to ensure, as far as possible, the appropriate public reaction to these forecasts.
Flash flood warning systems handled by the local community avoid some of the
inherent delays in both the collection of data and the disseminatiqn of forecasts.
That is, unless a computerized system such as is described in section 4.4 is available.
Rainfall and river height data are all handled locally and the re?ponsibility for the
preparation and dissemination of warnings is given to a designated local flood warning representative (or "co-ordinator"). Whenever possible the local representative
is given information about expected heavy rainfall based on meteorological forecasts
and/or radar and/or satellite observations.
A network of rainfall and river height gauges is established in the area, all
reporting to the qualified local flood warning representative. The representative is
authorized to issue public flash flood warnings based on established procedures which
take into account the flooding that will occur under different conditions of temperature, soil moisture and rainfall. On the basis of reported rainfall and these forecast procedures, the representative can prepare a localized flood forecast and issue a
warning within a few minutes. Finally, successful operation of a flash flood warning
system, whether it be a local or a centralized system, requires active community
participation and planning, which in its simplest form needs very little financial
outlay.
4.3

Community involvement

The success of a flash flood warning system can be measured by the response of
the public to warnings and the saving of life and reduction of damage to property. A
forecasting agency should not make the mistake of considering its job is completed
once its warnings are disseminated. Figure 4 from McLuckie, 1973 shows a version of
a "warning system" indicating the complex interactions among agencies, dissemination
sub-systems, and the public.
Dissemination of flood watches, warnings or statements often rely on a number
of means. These include radio and television, teletype to police, civil defense
organizations, local government, weather or emergency radio frequencies (if allocated),
ordinary or hotline telephones and national press wire services. In addition,
amateur radio and CB groups can be used to disseminate warning information as well as
to gather storm reports. To be effective these media forms must respond immediately
and re-broadcast any flood messages received.
The key to successful community involvement is disaster preparedness. Positive community response to flqsh floods requires the officials and the individual
members of the community to be prepared. Instruction material may be in the form
of guides and pamphlets. For example the U.S. National Weather Service (NWS) has a
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FORECAST

RESPONSE

MASS MEDIA
(RADIO. lV. ETC.'

INTERPERSONAL
INTERACTION

A. National Weather Servlc.
B. Law Enforcament Authorltl~.
C. Civil Emergency 5ervlcea
D. Other Involved Organizations

(After McLuckie, 1973)

Figure 4 - The "warning system" showing the complex
interactions among agencies, dissemination subsystems/ and the public

"Guide for Flood and Flash Flood Preparedness" (Owen, 1977) and has developed and
distributed literature about flash floods and flash flood safety.
In the United States a number of National Weather Service Forecasting Offices
have a dedicated disaster preparedness meteorologist. In addition, meteorologists
and hydrologists from other weather and river forecast offices support the flash
flood warning and disaster preparedness programmes. The U.S. National Weather Service
(NWS) staff hold preparedness meetings with state, county and local officials, law
enforcement agencies, school officials, amateur radio and CB groups and others to
establish and maintain local warning communication systems and storm spotter and
volunteer observer networks and to implement local flash flood warning programmes.
It is necessary for the NWS staff to work closely with the mass media to ensure that
flash flood releases and safety information are rapidly and reliably disseminated.
Encouragement of appropriate response by local officials and the public is achieved
by distribution of weather safety literature in the form of pamphlets, slides, films
and news releases.
The sociological aspects of warning systems have come under close attention
in recent years (e.g. McLuckie, 1973, 1974). Recent disasters demonstrate continually
that people do not know how to respond adequately to a flash flood threat (for
example in the United States - Gruntfest, 1977; NOAA, 1977; and in Australia Institution of Engineers, Australia, 1974; Heatherwick and Quinnell, 1976). The U.S.
National Science Foundation (NSF) has recently completed a research assessment of
natural hazards (White and Haas, 1975) and the natural hazard warning systems in the

- 19 United States (Mileti, 1975)., Mileti diagramatically shows (Figure 5) the inputs to
warning systems and the difficulties of prov.iding warnings to people in flash flood
prone areas. A three-year study funded by the NSF is being carried out by the
University of Minnesota to assess community and organizational respoose to natural
hazard warnings (Carter et al., 1977).

