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Flash Flood Hazards  

Dénes Lóczy, Szabolcs Czigány and Ervin Pirkhoffer  
 Institute of Environmental Sciences, University of Pécs 

Hungary 

1. Introduction 

Climate change research has revealed that the frequency of extreme weather phenomena 
with increasing damage to human assets has been gradually growing worldwide 
(Intergovernmental Panel on Climate Change [IPCC], 2007). The likelihood of increasing 
frequency of heavy precipitation events is assessed as ’likely’ for the last four decades of the 
20th century and ’very likely’ for the 21st century. This also means that over most regions of 
the Earth’s land surface an ever growing proportion of total precipitation will fall in the 
form of heavy rainfalls (Burroughs, 2003). The intensification trend of tropical cyclone 
activity, observed in some regions since 1970, will probably also continue in the 21st 
century. As a consequence, rainfall events concentrated in time and space are expected to 
lead to serious local flooding in many parts of the world. 

Floods are remarkable hydrometeorological phenomena and forceful agents of geomorphic 
evolution in most physical geographical belts and, from the viewpoint of human society, 
among the most important environmental hazards. Except for extreme environments, 
floodplains and the immediate surroundings of streams are usually densely inhabited areas 
and, therefore, they are of high vulnerability to floods. According to the European 
Environment Agency (EEA, 2010), floods rank as number one on the list of natural disasters 
in Europe over the past decade. Authors of the report claim that ”the events resulting in the 
largest overall losses were the floods in Central Europe (2002, over EUR 20 billion), in Italy, 
France and the Swiss Alps (2000, about EUR 12 billion) and in the United Kingdom (2007, 
over EUR 4 billion)” (p. 8.). With accumulating knowledge on the water regime of major 
rivers, the inundation hazard from riverine floods can be defined with some precision. To 
estimate the magnitude of this hazard in small catchments, however, poses more problems.   

2. Flash flood research  

2.1 Definitions and approaches 

Flash floods (synonym: storm-driven floods) can be defined from various aspects: as 
hydrometeorological phenomena, natural hazards or geomorphic agents. Inundations can 
be referred to four basic classes: riverine floods, excess water (from rising groundwater 
table), coastal floods and flash floods (Lóczy, 2010). Although riverine floods along major 
rivers remain to be the most severe natural hazard which threaten to inflict serious damage 
to human life and property, recently the latter classes have also attracted more attention in 
scientific circles.   
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From a hydrometeorological aspect, flash floods are best described as events involving ”too 
much water in too little time” (Grundfest & Ripps, 2000). This means that exceptionally high 
amounts of rainfall, combined with very efficient and rapid runoff on relatively small 
catchments, are typical of flash floods. A flash flood immediately follows the inducing storm 
event. The term ’flash’ itself indicates a sudden rapid hydrological response of a usually 
small catchment, where water levels may rise to their maximum within minutes or a few 
hours after the onset of the rain event. Flash floods are highly localized in space: they are 
restricted to basins of a few hundred square kilometres or less. They are also restricted in 
time: response times not exceeding a few hours or are even less. Therefore, extremely short 
time is left for warning (Georgakakos, 1987, 2006; Collier, 2007; Carpenter et al. 1999).  

It is often emphasized that heavy rainfall is a necessary but not sufficient condition for 
inducing flash floods. Since the entire physical environment influences their origin, flash 
floods are proper subjects for physical geographical investigations (Czigány et al., 2008). For 
instance, soil moisture conditions prior to the rainfall events are major hydrological controls 
of flash flood generation (Norbiato et al., 2008; Czigány et al., 2010). It is only with 
knowledge on the topography, soils and human impact on the catchment (steep slopes, 
drainage density, impermeable surfaces, saturated soils and land use) that the flood/no 
flood threshold can be established with some precision. Anthropogenic influences are 
important because some basins respond particularly rapidly to intense rainfall in the wake 
of disturbances in the natural drainage (stream channelization, deforestation, housing 
development, fire etc.) (Norbiato et al., 2008). As hydrometeorological phenomena, flash 
floods are best characterized by their magnitude (total amount and intensity of inducing 
rainfall), return interval, total runoff and similar parameters. 

As geomorphological phenomena flash floods are short-duration events caused by an 
abrupt rise in the discharge of a river or stream, which may have remarkable geomorphic 
impacts through erosion and sedimentation (Reid, 2004). Previously, some 
geomorphologists restricted this concept to the ephemeral streams of arid and semiarid 
areas (Reid et al., 1994), but now the view is more excepted that the ’flashy’ flood 
hydrographs of subtropical seasonal climates and even of humid temperate regions can also 
be covered in the flash flood category. There may be, however, significant differences in 
runoff generation and geomorphic consequences (Bull & Kirkby, 2002). The geomorphic 
consequences of flash floods are usually judged from the stream flood hydrograph, 
sediment load transported and sediment accumulation. 

Flash floods are naturally not novel phenomena, the frequency of their occurrence, however, 
shows an increasing tendency. Until some recent disasters, flash floods have not been so 
intensively studied as conventional large riverine floods. In some particularly affected 
countries (e.g. in the United States and the United Kingdom), however, their research dates 
back to the 1970s and 80s (e.g. Grundfest, 1977, 1987; Georgakakos, 1987; Schmittner & 
Giresse, 1996; Carpentier et al., 1999; Pontrelli et al., 1999).  

