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Abstract. The catastrophic floods recently occurring in Europe warn of the critical need for hydrologic data on floods over long-time scales. Palaeoflood techniques provide information on hydrologic
variability and extreme floods over long-time intervals (100 to 10,000 yr) and may be used in combination with historical flood data (last 1,000 yr) and the gauge record (last 30–50 yr). In this paper,
advantages and uncertainties related to the reconstruction of palaeofloods in different geomorphological settings and historical floods using different documentary sources are described. Systematic
and non-systematic data can be combined in the flood frequency analysis using different methods
for the adjustment of distribution functions. Technical tools integrating multidisciplinary approaches
(geologic, historical, hydraulic and statistical) on extreme flood risk assessment are discussed. A
discussion on the potential theoretical bases for solving the problem of dealing with non-systematic
and non-stationary data is presented. This methodology is being developed using new methodological approaches applied to European countries as a part of a European Commission funded project
(SPHERE).
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Europe

1. Introduction
Over recent years Europe has witnessed severe flooding with immense social impact, including loss of human life and major damage to property and infrastructure.
Of particular importance, recently, were the floods of 1993, at the time the worst
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for 60 years in central and north-western Europe, that resulted in 14 fatalities and
¤2100 million in insurance losses (Munich Re Group, 2000). The Rhineland in
Germany was severely affected, as were the Oise, Moselle and Meuse rivers in
France, the latter, in Belgium, reaching the highest flood levels recorded since
1926 and cutting off the city of Dinant. This widespread scene of devastation was
repeated in January 1995, with similar flood levels in both the Rhine and Meuse
rivers causing 28 fatalities and ¤3677 million losses. In both years the events were
reported as “the flooding of the century”. However, these floods were surpassed
even further, in terms of casualties and damages, by the floods of August 2002,
affecting rivers such as the Danube, Vltava and Elbe causing economic losses in
the region of ¤55 billion and 230 fatalities.
Recent catastrophic flash floods in smaller drainage basins (<500 km2 ), predominantly in Spain, France, Switzerland and Italy, also resulted in large numbers
of fatalities and economic losses. Most recent examples include the Spanish floods
of Biescas in the Pyrenees (1996; 87 deaths) and Badajoz (1997; 24 deaths and
¤300 million losses), floods in south-eastern part of France such as in Vaison-LaRomaine (1992, 42 deaths), Nîmes (1988, <500 million losses) and Languedoc
(1999, 37 deaths and ¤500 million losses), among others.
Throughout Europe, national legislation on flood risk assessment is based
on flood-frequency analysis to estimate discharges associated with different return periods (50, 100, 500 yrs). The usual procedure involves extrapolation from
gauged hydrological records documenting 30–40 year records of observed (normally small) floods to the estimation of the quantiles of very large, rare floods.
This conventional method of addressing flood risk assessment can be improved by
including information on past floods, which should be accomplished using clear
systematic procedures and methodologies.
Past flood information can be obtained from palaeoflood hydrology (a new and
developing branch of hydrology and geomorphology based on geologic indicators) and from historical information (based on documents and chronicles). Both
sources are types of non-systematic information and use the same statistical analysis approach (Stedinger and Baker, 1987; Francés et al., 1994, Francés, 1998).
Documentary records provide a catalogue of the largest flood events that occurred
during periods of settlement, while palaeoflood investigations using palaeostage
geological indicators can document the magnitudes of the largest floods over well
defined periods of time (usually from decades to millennia), and provide evidence
of all other events below or above specified flow stages or thresholds (Stedinger
and Baker, 1987). Long records of extreme floods are then applied successfully in
risk analysis together with the more traditional empirical, statistical and deterministic methods to estimate the largest floods. These extreme floods are the ones the
planners and engineers are most interested in but are very rare in the observational
record (Enzel et al., 1993).
This paper reviews the scientific approach for reconstructing past flood events
and its use in flood frequency analysis, as well as the theoretical difficulties re-

PALAEOFLOOD, HISTORICAL FLOOD AND FLOOD RISK ESTIMATION

625

Figure 1. Location of palaeoflood sites and documentary archives studied in the SPHERE
Project.

lated to the use of palaeoflood and historical data. Flood discharge estimates from
systematic, palaeoflood and historical data will be compared and the incorporation
of non-systematic and non-homogeneous data in flood frequency analysis will be
discussed. The conclusion presents the approach of the European SPHERE project
which aims to promote the use of non-systematic data in flood risk mitigation,
using case studies in different European rivers (Figure 1).