ENHANCEMENT

MITIGATION

SPEED OF'
ONsa
SCOPE OF
IMPACT
IMPACT
RECURRENCE
LENGTH OF

POSSIBLE
FOREWARNING
DURATION OF
IMPACT
ABILITY TO
CONTROL

HAZARDS
DESTRUCTIVE
POTENTIAL

IAhe' Maeti, 19751

Figure 5 - The major variables affecting
warning - effectiveness, variation in,
and/or existence. All of the variables
on the left act to increase the potential
for disastrous flash floods. All of those
on the right act to mitigate that potential,
but they have not been adequately addressed
(after Miloti, 1975)

5.

NON-REAL TIME SOLUTIONS TO FLASH FLOODS

Although the complete prevention of floods is impractical, there are, however,
a number of ways in which they can be managed to reduce the loss of life and damage
to property. These range from temporary evacuation of areas under flood threat to
the construction of elaborate and costly flood protection works. Protection can be
provided for a wide range of floods. However, as the degree of protection increases
so does the cost, hence it is usually uneconomic and often impractical to provide
complete protection from the biggest floods: It is therefore necessary to have a
well-conceived evacuation plan for flood prone areas.
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Flood damage may be minimized by good flood plain management.
considered under three categories:

This can be

(a)

Non-structural measures, in which structural work is kept to a mlnlmum
and other methods, primarily regulatory, are used. Flood plain zoning
and flood forecasting are the two main non-structural methods;

(b)

Basin management, which is essentially the use of good conservation
practices to decrease, or at least not increase, natural flood runoff;

(c)

Structural methods which involve the construction of engineering works
to control floods.

Much has been written on the subject of non-real-time solutions to flash
flood problems, particularly in recent years. Table I, taken from the U.S. Corps
of Engineers pamphlet, "A Community Decision", November 1974, gives a good summary
of the scope of measures available and their limitations and advantages. Usually
flood mitigation is provided by a combination of one Or more of the categories and
methods within each category. Many of the methods are complementary and may be
adopted and fitted into a total plan for flood damage reduction. Practical and
financial constraints usually determine the methods used.
Considering flash flooding specifically, good drainage. design in urban areas
and water conservation practices in rural areas, together with flood plain zoning and
flood forecasting, are the most appropriate management methods for flood mitigation.
6.

CONCLUSIONS

A number of countries operate flash flood warning systems of various degrees
of sophistication. These tend to be the more developed countries which already
provide a flood forecasting service for normal river flooding. Once some degree of
competency has been reached in this area, the resources can be devoted to the more
di fficul t problem of flash flood forecasting. In only one country, the United States,
is there a national programme underway to develop flash flood forecasting systems.
Flash flood forecasting is one of the most difficult problems facing the
hydrQlogical and meteorological forecaster. It is one which can be solved only by
the joint efforts of the meteorologist and hydrologist because of the lack of time
available and the dependence of the hydrologist on meteorological input, for example
quantitative precipitation forecasts. New technology in terms of automatic event
reporting rainfall and river level stations, remote sensing of areal rainfall by
radar and satellites and improved methods of QPF are already demonstrating their
suitability, and offer the main methods of providing adequate information about
storm rainfall and runoff. Despite the fact that this technology is capital intensive
and demands an advanced level of expertise, some of the necessary tools for flash
flood forecasting exist already in many countries. Development of these systems then
becomes a question of funds, staffing and national priorities.

- 21 The key to successful flash flood forecasting is organization. This is
wider than the realm of the hydrologist and meteorologist and a team approach is
required, involving all levels of government and related disciplines, particularly
in the social sciences. As stated in section 4, there is little point in a forecasting and warning service providing timely and accurate forecasts if these do not
elicit the appropriate public response. As flash floods require this response to be
immediate, emphasis must also be given to the sociological aspects of flash flood
warning programmes.