In the case of a sophisticated hydrological approach, in addition to precipitation, several 
environmental factors are also to be considered in flash flood modelling as boundary 
conditions. Soil characteristics (actual moisture content, permeability, ground surface 
alterations and vertical soil profile) influence runoff production and help define flash flood 
prone areas. Various catchment characteristics (e.g. size, shape, slope, land cover) also affect 
runoff and the potential occurrence of flash floods. Consequently, the approach towards 
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flash flood hazard assessment should be substantially different from that applied for 
modelling inundations along large rivers, in coastal areas or in valleys and lowlands due to 
elevated groundwater levels (Czigány et al. 2011b – see also below).    

Flash floods are often associated with other natural hazards. Then their damage is partly 
due to the fact that they often trigger debris flows, i.e. hyperconcentrated flows, where the 
proportion of sediment load surpasses that of water discharge (Iverson, 1997). The particle 
size of the sediment swept at rates up to 20 m s-1 – confined within narrow valleys or erosion 
gullies – may range from clay to large blocks. The rainfall that produces flash floods often 
saturates entire hillslopes and subsequently may induce extensive slumps. Through 
blocking valleys and impounding stream flow, the slumps create suitable conditions for the 
next flood.  

2.2 Flash floods in the world 

Disastrous flash flood events can be cited from almost all continents. The majority of the 
’classic’, best documented events have been reported from the United States. Every year, 
riverine, coastal and flash floods are responsible for more fatalities than any other 
meteorological phenomenon in the Unites States. On the 30-year average, flood-related 
death toll totals 120 fatalities annually. From 1996 through 2003, 3000 flash flood events 
were documented in a year on average (Collier, 2007). Although some authors note that 
remarkable progress in research and warning have been made in the US and in some other 
countries (e.g. in the UK), flash floods are still among the most dangerous natural 
phenomena worldwide (Davis, 2001). Detailed documentation is available since the 1970s. In 
1972 alone two disastrous floods were recorded in the US: 125 people were killed in Buffalo 
Creek, West Virginia, as a consequence of the failure of a coal-waste dam (Davies et al., 
1972) and 238 people in Rapid City, South Dakota, where 380 mm rain fell within 6 hours 
(Davis, 2001). One of the best documented flash floods of all time occurred in the Thompson 
Canyon, Colorado, a small watershed (181 km2) drained by one of the tributaries of the 
Colorado River. In 1976, 350 mm rain fell in less than six hours, flooding the narrow canyon 
floor (Caracena et al., 1979) and when the water level rose suddenly and unexpectedly by 6.5 
m (Davis, 2001). 145 people were killed, 418 houses destroyed and 138 damaged. Total 
material damage amounted to USD 40 million.  

A flash flood (well studied and even documented in videos, now on YouTube) took place in 
England, on the Cornwall Peninsula, in Boscastle, on August 16, 2004 (Golding, 2005). It 
provided an opportunity for the application of the land surface model called MOSES-PDM 
(Met Office Surface Exchange Scheme incorporating the Probability Distributed Model) to 
portray the evolution of soil moisture conditions from meteorological information (radar 
rainfall and satellite cloud observations). The entire rainfall event lasted for only about 
seven hours, but was very localized. The total 24-hour cumulative rainfall reached 200.4 mm 
at one location (Otterham) (Golding, 2005). In places upstream from Boscastle rainfall 
intensity reached 24 mm within 15 minutes, while in Boscastle 89 mm rain fell in an hour 
(Golding, 2005). The probability of such a high-intensity rainfall in Boscastle, at least 
according to the available statistical data, is 1 to 1,300. Antecedent high precipitation also 
influenced soil moisture and runoff on the higher portions of the catchment. The intense 
rainfall was followed by a 2-metre rise in the water level of the local Valency Stream, the 
discharge of which reached 180 m3 s-1, a value of an estimated return time of 400 years 
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(Bettess, 2005). During the Boscastle flash flood event, 100 residential homes were destroyed 
and 75 cars were swept to the sea. Due to the efficient assistance of the available rescue 
teams, no fatalities happened. This rare event resulted from a combination of 
hydrometeorological factors (Golding, 2005): unusually high rainfall efficiency (relative to 
the moisture content of the inflowing air) and the exceptionally long stay of intense storms 
over the same catchment. 

For similar reasons, mountain environments in the Mediterranean are also seriously 
threatened by flash flooding (e.g. Borga et al., 2007). In the Aragonian Pyrenees, the 
catchment of the Barranco de Áras stream (only 19 km2 in area) was affected by enduring (5-
hour) rainfall with 500 mm h-1 peak intensity and an estimated 243 mm total amount on 6 
August 1996. In the Biescas camp-site 87 people died because flash flooding of 600 m s-1 
discharge was combined with a debris flow transporting 68,000 m3 debris (Gutiérrez et al., 
1998). The tragic underestimation of the capacity of check dams by engineers had also 
contributed to the disaster. In the French Côte d’Azur, in Draguignan (Var département) the 
10 June 2010 flash flood killed 37 people in the town and its neighbourhood, caused 
blackouts and cut away the village from the world (Telegraph, 2010). It was triggered by a 
huge cloudburst (350 mm within 20 hours), unobserved in the area since 1827. (For a more 
complete overview of flash floods in Europe see Gaume et al., 2009.)  

As it has been mentioned, however, arid and semiarid regions are the most favoured 
environments for flash flood generation (Reid et al., 1994). According to research in Israel 
(Cohen & Laronne, 2005), for instance, flash floods of arid regions involve both bedload and 
suspended sediment concentrations much higher than in the perennial rivers of humid 
environments. In arid or desert regions storms cut arroyos (intermittent gullies with flat 
floors and vertical walls). Flash flooding in an arroyo can occur in less than a minute, with 
enough power to wash away sections of pavement, large boulders, cars and even houses. 
Although the sediment yield of individual events is large, fortunately, flood events rarely 
occur and mean annual sediment yields remain low in arid environments (Graf, 2002). 