2. Discharge Estimate of Floods
2.1. DISCHARGE ESTIMATES USING SYSTEMATIC DATA FROM
HYDROLOGICAL NETWORKS

Each European country manages its own hydrological gauge station network,
which provides information on flood stage and the relationship between the stage
and flood discharge (the rating curve). Continuous gauged stage and/or discharge
data is usually available for the last 30–40 years. The quality of instantaneous flood
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data is generally lower than measurements on average flow because direct measurement of the largest floods is an unusual situation due to logistic constraints on its
measurement: high flow velocities, danger for personnel and field gear; operational
delay for someone to be present during the peak flood etc. In addition, during
large floods conventional stream gauge stations have great difficulty in accurately
recording extreme floods – they may be inundated, damaged by floodwaters or even
totally destroyed producing gaps in the gauged flood record of the largest floods.
Therefore, in many cases, data of the largest floods within systematic gauge records
are actually post-flood indirect estimates. Extrapolation of the rating curve, from
low stage-discharge to high stage-discharge, is then a fundamental step for discharge estimation and can add substantial errors. It could be improved by including
hydraulic considerations, for example taking into account the river topography and
specific roughness conditions during floods. Errors on flood discharge estimate are
generally considered to be in the range of 10% to 100%, depending on the quality
of the rating curve and its extrapolation to large floods.

2.2. FLOOD LEVEL DERIVED FROM PALAEOFLOOD DATA USING GEOLOGICAL
INDICATORS

Techniques to estimate peak discharge based on palaeostage indicators have been
successfully employed in several regions of the USA (see latest works in House et
al., 2002) such as Texas (Kochel et al., 1982), Arizona (Partridge and Baker, 1987;
Ely et al., 1993, O’Connor et al., 1994) Utah (Webb et al., 1988), Colorado (Jarret,
1990, 1991) Wisconsin (Knox, 1985), Washington (Chatters and Hoover, 1986)
and Southern California (Enzel, 1992) as well as in other countries including India
(Ely et al., 1996, Kale et al., 1994), South Africa (Boshoff et al., 1993; Zawada,
1997), Israel (Greenbaum et al., 2000), Peru (Wells, 1990) and Australia (Pickup et
al., 1988). In Europe, studies using palaeoflood hydrology in combination with historical flood information data showed an improvement in estimating flood hazards
(Benito et al., 1998, 2003; Thorndycraft et al., 2003).
A palaeoflood record is obtained from interdisciplinary techniques that combine
different sources of past flood information from geomorphological settings and
stratigraphic criteria separating and correlating flood units. Sources of palaeoflood
data are geological indicators such as flood deposits, silt lines and/or erosion lines
found along a river’s channel, valley walls and/or terraces etc. Palaeoflood data
and its meaning as minimum, maximum or exact flow stage value depend upon the
mark type (see review in Section 2.4), although most of them represent minimum
flood stage indicators. It is relatively easy to reconstruct the size of the largest
palaeoflood(s) in a given time period, and frequently most efforts are directed at
reconstructing the complete record (number and size) of large-intermediate palaeofloods. Two different geomorphologic settings can be considered: (a) bedrock river
reaches and (b) alluvial river reaches. Different methodological procedures are
applied in each case for reconstructing the palaeoflood record, or stage constraints
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Figure 2. Alcove filled with slack-water flood deposits of the Llobregat river. Numbers
indicate distinct flood units or flood events.