TABLE I*
Flood .Dama2e Reduction Measures _ Limitations and Advantages

Flood Domage Reduction
Measure
Sub-division Regulation

Distinguishing
Features

Approach.to Flood
Threat

1. Applies to sale
Requires developer to
and division of land, consider and make pro_
vision for flood threat
Does not in itself
regulate use of land,
therefore poor in
protecting floodways.
2. Prevents victimization and fraud in
sale of land to purchasers.
3. Protects floodways from encroachment by roads, buildings, and other
structures.
4. Insures municipal

Application to
New Uses.

Application to
Existing Uses

Advantages

Disadvantages

Wide potential in
requiring disclosure
of flood hazards,
insuring lands will
be suitable for
intended purposes,
and requiring installation of public
facili ties by developer

None

1. Often applies extraterritorially for urbanizing areas,
prohibiting the subdivision of
lands subject to serious flooding unless hazards are overcome.
2. Not usually as vulnerable to
judicial attack as zoning.
3. Protects unwary buyer.
4. Promotes most suitable use
of land.
5. Passes cost of flood information collection to buyer.
6. Low cost. Government power of
implementation already in
existence.
7. Can be put into effect immediately.
8. Can provide public open space
acquisition for parks, etc.

1. Only indirectly limits uses;
must be used in combination
with zoning or master plan.
2. Difficult to protect floodways unless they are identified
on maps.
3. Does not apply to structural
design or materials.
4. Applies only to news sales
and divisions.
5. Loopholes in ordinances can
permit developers to escape
enforcement.

services are above

flood levels or protected against flooding.

I

Building Codes

1. Applies to design Requires owner to
and materials.
adjust use to flood
2. Does not in itself threat.
regulate land use,
poor in protecting
floodways.
3. Insures safety of
structures under
flood conditions.
4. Prevents reduction
in property value and
tax revenues by
blighting.

Wide potential for
establishing
detailed construction methods.

Can require that
existing uses be
brought into conformity by flood
proofing and by
requiring use of
materials less subject to flood
damage when extensive modifications
are made to a
structure.

1. Applies to all new structures. Can require existing
structures be brought into
conformity.
2. Rarely attacked in courts.
3. Low cost. Government power
of implementation already in
existence.
4. Can be put into effect
immediately.

1. Difficult to apply to exist- ~
I
ing uses.
2. Performance standards require
expertise in enforcement.
3. Difficult to enforce.

Flood insurance

1. Applies to all
flood vulnerable
structure>:
2. Local government
must qualify before
individual can buy

Coverage available
on structures at
non-subsidized rate.

Coverage available
on structures at
subsidized rate if
local community
quali fies.

1. Spreads cost of flood losses.
2. Promotes regulation.
3. Encourages consideration of
flood cost in private decision
making.
4. Provides relief to owner of
flood vulnerable property.

1. Subsidized insurance may
promote continued use at
primarily public rather than
private expense.
2. May reduce effectiveness of
flooding regulations.
3. May reduce effort to regulate
existing use.
4. May discourage provision of
protective measures.

insurance.
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1. Requires individual
to bear part of cost.
2. Encourages adequate
regulations.
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Flood Damage Reduction
Measure

Distinguishing
Featu:t-es

Approach to Flood
Threat

Application to
New Uses

Application to
Existing Uses

Advantages

Disadvantages

~elocation

Removal of structures frOIn the
flood plain.

Removes flood threat

None

Eliminates flood
threat.

1. Entirely eliminates flood
threat.
2. May be used for selective
removal of structures from
flood plain.
3. Provides open space for
parks, recreation, etc.

1. Large costs associated with
relocating structures and municipal facilities.
2. Resistance of people to
relocate residences, businesses
and industries.

Flood Warning and
Evacuation

1. Warns flood plain
residents and COInmunities of flood
threat.
2. Permits advance
evacuation and installation of emergency tlood dOlnage
abatement measures.

1. Adjusts to flood
threat.
2. Organization should
be ready for action
during flood periods.

Applies equally to
new and existing

Applies equally to
new existing uses.

1. Aids in adjustment to flood
threat.
2. Useful in combination with
other measures.
3. Prevents loss of life and
aids in reduction of flood
damages.

1. Warning system must be
adequately tested, operated,
and maintained.
2. Flood plain occupants must
be willing to take action.
3. Tends to encourage flood
plain occupancy.