The prediction of heavy rainfall and ensuing flash floods is particularly challenging in the 
tropical belt, especially on islands with intense, localized and mostly convective rainfalls 
(e.g. Kodama & Barnes, 1977). Devastating events have been reported from various 
Caribbean islands (Laing, 2004). During an El Niño winter, on 5–6 January 1992, heavy 
rainfall produced flash floods in Puerto Rico and caused 23 deaths and 88 million U.S. 
dollars in damage (National Oceanic and Atmospheric Administration, National Weather 
Service [NOAA NWS] 1992). At a few stations the amount of the rainfall, associated with a 
quasi-stationary front at the surface and an upper-level trough, was up to 500 mm (Laing, 
2004).  

High relief often generates heavy rainfall through orographic lift or by creating persistent 
low-level convergence which induces new convection (Weston & Roy, 1994). Such 
hydrometeorological and other environmental conditions were associated with another 
deadly flash flood, too, that occurred in Jamaica on 3–4 January 1998. The northeastern 
region was affected by heavy rainfall, which induced both flash floods and mudslides which 
caused five deaths and more than nine million U.S. dollars in damage to property, 
agriculture, and infrastructure (Laing, 2004). The situation was aggravated by antecedent 
rainfall from a strong cold front, currents of moist air masses at lower and higher  
topographic levels. Similarly to the Puerto Rico event, orographic lifting contributed to the  
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disaster also here. The steep slopes of Blue Mountain ridge enhanced and localized convection 
over the region. In addition to antecedent rainfall, land-use practices (e.g. floodplain 
encroachment) also increase flood hazards. 

Some examples of flash floods can also be cited from a continent infamous of rather extreme 
spatial and temporal variations in weather conditions, Australia. The most frequent cause of 
flash flooding is slow-moving thunderstorms. These systems, related to the El Niño–
Southern Oscillaton (ENSO) circulation pattern, can involve strong updrafts of air which  
suspend huge amounts of rain before releasing a deluge onto the ground (Allan, 1993). 
Water in creeks, drains and natural watercourses can rise at dangerous rates. On the evening 
of 26 January 1971, seven people died in Canberra as flash flood waters from a nearby 
thunderstorm flooded roadways near a drainage channel. It was estimated that around 95 
mm of rain fell in one hour during the event. On another occasion, in Sydney on 7 
November 1984, 127 mm fell in one hour leading to damage of around AUD 128 million (in 
July 1996 terms) (Australian Government, Bureau of Meteorology [AG BoM]). In the drier 
(’outback’) regions of Australia flash floods are more common, but – the vulnerability being 
lower – their documentation is not so good. 

Flash floods are increasingly observed in urban areas, where the surface is unable to absorb 
large amounts of water in a short period. In urban areas the hazard is exacerbated by 
various – and not exclusively physical – contributing factors and vulnerability is 
significantly higher – often because of the sudden rise of water levels. For instance, many 
cities of Latin America show uncontrolled and disorganized urban growth (Stevaux & 
Latrubesse, 2010) with infrastructure and production systems (railways, roads, plants) 
concentrated in densely populated valleys. Disasters are produced by a combination of 
tropical storms inducing flash floods and landslides and urban occupation of the valleys. It 
is often emphasized that the increased proportion of impervious urban surfaces and the 
limited drainage capacity are responsible for flooding. A storm on December 14–16, 1999, 
caused catastrophic landslides and flooding along a 40-km coastal strip north of Caracas, in 
the coastal state of Vargas, Venezuela with its extremely steep and rugged topography 
(mountains 2700 m high within about 6–10 km of the coast) (Brandes, 2000). The rivers and 
streams of this mountainous region drain to the north and emerge from steep canyons onto 
alluvial fans before emptying into the Caribbean Sea. Damage to communities and 
infrastructure was so serious because here little flat area is available for development with 
the exception of the alluvial fans. In Vargas state probably almost 50,000 people were killed, 
more than 8000 individual residences, and 700 apartment buildings were destroyed or 
damaged and total economic losses are estimated at USD 1.79 billion (Wieczorek et al., 
2001).  On average, at least one or two major flash-flood or landslide events per century 
have been recorded in this region since Spanish occupation in the 17th century.  

2.3 Flash floods in Hungary 

Until very recently flood hazard research in Hungary had focused on riverine floods, 
particularly those along the two major rivers, the Danube and its main tributary, the Tisza 
(Lóczy & Juhász, 1996; Lóczy, 2010). There are relatively few papers published on flash 
flood events in Hungary (Gyenizse & Vass, 1998; Fábián et al., 2009). In the mainly lowland 
and hill environments of Hungary flash floods do not appear a major hazard. Another 
reason is the lack of appropriate monitoring systems in the flash flood affected catchments 
(Vass, 1997). In the wake of the events of the first decade in the 21st century, however, flash 
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flood related disasters and their consequences have been appearing more and more 
frequently in the Hungarian media.  

Some recent events that made news took place in the Mátra Mountains (North-Hungary) in 
1999 (Koris & Winter, 1999) and again on 18 April 2005 (Horváth, 2005). The rainfall resulted 
from an atmospheric complex of several convective cells transporting moist air like a 
conveyor belt against the mountain slopes. Huge boulders of volcanic rock were transported 
by the local stream (Fig. 1). As an aftermath of the flood, slumps in 500 m length along the 
undercut bank are regularly generated.  