(minimum or maximum bounds) applicable to the discharge calculations, and in
the flood frequency analysis.
River channels cutting through hard bedrock or other resistant boundary materials (e.g., cemented terraces) provide the most suitable settings for reconstructing
the palaeoflood record (Baker et al., 1983) as they are the most conducive to the
accumulation and preservation of flood deposits and palaeostage indicators (PSI’s).
PSI’s include slackwater flood deposits (eddy bars, flood deposit benches and deposits at tributary months), and bedrock scour features. During flood stages, eddies,
back-flooding and water stagnation occur at marginal areas of the channel, producing low velocities and/or flow stagnation (slack water) which favours deposition
from suspension of clay, silt and sand. These fine-grained deposits can be preserved
in stratigraphic sequences (Figure 2), providing detailed and complete records of
flood events that extend back several thousands of years (Patton et al., 1979; Baker
et al., 1983).
In palaeoflood studies, detailed maps of erosional and depositional features are
compiled within each of the specific study reaches. In the slackwater sedimentation sites, a detailed stratigraphy of the fine-grained flood sediments is described
(Benito et al., 2003), and individual flood units (representing single events) are
separated (Figure 2). Sediment samples for physical and chemical analysis of the
flood deposits (texture, CaCO3 , organic matter, etc.) are taken. Numerical dating
using radiocarbon (C-14) and luminescence methods (thermo- (TL) and optically
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stimulated- (OSL), for example) is obtained, through collection of organic (seeds,
charcoal, wood debris, etc.) and sand samples, respectively.
Common dating techniques such as C-14, TL and OSL may contain deviations
from the true age. In the case of radiocarbon this depends upon the age (years BP)
and the amount of carbon in the sample. For samples with an age ranging from 0
to 5000 years BP, standard deviations are between ±9 to ±12 years for samples
containing 25 g of C, and between ±80 to ±110 years for <0.005 g of C in the
sample (Mook and Waterbolk, 1985). Due to atmospheric C-14 fluctuations during
the last 450 years, multiple calendar dates, or a much broader spectrum of calendar
years, may be derived from a single radiocarbon date (Stuiver, 1978). However,
the main problem of numerical dating is not the error of the measurement but the
scarcity of organic remains within the flood deposits and the residence time of the
organic material in the environment prior to its deposition within the flood deposit
sequence (Ely et al., 1992). New C-14 dating techniques based on accelerated mass
spectrometry (AMS) have helped resolve the problem since it permits the dating of
minute remnants such as seeds or small fragments of charcoal. For young floods
(last 200 years) dating can be completed using distinctive archaeological materials
(Benito et al., 1998) and/or radio-isotopes, for example 137 Cs which is derived from
atmospheric nuclear testing (Baker et al., 1985; Ely et al., 1992).
The final palaeoflood record is completed using available stratigraphical and
geomorphological criteria and correlation at multiple sites. The palaeoflood results
comprise the stratigraphy with the number of the palaeofloods, sedimentological
analysis, and their minimum palaeostages and the chronology (absolute or relative)
of each palaeoflood record. To address the evaluation of the magnitude and frequency of flooding, over a long time span (decades to millennia), the construction
of a complete catalogue of palaeodischarges, exceeding or not exceeding various
censoring levels or threshold discharges (Figure 3B), over specific time periods, is
required. A censoring level is a threshold of discharge or stage above which the
palaeoflood record can be assumed to be complete over a specific time interval
(Baker, 1989), i.e., all discharges exceeding the censoring level (threshold), during
this time period, have left evidence in the palaeoflood record.
In alluvial valleys, an approach using floodplain terraces as palaeohydrologic
bounds can be applied. The palaeohydrologic bound methodology is based on the
statement that if ages can be derived for preserved and/or flood-modified surfaces,
then the surfaces can become conservative datum for the magnitude of large floods
(Levish et al., 1997; Levish, 2002). The absence of features indicative of significant inundation is positive evidence of non-exceedence of a specific, limiting flood
stage over the time spanned by the surface. This palaeohydrologic bound approach
is less sensitive to record a complete catalogue of floods over distinct periods
of time, but the potential for identifying non-exceedence bounds in most rivers
provide this technique with a near universal applicability. Within the study reaches,
floodplains and lower terraces are mapped. Their altitudes are determined by accurately plotting their positions by surveying with theodolites or GPS. Erosional
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Figure 3. (A) Schematic diagram illustrating the changing level of flood perception through
time according to progressive human settlement towards the river. This means that the
threshold of flood discharges recorded in the historical documents decreases with time. (B)
Geomorphic surfaces covered with slack-water flood deposits showing different thresholds of
flood discharges. (C) Organisation of historical, palaeoflood and systematic data, using the
described discharge thresholds, for flood frequency analysis.
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and depositional flood-related features are located, as well as non-flooded surfaces
(non-exceedence bounds). Detailed stratigraphic description of the late Holocene
flood deposits overlying different geomorphological units and their numerical dating together with dating of non-flooded terraces will provide a suite of hydrologic
bounds exceeded and non-exceeded during different time spans.
Three major uncertainties are associated with palaeoflood analysis: (1) water
depth above the flood deposits during flood stage, (2) uncertainties related with
numerical dating of the flood deposits, (3) continuity and completeness of the
palaeoflood record. Palaeostage indicators can be in a range of between 0.3 and
2 m lower than water stage during peak discharge. New criteria such as the highest
end-point of the flood unit at the contact with the canyon slope used by Yang et al.
(2000) provide a better approximation to the flood stage during peak discharge.
Regarding the continuity in the palaeoflood record, erosion of the flood benches
near the main channel may lead to record gaps. However, for time spans recorded
within a stratigraphic sequence or site, periods with no sediment deposition result
from a lack of major flood events at this time. In some cases this can be corroborated where there is the opportunity to correlate palaeoflood deposits with the
historical record. For example, in the Ter Basin at Girona (NE Spain; Figure 1),
an alcove located approximately 15 m above the river contains a record of three
extreme flood events. A coin preserved within the oldest flood unit dates from
1650–52. Comparison with the historical flood record from this area (Barriendos
1996–97) indicates four extreme events post-dating the age of this coin: September 1678, October 1919, October, 1940 and October 1970. This site, therefore,
indicates a continuous record of the extreme events occurring since the mid 17th
century.