With adequate ~arn~
ing, emergency actions reduce flood
damage.

1. Adjusts use to flood
threat.
2. Organization should
be ready for action
during flood periods.

Applies equally to
new and existing

Applies equally to
new and existing

uses.

uses.

1. Aids in adjustment to flood
threat.
~
2. Useful in combination with
other measures.
3. Aids in reduction of flood
damages.

1. Requires adequate work
force to be ready.
2. Tends to encourage continued flood plain occupancy.

1. Permits occupancy of flood
plain where there is a shortage
of land.
2. Increases protection afforded
by partial protection projects.
3. Enables buiidings to be used
during flood periods.
4. Can be applied to utilities
which require the highest level
of protection.

1. May discourage development of other flood protec-

nood Fighti.ng

Flaod Proofing

Zoning

Individual building
adjustments to
reduce flood damage.

1. Regulates location and type of
Uses.

2. Protects floadway.
3. Establishes flood
protection elevations.
4. A tool of comprehensive planning.

Owner adjusts existing
use to flood threat.

Requires landowner to
adjust use ot land to
flood threat.

uses.

Con be incorporated
in design where
structure would
constitute a proper
use of flood plain.

Signi ficant potential for reducing
flood losses.

Regulates building
land alteration,
and other features
of land use.

1. Limited application to existing

1. A tool of comprehensive planning to promo'e best use of
uses.
lands in a community.
2. Requires that
2. Can separate flood areas into
existing uses be
zones depending upon floo.d hazard
and apply varying standards to
brought into conformity if abandoned, the zones.
destroyed, or sub3. Low cost. Government power of
stantially altered.
implementation already in
existence.
4. Can be put into effect immediately.
5. Floods exceeding protection
levels not as likely to result
in catastrophic losses.
6. Can promote public acquisition of open space for parks,
wildlife areas, etc.
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tion measures.

2. Tends to induce a false
sense of security.
3. Tends to maintain existing
uses in flood vulnerable areas.
4. When applied to structurally
inadequate buildings, can
increase flood damage.
1. Limited application for
preventing flood damages to
existing uses.
2. May "take" private property
if too restrictive.
3. Does not regulate sale or
transfer of lands, land subdivision or detailed building
design and materials.
4. Often weakened byvariances
and exceptions.
5. Has usually been unsUccessful when applied to high value
existing uses.
6. Requires prior comprehensive planning.
7. Can be politically difficult
to implement.

Flood Domage Reduction
Measure
Watershed Management

Local Flood Protection

Small Upstream
Reservoirs

Distinguishing
Features

Approach to Flood
·Thr~at

1. Reduces flood
flows.
2. Enhances .sound
w~ter and land c~n
servation practices.

Reduces flood heights by
treating upstream watersheds.

Levees, floodwalls,
pumping stations,
and appurtenant
works to protect
local flood vulnerable areas.

Adjusts flood threat
to land use needs.

1. Small reservoirs
on tributary streams.
2. Multiple-purpose
features can be incorporated such as
recreation, fish and
wildlife conservation
etc.

Is effective for small
tributary flood problems
but effects decrease
markedly on main stem.

Applicati on to
New Uses
1. Potential for
reducing flood
damages combined
with sound conservation practices.
2. Can reduce flood
heights while reclaiming gullied or
eroded land.

Applicatian to
Existing Uses
Same as for "New
Uses."

1. Generally small cost.
2. Attacks problems in headwaters.

3. Is usually ccinsistent wi th
broad community needs.
4. Combines flood control wi th
sound conservation practices.
5. Requires little land per
project and few relocations,
thereby causing minor disruption of community.
6. Generally ecologically sound.

1. Can reduce a wide 1. Can reduce a wide
range of flood losses. range of flaod
2. Protects new land losses.
2. Pratects existing
uses.
land uses.

Can be effective on
small tributary but
limited application
on major streams.

Advantages

Can be effective on
small tributary but
limited application
on major streams.

1. Reduces a wide range of
flood losses.
2. Protects existing land
uses.

3. Permits Uses in areas where
suitable land is scarce.

1. Environmental impact generally less than for major
reservoirs.

2. Multiple-purpose features
can be incorporated, such as
recreation, fish and wildlife
conservation, and other conservation measures.