 
Fig. 1. Deposits of debris flow after the Mátrakeresztes flash flood (by permission of the 
Nógrád County Disaster Prevention Directorate) 

Some of the most disastrous events in Hungary occurred on 15–16 May 2010, when a strong 
cyclone reached the Carpathian Basin. Hitherto virtually unknown stream names (e.g. Hábi 
Canal, Bükkösd Stream and Baranya Canal) appeared in the media. The ensuing floods caused 
significant economic losses in Southern Transdanubia (Southwest-Hungary), a region of 
mostly dissected hill topography and a dense drainage network (Fig. 2). Daily precipitation 
amounts, intensities and stream stages broke records and cumulative precipitation locally 
exceeded 300 mm in the Kapos drainage basin during May and June. In Csikóstőttős village 
65 people were evacuated. A one metre high flood swept away a children’s camp in Szekszárd, 
where firemen assisted to evacuate the campers. On 16 June 2010 182 mm of rainfall fell on 
the village of Iklódbördőce in the Zala Hills (Southwest-Hungary) and caused a mudflow. 
Estimated by the insurance companies, the May and June events caused ca HUF 100 billion 
(EUR 360 million) economic losses, at least 3,100 residential homes were damaged and the 
agricultural damage totals ca HUF 30 billion (EUR 110 million). A summary of water-related 
damage recorded by insurance companies shows the distribution of insurance events in 
Southern Transdanubia between 1980 and 2005 (Fig. 3). In the light of the 2010 floods, the 
number of events presented here seems to be underestimated (property insurance was 
probably not comprehensive), but the map is informative of the zones of highest flood risk. 

3. Flash flood modelling 

3.1 Objectives 

The above mentioned events directed the attention of water management experts and of the 
wider public to flash flood hazard. Consequently, flood prevention needs to be also  
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Fig. 2. The drainage network of Southern Transdanubia with the catchments studied and an 
inserted location map (from the river network database of Hungary) 
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extended to the previously neglected small mountainous catchments at relatively low 
elevations, which cover ca 30 per cent of the entire land area of Hungary, while the 
cumulative length of streams total more than 20,000 km (Kaliczka, 1998). It is recognized 
that flood assessment and prevention measures, such as the presently planned and 
constructed nationwide Flood Risk Information System (abbreviated from the Hungarian as 
ÁKIR), a model and software-based flood prediction system, also have to cover minor 
catchments potentially affected by flash floods (Pászthory & Szigeti, 2009). 

 
Fig. 3. Water-related events with damage to property in Southern Transdanubia, 1980–2005, 
based on insurance data (after Varannai, 2005). The map shows the number of occurrences 

In the following part of this chapter a proposed flood risk assessment mapping procedure 
and numerical flood forecasting system are outlined. Our objective is to identify flash flood 
risk in order to promote the development of a flood warning system and to mitigate flood-
related life and property losses. The screening of the country’s territory for flash flood 
hazard and rating the risk in the various regions would also help insurance companies in 
estimating expectable damage.  
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3.2 International models 

The modelling of flash flood hazards requires a more complex approach than that of large 
riverine floods as more environmental factors have to be considered and regularly 
monitored. Flood modelling serves flood forecasting, i.e. the estimation of future flood 
conditions, while flood warning means the information of the public on the timing and 
location of a flood event allowing them sufficient time to take preparatory actions. A  
Decision Support System (DSS) in flood management assists authorities to make decisions 
based on forecast information (the expected characteristics of the flood, the number of 
inhabitants threatened and the evacuation infrastructure available) (Maarten et al., 2007). 

Given the significance of catchment properties in the generation of floods, distributed 
hydrological models seem to be best suited for the purpose of flash flood prediction. These 
models of various levels of complexity are built on a grid-based network, small subbasins or 
triangulated irregular networks (TINs). Some frequently used examples of physically based, 
distributed hydrological models (cited by Paudel 2010, see references there) are 

- Gridded Surface/Subsurface Hydrologic Analysis (GSSHA), developed by the US Army 
Corps of Engineers Engineering Research and Development Center (USACE-ERDC); 

- Modular Modeling System (MMS) – US Geological Survey;  
- Hydrology Lab's Research Modeling System (HLRMS) – National Weather Service 

Hydrology Laboratory;  
- VfloTM – Institute of Environmental Sciences, University of Oklahoma – Institute of 

Environmental and Natural Sciences, Lancaster University, UK;   
- MIKE-SHE – Danish Hydraulic Institute;  
- Hydrologic Research Center Distributed Hydrologic Model (HRCDHM) – Hydrologic 

Research Center;  
- Soil and Water Assessment Tool (SWAT) - US Department of Agriculture, Agriculture 

Research Service (USDA-ARS) 
- TIN-based Real-Time Integrated Basin Simulator (tRIBS) – Massachusetts Institute of 

Technology; 
- Variable Infiltration Capacity (VIC) – University of Washington. 

The US Army Corps of Engineers (USACE) has played a vital role in the development and 
application of hydrological models in the Unites States since the early 1960s. USACE models 
are extensively used throughout the world. As a well-established standard model, HEC-
HMS is widely used in the United States and worldwide for the simulation of surface runoff. 
For the mapping of inundated areas the models HEC-RAS, HEC-GeoRAS and ArcGIS 9.1 
are useful. The HEC-HMS is designed to simulate the precipitation-induced runoff 
processes in catchments of dendritic drainage pattern. It is applicable in a wide range of 
geographical areas, equally for large drainage basins and small catchment for solving the 
widest possible range of problems (water availability, urban drainage, flow forecasting, 
future urbanization impact, reservoir spillway design, flood damage reduction, floodplain 
regulation etc.) (US Army Corps of Engineers, 2005). 