2.3. FLOOD LEVEL DERIVED FROM HISTORICAL DATA USING DOCUMENTARY
SOURCES

Documentary evidence not only provides historical facts about a society at a particular time but can also provide information on environmental themes. Using such
records it is possible to analyse different environmental phenomena in terms of
their temporal dimension or extreme expression.
The recovery of environmental information is not devoid of certain shortcomings. Firstly, there is the large volume and variety of documents in which
information may sporadically or systematically appear. Further, this information
does not always directly describe a particular phenomenon but rather may expose
its effects or impact (proxy-data). And lastly, not all information is of optimum
reliability and necessitates the critical analysis of its sources (Glaser, 1996). This
problem arises from the tradition of making successive copies, reinterpretations,
selections or résumés of original texts and is aggravated by the printing and
transcription of documents.
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Information regarding past floods documented in Western Europe comes from
riverside societies where flooding can lead to damage of the infrastructure of the
particular locality. In pre-industrial societies, dependence on hydraulic energy and
the inability to construct large flood control systems resulted in a high degree of
vulnerability. It may be possible to compile a chronology of events dating from the
13–15th centuries to the present day for societies with a well documented past.
Data acquisition should be undertaken from original document sources to ensure their quality. This may involve consulting hundreds of manuscript volumes.
The best information on floods and their effects is generally found in local administration records and in the more personal diaries and bibliographies. The need
for auxiliary techniques also arises, e.g., chronology for calendar adjustments or
metrology for the conversion of units of measure or palaeography for the correct
interpretation of writing styles.
According to present experience, the minimum information that may be obtained from historical archives would be the precise dating of past flood events,
damages incurred, some reference to peak flood levels (Figure 4) and certain information on the prevailing meteorological situation. This allows a straightforward
but standardised classification of simple flood events, extreme floods causing discrete damage and floods that cause the total destruction of different infrastructures
(Figure 3A). Most historical floods provide information on the water stage during
peak discharge which can be precisely marked on buildings and landmarks or it
can be related to a datum (bridges, houses, gates, walls, and so on) exceeded
or non-exceeded by the flood waters. In the specific case of the River Ter in
Girona (NE-Spain), 170 flood events for the period 1322–1987 have been identified (Barriendos, 1996–97, Barriendos and Martin-Vide, 1998), 77 contain exact
information on the flood stage, 89 are associated with levels exceeded or not exceeded by the flood water and only 4 events do not provide any information on the
flood stage.