3. Local control of planning
and management.

Disadvantages
1. Only small potential for
reducing flood losses.
2. For reducing flood damages,
requires co-operation over
entire watershed.

1. Generally large cost.
2. Federal subsidy for private
gain.
3. Requires a long time for
planning and construction.
4. May not be consistent with
community goals.
5. Environmental impact may
be extensive.
6. Often induces a false sense
of security.
7. Great flood may cause
catastrophic losses from overtopping of levee system.
8. Tends to maintain existing
uses in flood vulnerable area.
9. May encourage new uses in
flood vulnerable area.
1. Applies only to minor floods.
2. Limited application for
fl ood con tro1.
3. For equivalent amount of
flood protection, requires
more land in a watershed than
a major rese,rvoir.

4. Generally large cost.
5. Federal subsidy for private
gain.
6. Environmental impact can be
extensive.

I
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Flood Damage Reduction
Measure
Major Reservoirs

Distinguishing
Features

Approach to rlood
Threat

1. Large reservoirs
Adjusts flood threat to
on main rivers and
land use needs.
principal tributaries.
2. Multiple-purpose
features con be incorporated,such os
water supply,
recreation, fish and
wildlife conservation,
power, etc.

Application to
New Uses
Has wide application
for flood control.

Application to
Existing Uses
Has wide application
for flood control.

Advantages

1. Reduces wide range of flood
losses.
2. In regions where suitable
land is scarce, can open up
"new areas for use.

3. Protects eXisting use.
4. May have significant
recreational potential.
5. Encourages large scale
regional approach to flood
problems.

Disadvantages

1. Large cost.
2. Federal subsidy for private
gain.
3. Requires a long time for
plonning ond construction.
4. May not be consistent wi th
regional goals.
5. Environmental impact is
extensive.
6. Often induces a false sense
of security.
7. Tends to maintain existing
uses in flood vulnerable areas.
8. May encourage new uses in
flood vulnerable areas.
9. May require larger scale
relocations.
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ANN E X
REPLIES TO QUESTIONNAIRE ON FLASH FLOODS

A questionnaire on flash floods and associated forecasting activities was
sent in 1978 to the Members of the WV10 Commission for Hydrology (CHy) in order to
collect relevant information on the subject. The questionnaire is reproduced in
Table I.
Replies·to the questionnaire were received from 45 countries. Table 11
summarizes the completed questionnaires and lists the countries, their definitions
of flash floods, the number of different notional services/organizations involved
in flash flood forecasting, the techniques used, the types of data available and
the nature of community involvement.
Most countries (30 out of 50) accepted the Unesco/WV10 International Glossary
of Hydrology (~O Publication No. 385) definition of flash floods, that is "a flash
flood is defined as a flood of short duration with a relatively high peak discharge".
Seven countries stated that flash floods were those with a time of concentration
ranging from 4 to 24 hours, or less than a "few" or several hours. Eleven countries
did not comment on the definition of flash floods; none of these countries issue
flash flood warnings and/or forecasts. The footnote to Table 11 gives 12 alternative
definitions which are generally equivalent to the definition of a flood of a short
time of concentration as indicated in theUnesco/WV10 International Glossary. Definition types *1, *6 and *10 were exceptions as these classed flash floods as "water
levels higher and faster rising than in recent years", "spring flood during snow
melt" and "a very rapid mountain flood".
The number of services or organizations which issue flash flood warnings is
given in the third column of Table II. Of the 45 countries replying, 25 provided
flash· flood forecasts and/or warnings on one or more catchments; in seven of these
countries the forecasts and/or warnings were issued by more than one service. In
two countries, New Zealand and the United Kingdom, forecasts are issued by regional
water boards or catchment authorities. The 21 services which do not issue flash
flood forecasts and/or warnings are designated as having "0" services.
The replies to the meteorological and hydrological techniques used in flash
flood forecasting were variable in the amount of detail given. Some were not
explicit and others referred to models which were not referenced. To make Table 11
more meaningful, a subjective classification of the hydrological techniques was
made. Meteorological techniques are implied by the types of data used, for example,
radar, satellite and QPF (quantitative precipitation forecasting). The hydrological
techniques are classified as rainfall - discharge/stage correlations, stage-stage or
discharge-discharge correlations and regression models. "Models" implies hydrological models which are not necessarily computer dependent; that is, semi-empirical
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rainfall excess models, unitgraph models or flood-routing models. "Computer models"
implies deterministic, conceptual or more complex flood-routing models which would
normally be operated using either an on-line or off-line computer system.
Fourteen.countries indicated that use was made of radar as an aid to deriving flash flood forecasts. Some of these were only subjective assessments of rainfall rates. Nine countries make use of satellite data, again in some cases only
subjectively. With one exception, all countries which reported that they provide
flood forecasts and warnings made use of ground networks or rainfall and river height
stations. Fifteen countries make~se of quantitative precipitation forecasts (QPF),
some of which are only made subjectively.
For classification purposes, the level of community involvement in organlzlng
and operating flash flood warning systems considered a three-~iered governmental
structure - national, regional and municipal. This is equivalent to Federal, State
and Local Government in some countries. Three countries indicated that forecasts
were provided on a catchment or river authority basis. These have been equated to
a regional level of involvement and have "(catchment)" added. Countries which
involve all three levels of government have been designated "All". Where a national
authority operates at a regional or state level and participates in flash flood
warnings at this level, for example, QPF determined in a Regional Office, this has
been considered as a regional level of involvement.
One country indicated that all levels (national, regional and municipal)
were involved, eight countries had only national involvement, one country had both
national and municipal involvement, seven countries operated at a regional level and
one country had both regional and municipal involvement. Of the 22 countries which
replied to this question, nine indicated a regional/State/catchment authority level
of involvement as one or more of the three classification levels. In the larger
countries at least, this seems to be the most practical method of operating a flash
flood warning service as this is the lowest level at which the meteorological authority usually operates.