The default model used in the European Flood Forecasting System (EFFS) is LISFLOOD (De 
Roo et al. 2000), a physically based catchment model, developed for the European river 
basins. As a rainfall-runoff model it has inputs of data on topography, precipitation 
amounts and intensities, antecedent soil moisture, land use type and soil type in the form of 
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maps (topography, drainage network, CORINE land cover, soil depth, soil class). The 
meteorological variables required are rainfall, potential evaporation (for bare soil, closed 
canopy and water surfaces) and daily mean air temperature (De Roo et al., 2000). 

3.3 Methods 

3.3.1 Differences between the modelling of riverine and flash floods 

Conventional large riverine floods and flash floods do not only differ in their general 
characteristics but also in their time of concentration (Tc or lag time) and duration of flood 
peaks. As it has been mentioned, for flash floods Tc is not more than 6 hours (NOAA 
definition). This extremely short lead time makes warning and prevention very difficult. In 
unexplored and ungauged catchments the single source of information is field surveys. 
Flood reconstruction is often only possible from the falling limb of the hydrograph or by 
assessing the aftermaths of the event (including the study of deposits – Costa, 1983).    

As far as the triggering process is concerned, flash floods are generally associated with 
intense and convective rainfalls – often further enhanced by orographic effects (Horváth, 
2005). Large riverine floods, on the other hand, are often preceded by days of incessant 
rainfall over hundred or thousand square kilometres affecting several drainage basins. It is 
to be noted here that in humid continental environments flash floods do not only occur in 
the summer, but rain-on-snow events may also generate winter flash floods (as shown for 
Southwest-Hungary by Pirkhoffer et al., 2009a,b; Czigány et al., 2010). 

For flash flood modelling and forecasting usually an area of 10 to 200 km2 is selected, i.e. 
about one or two orders of magnitude less than for large riverine floods. During flash floods 
peak flow may exceed baseflow several hundred times - although peak discharge only lasts 
for a few hours. Moreover, as flash floods are usually triggered on the upper reaches of the 
stream, where the channel is narrow, stage increase is even more pronounced than flow 
changes. Figure 4 shows an idealized, rapidly rising and slowly attenuating hydrograph, 
typical of many hill regions, where Tc is extremely short. The second flow peak, triggered by 
a moderate rainfall, is due to higher soil moisture. The time of residence in the reservoirs 
(e.g. canopy or surface storage) of the hydrological cycle is usually much shorter for flash 
floods. Rainfall intensity largely exceeds infiltration rate, and, thus, excess runoff into 
intermittent streams reach the beds of permanent rivers, where a rapid rise of water will be 
observed (Fig. 4.).  

Numerical modelling is further complicated by a plethora of environmental factors to be 
considered during the simulation process. Judging from the available data on documented 
flash floods, it can be claimed that built-up areas of the highest risk are located along the 
boundaries of areas of higher elevation and adjacent lowlands as well as at the abrupt 
narrowing of river valleys (bottlenecks). As periodically water-filled gullies often function 
as preferential flow paths during convective rainstorms, adequate knowledge on 
topography is essential for highly accurate flash flood prediction. 

3.3.2 Runoff modelling  

In case studies and pilot catchments we used 50-m and 10-m Digital Elevation Models 
(DEMs) based on topographic maps. In the field TOPCON HiPER Pro RTK GNSS high-
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precision GPS and SOKKIA surveying instruments were employed to improve the spatial 
resolution of the generated DEM to 1 m. This, however, was achieved only locally – usually 
in the immediate vicinity of watercourses.  

Surface runoff was simulated using HEC-HMS, which has the advantage of working with 
distributed precipitation data available from weather radar and a continuous soil-moisture-
accounting model (Pirkhoffer et al., 2009b). Radar images and various meteorological data 
were obtained from the Hungarian Meteorological Service (OMSz), while hydrological data 
(e.g. water stage and discharge) were received from the Research Institute for 
Environmental Protection and Water Management (VITUKI Rt.), the South-Transdanubian 
Environmental Protection and Water Management Directorate (DDKÖVIZIG) and the 
MECSEKÉRC Rt., a successor enterprise to the former uranium mining company. To obtain 
field data we monitored soil moisture (using Time Domain Reflectrometry technique), 
canopy cover and precipitation at 14 monitoring stations in a 1.7 km2 pilot catchment 
(Pirkhoffer et al., 2009b; Czigány et al., 2010). Runoff output data were then compared with 
observed flow.  

3.3.3 Rapid screening and GIS-based risk assessment 

The first comprehensive, but least detailed type of approach to flash flood modelling is 
rapid screening that usually employs ARC GIS and SGA GIS softwares (Pirkhoffer et al., 
2009b; Czigány et al., 2011a). The input data for this analysis comprise various 
topographical, geological, soil and land use parameters. Rapid screening models serve to 
delineate the area with a natural hazard or rate vulnerability and risk in that area (Cobby et 
al., 2009; Czigány et al., 2008) in order provide a general overview of its level for experts, 
decision-makers and the public.  