2.4. SPECIFIC ERRORS IN FLOOD DISCHARGE ESTIMATES USING
NON - SYSTEMATIC DATA
Non-systematic data provides information related to water levels during flood episodes (Figure 3A, B). Information regarding water stage associated with historical
flooding are: (1) sites or landmarks reached by the flood (e.g., churches, bridges,
etc.), (2) flooded areas (e.g., orchards, floodplain areas), and (3) non-flooded areas
or landmarks. Similarly, palaeostage indicators provide water stage information
on (1) elevations reached by the flood (e.g., erosion lines or silt and clay lines),
(2) flooded areas (flood deposits and erosion landforms), and (3) non-flooded areas
(unmodified geomorphic surface or soil profiles or areas lacking any allochthonous
material). This historical and palaeoflood information can be interpreted as different flood stage indicators: (1) exact discharge level (equal to the flood stage), (2)
minimum flood stage, (3) maximum flood stage (Figure 3).
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Figure 4. Different views of the Pont Major Church (Girona) illustrating the level of the
November 3rd 1617 flood event of the Ter river. Arrows indicate the flood elevation which
is approximately 3.6 m above street level.

These water levels must be converted into discharge values which is the variable used in statistical analysis. In reality this conversion is an inverse problem,
where the maximum discharge is obtained by trial and error using the appropriate
hydraulic model by matching the calculated water levels to observed water levels.
Hydraulic modelling requires the estimation of some of the hydraulic characteristics of the river reaches (slope, roughness and cross sections) as well as the
boundary conditions upstream or downstream depending on the flow type. In the
case of a mobile bed, or alluvial channel, it is also necessary to know the sediment
characteristics. It should be pointed out that the precision of a mobile bed model
is lower than for a fixed bed, mainly due to the complexity of the transport and
sediment processes. Also in a mobile bed, and especially in alluvial channels, the
current topography can be completely different to that at the time of the hydraulic
reconstruction.
For these reasons, in the case of palaeoflood data, it is preferable for the information to be located in bedrock canyons, because the past hydraulic characteristics
can be assumed similar to the present ones, as bed movements are minimal. In
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the case of historical data, it will be critical to have information regarding the
topography of the river and on the settlement evolution of its surroundings, contemporaneously with the historical information (Figure 3A). This available historical
cartography has to be used to determine the range of possible flow conditions. If
for the first step (compilation of the flood events) lengthy work is needed, for this
second step the research is more difficult still, and for this reason it is only applied
to certain selected rivers and cities.
One main concern regarding non-systematic information is the error that can
be introduced in the flood frequency analysis, although systematic information is
not free of errors either. At a flow gauge station, measurement error increases the
variability of flood quantile estimators (Potter and Walker, 1981), but if the standard error is smaller than 10% the influence is negligible (Cong and Xu, 987). This
standard error is typical for the interpolation of rating curves at a gauge station. For
a large flood, however, the discharge must be obtained by extrapolation of the rating
curve resulting in a greater error due to the change in hydraulic characteristics
when the floodplain is flooded. In these cases it is advisable to obtain the maximum discharge by following the methods described above for the non-systematic
information, especially if the gauge station was destroyed, as the uncertainty of this
information will be similar to that of the largest floods in the systematic record.
Even with a standard error of 60%, additional information regarding large floods is
always valuable (Cong and Xu, 1987).
3. Flood Frequency Analysis Using Non-systematic and Non-stationary Data
3.1. CLIMATIC NATURE OF EXTREME FLOODS