*

*

*
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TABLE I
Questionnaire on flash floods*
Member of WMO:

1.

Your definition of flash floods (see note at bottom of page):

2.

Are flash flood forecasts and/or warnings issued in your country?
YES

/

/

NO

/

/

Comments:

If YES, answer the following, providing references or publications where
possible.
(a)

*

Name(s) and addressees) of Service(s) providing the forecasts and/or
the warnings:

In the Unesco/WMO International Glossary of Hydrology (WMO Publication No. 385),
a flash flood is defined as a flood of short duration with a relatively high peak
discharge.
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(b)

Techniques (meteorological and hydrological) used in flash flood
forecas ting:

...

(c)

(d)

Types of data used in forecasting:
Radar detection ..•.•.•..••.•.•...•.•.••.••

YES ~

NO

c-.=J

Satellite detection .....••..•••.....•.....

YES ~

NO

c=J

Ground networks . ~ . . . . • • . • . . . • . . . • . . • • . • . ..

YES ~

NO

c=7

QPF (quantitative precipitation forecasts).

YES ~

NO

~

Level of community involvement in organizing and operating flash flood
warning system:

*

*

*

TABLE II
Summary of replies to questionnaire on flash floods
TYPES OF DATA
COUNTRY

DEFINITION

(1)

(2)
~6

Australia

hours

NO. SERVICES HYDROLOGICAL TECHNIQUES
(3)
3

Austria

-

0

Belgium

G

0

24 hours

1

Bulgaria

-

0

Burma

-

0

~

Brazil

Canada (1)
(2)
(3)
(4)

G

-

1
1
1
0

Chile

G

0

Costa Rica

G

1

Cyprus

G

0

Czechoslovakia

(2)
several hours to 2 days

1

France

G (3)

1

Germany, Democratic
Republic of

G

1

Guyana

G

0

Hungary

G

1

India
~<ir.oi>:rm"""";'i"''''''''''''''';'':·'~::''';.~:;,;"~",~: .... ,,,,.,.,..,~,: ..,:,,·_~,>·~".~it"''''',:;,"+-·'''<'''''':i

G
(1)

G (4)
< several hours

Satellites

Radar

Ground

COMMUNITY INVOLVEMENT

QPF

(5)