 
Fig. 4. Hydrograph of a typical flash flood (a) and that of a flood event with saturated soils 
(b). Tc = time of concentration; LNQ = maximum discharge; LKQ = minimum discharge 
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First, the catchments potentially affected by flash floods are identified. In the next step, risk 
assessment has to be carried out individually for each catchment as catchment properties 
influence flood level and stream behaviour. The impacts of floods are most pronounced 
along the watercourses and at the outflow point of the catchment. Therefore, all catchments 
are assigned with a unique ID number and the outflow points (usually in built-up areas) 
receive the same ID.  

There are two approaches available for flood risk assessment: the first is based on passive 
factors, i.e. those which do not change significantly with time, while the second method 
focuses on the active factors, i.e. those which show significant variations with time 
(precipitation, canopy cover and soil moisture content). Passive environmental factors are 
determined with relatively high accuracy; spatially and temporally correct data on active 
factors, however, are difficult to obtain (Bálint & Szlávik, 2001).  

The environmental factors incorporated in the 1:100,000 risk map are classified into five 
categories: topographical parameters (derived from the DEM), drainage netwok (from the 
river network database of Hungary), land cover (from CORINE Land Cover 2000), soils 
(from the AGROTOPO Hungarian soil database) and hydrological conditions. The three 
topographical properties were average slope, slope range and valley density for the 
catchment. Four soil parameters, which influence surface runoff, infiltration and 
interception were considered: soil depth, physical soil type, the ratio of barren/vegetation-
covered surfaces (in limestone areas). Data on the hydrological factors contributing to flash 
flood generation were borrowed from the river network database of Hungary, created in 
accordance with the Water Framework Directive of the European Union. As confluences 
(number of tributary rivers) are prone to enhance the magnitude of flash floods (also proven 
during the Mátrakeresztes flash flood event – Horváth, 2005), first the number of stream 
confluences per unit area (1 km2) were determined. Then drainage density was incorporated 
in the model. 

GIS-based risk mapping represents a transitional type of models. It is closely related to rapid 
screening, but already points towards numerical analyses. The basic difference from rapid 
screening is that flooding in this case is not directly associated with a given rainfall event. 
Rainfalls are incorporated in a rather hypothetical manner: the extent of flooding is 
determined from a threshold height above the valley floor or the mean stream stage.  

GIS models are primarily based on topography: all parameters, including runoff, Tc and 
drainage network, are derived from a topographic map or a DEM (Digital Elevation Model). 
The spatial resolution is at least 5 or 10 m. (Errors tend to be significant: between the 
calculated and the actual watercourses may reach 100 m.) The models which ignore 
infiltration and the canopy effect and define runoff direction and volume exclusively from 
topographic models are called impervious surface (IS) models. However, to obtain a true 
picture of runoff behaviour, the impact of soils and land use (Fig. 5a) cannot be neglected. 
Figure 5b clearly show the differences in runoff according to IS models with light colours, 
while the black zones indicate runoff also influenced by soils and land use.  

Channel widths vary greatly in areas of high relief, ranging from 0.5 m to dozens of metres. 
When the spatial resolution of the topographic map exceeds channel width, a channel as a 
physical entity will not be shown on the final output map but a theoretical centerline 
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represents the stream (valley inundation model). In this case, however, we have to define 
the valley floor through visual interpretation, wherever possible, including bottlenecks and 
broader floodplains (Fig. 5c). As it has been mentioned flood levels are approximated by 
height above the channel (Fig. 5d). 

Flood risk was determined by the complex, superimposed impact of the 50-m resolution 
input grid databases of passive factors through appropriate weighting. Figure 5 summarizes 
the major elements of a GIS based runoff model and its mapping possibilities. Obviously, 
the number of included input parameters will determine the accuracy of the output 
vulnerability map.  

 
Fig. 5. Parameters for the construction of GIS inundation maps: a. land cover; b. time of 
runoff concentration; c. valley width; d. height above channel 
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3.4 Discussion 

3.4.1 Correlation between rainfall and flood levels 

As mentioned above, the primary triggering factors of flash floods are high-intensity 
convective rainfalls that are often associated with supercells. Below we discuss the spatial 
and temporal features of the heaviest rainfall event (in the second half of May and early 
June 2010) in Southern Transdanubia. The attention this event attracted helped us collect the 
necessary input data for the analyses.   

Insurance only covers property damage in Hungary if rainfall events exceed 30 mm daily 
precipitation, officially confirmed by the Hungarian Meteorological Service (Varannai, 
2005). The  average of at least one event exceeding 30 mm occurs each year in the study area. 
The actual number of events in this category is shown in Table 1.  

A persistent waving low-pressure system dominated in the central and western part of the 
Mediterranean and Central and Eastern Europe in mid-May and stayed in this region for 
three to four days. Similarly, the Carpathian basin was affected by moist air masses 
generating extensive, prolonged and relatively high-intensity precipitation on 14 to 17 May. 
The second half of May was characterized by local but intense showers and downpours. The 
15 and 16 May  flash floods were typical from a hydrological viewpoint, but unusual from a 
meteorological aspect as typical convective cells were not observed in this period. However, 
the soils were saturated in the upper and steep portions of the catchments of the Baranya 
and Hábi Canals and the Bükkösd Stream prior to the event, in early May. 
 