(4)
P-Q and Q-Q
Mult. regression

x

x

Q-Q

(6)
x

Regional
Municipal

x

All

x

I

Subjective
Subjective
Computer models

x

x
x

P-Q

P-Q and Q-Q Models

x
x
x

x
x
x

Regional
Regional
Regional

x

x

National

x

x

x

x

P-Q Computer models

x

x

Model

x

x

cw
oc
I

National
National

x

Not given

National

x

,

0
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(1)

(2)

Indonesia

G

0

Iraq

G

0

Ireland

-

0

Israel

G

1

Italy

-

0

Japan

G

1

Jordan

G

0

Madagascar

-

0

Malaysia

G

1

-

0

G (5)
G

1

Netherlands

-

0

New Zealand

G

20

Norway

(6)

Pakistan

G

Philippines

12 hours

Poland

G

Republic of Korea

G

Romania

G

Mauri tius
Mexico

(1)
(2)

(4),

(3)

1

Several

P-Q and Q-Q model
Computer models

(6)

(5)

x

x

x

,

Regional

~

P-Q
Mult. regression
(are catchment only)

-

w

~

Models

Empirical

Regional

x

x

x

x
x

.

Models (computer?)

x

National

x

Regional (catchment)

x

National
Regional (catchment)

x

National
Municipal

0

(8)

(7)

1

Subjective

1

Index, correlation
Computer models

1

Computer model

1

Model

x
x

x

x

x

x

x

x

x

x

National

National

(2)

(1)
G (9)

Spain

(3)

2

Sweden

·G

0

Syria

-

0

Thailand

G

1

Tunisia

(10)

1

Turkey

G

2

Upper Volta

-

0

U.K. (1)

(2)
U.S.A.

G (Il)

13

< 4 hOllrs
(12)

1

(6)

(5)

(4)
Empirical models

Subjective

x

x

x

"Conventional"

x

x

P-Q and Q-Q models
Computer models

P-Q and Q-Q
Computer models

x

x

x

x

National

x

x

National
National

x

x

x

Regional (catchment)

x

x

Regional
Local

<:. a few hours

U.S.S.R.

G

1

P-Q and Q-Q
Computer models

x

x

Regional

w

'"
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FOOTNOTES TO TABLE 11

Definitions (column 2)
G

is that given by the Unesco/WMO International Glossary of Hydrology (WMO
Publication No. 385), "A flash flood is defined as a flood of short duration
with a relatively high pedk discharge".

(1)

Canada (2)

Water levels higher or faster rising than in recent
experience.

(2)

Czechoslovakia

Storm-rainfall discharges: duration of hydrograph
rising segment lies within the limits between several
hours to two days.

(3)

France

As in G, pointing out that the time of concentration
of the basin is short.

(4)

India

As in G plus, which arrive at the damage centre within
a short time (i.e. a few hours) of the occurrence of the
causative rainfall.

(5)

Mexico

(6)

Norway

Spring flood snowmelt.

(7)

Philippines

Flood having a duration of 12 hours or less with a
relatively high peak discharge.

(8)

Korea

As in G plus, more than the designated water level at
the water level gauging stations.

(9)

Spain

Flood of a short duration with a sharp rise and high
discharge.

(10)

Tunisia

Very rapid mountain flood.

(11)

U.K.

As in G plus, the event must also have a detrimental
effect on the community.

(12)

U.S.A.

A flood of short duration that follows the causative
event within a few hours.

(1)

High peaks on hydrographs and short duration caused by
intense precipitation in a short period.

- 34 Techniques (column 4)
Subjective indicates an estimate based on available data.
P-Q indicates rainfall-runoff correlations.
Q-Q indicates stage-stage or discharge-discharge correlations.
"Multiple regression" indicates models relating rainfall to runoff using stepwise
multiple regression.
"Models" indicates rainfall excess - unitgraph type of models.
"Computer models" indicates those requiring a computer to produce the forecast.
Community Involvement (column 6)
~s

National

Warnings prepared by a national authority which
a regional level.

Regional

Warnings prepared on a regional or state basis.
is where the agency is a catchment authority.

Local

Warnings prepared at the municipal or local level.

not centralised to

Regional (catchment)
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