Meteorological station Number of rainy 
days above 30 mm 

precipitation 

Number of rainy 
days 

Cumulative 
precipitation 

(mm) 

Siófok 3 21 257.9 
Sellye 4 23 274.5 
Sátorhely 2 22 177.3 
Sármellék 2 23 204.2 
Pécs 3 25 253.6 
Árpádtető 5 24 385.0 
Nemeskisfalud 3 24 273.2 
Nagykanizsa 2 22 251.0 
Kisbárapáti 2 25 185.1 
Keszthely 3 24 385.5 
Kaposvár 3 22 226.7 
Iregszemcse 2 26 226.7 
Iklódbördőce 4 22 285.6 
Homokszentgyörgy 1 22 175.1 
Fonyód 3 27 278.3 
Bátaapáti 3 25 308.0 

Table 1. Selected rainfall properties of the studied area between May 1 and June 16, 2010 
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Therefore, the soils acted as an impervious surface triggering extreme surface runoff. Soil 
moisture content only slightly decreased in the following two-week period, thus the second 
storm with less cumulative rainfall induced flash floods again on 31 May and 1 June. Over 
the period of 1 May to 16 June  the cumulative number of rainy days reached at least 21 at 
all rain gauges operated by the Hungarian Meteorological Service in Southwest-Hungary 
(Table 1 and Fig. 6).  Groundwater tables in the observation wells of the area indicated a 
mean rise of 1 to 1.2 m over the entire region (DDKÖVIZIG, 2010).  

 
Fig. 6. Total cumulative rainfall (a) and number of rainy days (b) in Southern Transdanubia 
between 1 May and 16 June 2010 (data provided by the Hungarian Meteorological Service) 

Table 2 clearly illustrates the extreme precipitation characteristics of the mentioned 47-day 
period. At many rain gauges in the study area precipitation reached or even exceeded 50% 
of the mean annual rainfall. The long-term average May precipitation in Pécs is 84 mm, 
while the cumulative precipitation in May 2010 was nearly threefold higher. The return time 
of such precipitation is estimated at 400 years.  

The extremity of rainfall is also clearly reflected in the actual intensity values. For short 
periods, intensity values reached 30 mm h-1, while 10-minute intensity was 51.6 mm h-1 at 
the Keszthely main meteorological station. For small mountainous catchments it is essential 
to know the areal extent of the rainfall zone. Due to the scarcity of rain gauges, we have to 
rely on radar images. Convective cells are around 5 to 10 km across, thus radar images of 
adequate (at present 2 by 2 km) resolution are extremely helpful in the estimation of the 
areal extent of precipitation for modelling purposes. Heavy rainfall characterized the 
settlements of Sásd and Csikóstőttős on 15 May 2010 (Fig. 7) and maximum rainfall and 
intensity were observed basically in the same area on the following day (16 May 2010). 

On 15 May  86 mm of rain fell on the upper catchments of the Baranya Canal, where Tc is 
shortest within the catchment, with similar flood stages.  As a consequence, rapidly rising 
flood stages were just slightly off from the previous records (Fig. 8). South of the divide, in 
the mountainous Bükkösd Stream catchment, the rainfall was much more prolonged and 
high water stages persisted longer at the Szentlőrinc stream gauge than at the gauges 
upstream (Fig. 9).  
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Meteorological station Total 
precipitation in 

the study 
period 
(mm) 

Annual mean 
precipitation,

1941–1970 
(mm) 

Total 
precipitation 
in % of the 

mean of 1941–
1970 

Annual mean 
cumulative 

precipitation, 
1961–1990 

(mm) 

Total 
precipitation 
in % of the 

mean of 1961–
1990 

Bátaapáti 308.0 741 41.57 593.0 51.94 

Fonyód 278.3 730 38.12 561.2 49.59 

Homokszentgyörgy 175.1 773 22.65 648.2 27.01 

Iklódbördőce 285.6 … … 688.0 41.51 

Iregszemcse 226.7 640 35.42 617.0 36.74 

Kaposvár 225.8 746 30.27 578.6 39.02 

Keszthely 385.5 664 58.06 526.9 73.16 

Kisbárapáti 185.1 688 26.9 559.3 33.09 

Nagykanizsa 251.0 743 33.78 726.0 34.57 

Nemeskisfalud 273.2 ... … 648.8 42.11 

Pécs. Ifjúság u. 6. 331.6 741 44.75 … … 

Pécs Pogány 253.6 666 38.08 620.0 40.90 

Pécs, Árpádtető 385.0 839 45.9 729.6 52.77 

Sármellék 204.2 … … 585.3 34.89 

Mohács, Sátorhely 177.3 631 28.10 588.0 30.15 

Sellye 274.5 725 37.86 695.6 39.46 

Siófok 257.9 615 41.93 577.0 44.70 

Table 2. Cumulative rainfall amounts of selected settlements in Southwest-Hungary 
between May 1 and June 16, 2010, compared to the long-term annual average 

 

 
Fig. 7. Total rainfall (mm) (a) and maximum daily rainfall intensities (mm h-1) ( b) triggering 
floods on 16 May in Sásd and Csikóstőttős 
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Fig. 8. Stages of selected Southern Transdanubian watercourses between 15 and 18 May 
2010, in percentage of the highest stage observed to date. Crucial settlements are marked 

 
Fig. 9. Discharge and water level curves of the Bükkösd Stream at the Szentlőrinc and 
Hetvehely stream gauges, showing cumulative rainfall amounts from 15 to 22 May 2010 
(data from Institute of Hydrology, Research Institute for Environmental Protection and 
Water Management [VITUKI]) 
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3.4.2 Results of risk mapping and hydrological modelling 

Altogether 210 catchments were delineated in the study area. Their average size is 42 km2, 
the smallest is 2 km2, while the largest is 300 km2 in area. Figure 10 shows the catchments 
delineated using the above described method. Considering the combined effect of 
hydrology and precipitation pattern in Southern Transdanubia, there is a risk of flash flood 
with a return period of maximum 10 years in almost all mountains and hills of the region.  

The categories shown on the output risk map indicate a relatively good correspondence 
with observed locations of flooding and inundations during the May, 2010 events and the 
map seems reliable for risk assessment purposes (Fig. 10). 

 
Fig. 10. A flood risk map of Southern Transdanubia prepared using the rapid screening 
technique. 1 = lowest risk; 2 = highest risk 
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The basically static approach of GIS-based modelling (focusing on passive factors of 
inundation risk) is supplemented by hydrodynamic modelling, which expresses basic 
physical and hydrological relationships with mathematical equations (Maddox et al. 1979). 
Runoff is represented in critical flow or stage value, which is further analyzed with a flood 
transformation model. If appropriate data of sufficient spatial resolution are available, the 
HEC software environment is also suitable for the estimation of the extention of potentially 
inundated areas. Thus, it can also fulfil a verification function.  

Firstly, the HEC-HMS model determines the actual discharge responding to critical rainfall 
for the catchment under study. However, the output data verification will only be feasible if 
stream gauge data are available for the catchment. If the simulation is carried out on an 
unexplored catchment, total runoff (flow) has to be estimated by empirically based 
equations (Koris, 2002).  

Threshold precipitation values, i.e. those that trigger floods with a given return period are 
determined for various flood levels. In our investigations, based on observed rainfall, a 400-
year return period (during which probably a series of undocumented flash flood events 
occurred) had to be taken into consideration. In this case, in addition to the actual rainfall 
values, we have to acquire comprehensive knowledge on the entire hydrological  cycle, 
including information on elements like the hydraulic conductivity and infiltration rate of 
soils, canopy and surface storage. The numerical models also involve topographical 
analyses, but they are focused on the study of cross-sections. Valley cross-sections are 
established at predetermined spacing and analyzed along the whole length of the 
watercourse (Fig. 11). The actual width of the cross-section is designed with regard to the 
critical flood level above the valley floor or the mean long-term water stage. River flow or 
stage values are then determined for each cross-section (Fig. 11).   

 
Fig. 11. Cross-sections across the Bükkösd Stream valley (left) and water levels at a sample 
cross-section for floods of a given probability computed by the HEC-RAS model (right) 
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Today numerical models are widely applied tools to simulate the areal extent of inundations 
and flooding along a watercourse (i.e during riverine floods) (Gaume et al., 2004). They are 
also suitable for flood simulation in urban environments, where the proportion of 
permeable surfaces are limited and impervious paved surfaces are widespread (e.g. Xia et 
al., 2011). Numerical modelling is particularly suitable for the analyses of risk scenarios, 
such as dam breaching, and also capable of the exact localization and parameterization of 
the elements of the channel and drainage systems (e.g. bridges, levees and culverts) and 
even appropriate for the 3D representation of these structures.  

4. Potential prediction models 

The prediction of flood occurrence is the ultimate goal of modelling. Prediction models are 
classified into two categories: real-time direct forecasting (similar to weather forecasting – 
e.g. Doswell III, 1996, 1998) and flowchart-type modelling or scenario building (similar to 
climate change prediction). The models of the first type of forecasting do not seem useful in 
flash flood prediction in our case since no appropriate monitoring system exists in the study 
area. Applying the second approach scenarios or flowcharts can be designed for the most 
endangered catchments in the region (e.g. Alkema, 2003). Flowchart-type modelling takes 
advantage of the results of the aforementioned rapid screening analysis and risk assessment. 
The most probable environmental change scenarios are generated with preselected 
boundary conditions. The boundary conditions incorporated in the model include soil 
moisture content, relief, surface storage, canopy cover, cumulative rainfall and rainfall 
intensity. To validate the suitability of this model type we need to verify it with hindcast 
modelling, i.e. we perform simulation backward in time to see whether it reconstructs the 
observed event.  

For a flowchart analysis data on preceding rainfall events have to be collected to see 
whether the previous rainfall event was followed by flood warning. Precipitation data 
originates from meteorological data usually with a 3-hour lead time. These rainfall 
prediction schemes determine whether a heavy convective, or a prolonged and relatively 
low-intensity rainfall is expected. All the scenarios in a flow chart model contain a unique 
code. An analytical software investigates the resemblance of the present scenario to all the 
predetermined scenarios and finally selects the most adequate output scenario. Finally, it 
supports the decision of authorities on issuing a flood warning or not.   

5. Conclusions 

Being an increasingly dangerous environmental hazard, flash floods are intensively 
investigated worldwide. Information on floods in remote areas is accumulating. Probably 
related to climate change, flash floods are also becoming a common phenomenon in the 
mountainous and hilly region of Southern Transdanubia. At least 433 settlements are 
located and 700,000 inhabitants live in areas potentially affected by flash floods – although 
the return period of severe inundations is likely to exceed 100 years for most localities. 
Unfortunately, new developments often ignore this potential hazards and during prolonged 
dry periods agricultural cultivation frequently extends over floodplains. However, a flood 
of long return time may cause economic losses of millions of Euros. The investigations in 
Southwest-Hungary helped to identify areas where, despite the available long-term 
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statistics, settlements, residential areas and farmlands are potentially affected by flooding 
and serious damage from floods can be predicted. The choice of methodological approaches 
to the topic is rapidly broadening. The combination of rapid screening methods, GIS-based 
risk assessment with numerical hydrological modelling and the flowchart analysis of 
probable scenarios opens new vistas in this research field.  
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