Advances in this topic are mainly devoted to improving knowledge of the atmospheric factors involved in heavy rain events and their forecasting, using
deterministic and statistical approaches. Climatic analysis of the flood-producing
events include the classification, characterisation and variability analysis of these
flood events (Hirschboeck, 1991; Webb and Betancourt, 1990; Enzel et al., 1989;
Ely et al., 1993, 1994; Llasat, 1997; Redmond et al., 2002). This analysis can
be made from a local and/or regional point of view. However, regarding the temporal variability of the floods, it is necessary to consider that it can be related
both to changes in meteorological factors (connected with climatic fluctuations)
and changes in environmental factors (mainly connected with human activity). In
this case, the main problem is the lack of long term quantitative and instrumental
information that forces the use of palaeoflood and documentary flood sources to
establish links between flood occurrence and climate variability.
A basic question dealing with a long temporal flood series is whether the
flood-producing mechanisms in the past have been similar to those of the present
(Hirschboeck, 1991). The analysis of the monthly distribution of historical floods in
the Iberian Peninsula for the last millennium shows a similar pattern to the present
monthly flood distribution (Barriendos, 1996–97, Benito et al., 1996, Barriendos
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and Martín-Vide, 1998), indicating that flood-producing mechanisms in the past
have been similar to those operating at present. It is thought that general features
of present-day atmospheric circulation were probably in existence by the mid- to
late Holocene (Knox, 1993). However, flood distributions in the Iberian Peninsula
have changed through time as indicated by the clusters of flood events at specific
periods both in the historical record (Sánchez Rodrigo et al., 1995, Barriendos,
1996–97, Benito et al., 1996, Barriendos and Martín-Vide, 1998) and in the palaeoflood record (Benito et al., 2003). It has been established that floods are highly
sensitive to even modest changes in climate (Enzel et al., 1989; Knox, 1993, 2000;
Ely, 1997; Barriendos, 1996–97, Redmond et al., 2002). Historical flood and palaeoflood analysis permits the identification of periods showing a greater frequency
of a particular behaviour, or pattern, related to changes in the atmospheric global
circulation and, in some way, allows the estimation of the size of these anomalies
over time. The linkages between past floods and climate is critical to address the
complexity of the non-stationarity problem in flood frequency analysis.
For the north east of Spain, the historical flood record, with more than 248
flood events, shows clusters of floods during specific time periods: AD 1588–1610,
AD 1760–1800 and AD 1840–1859 with an additional minor phase between AD
1660–1700 (Barriendos, 1996–97). A climatic characterisation of these periods
was possible using historical documentary sources. The period AD 1588–1610 was
characterised by a flood frequency twice the mean, and included the great flood of
AD 1617 that affected several basins of the Mediterranean coast. By contrast the
period AD 1760–1800 was characterised by high climatic irregularity accompanied
by both hydrologic extremes, catastrophic floods and drought. The final period AD
1840–1859 was characteristically similar to the AD 1588–1610 cluster, including
a sharp increase in the number of floods and a decrease in periods of drought. This
phase represented the end of the Neoboreal episode in Mediterranean latitudes.
These marked clusters of historical floods are associated with changes in the climatic pattern at both the regional and global scales (Barriendos and Martín Vide,
1998; Brázdil et al., 1999). Any realistic analysis of flood frequency projected
over time spans greater than a 100 years must consider these types of changes in
temporal flood distribution.
In order to evaluate the size of these anomalies through time a detailed meteorological analysis of each historical flood event is required. The problem in this
case is the lack of the instrumental data (pressure, temperature and humidity at
different atmospheric levels) that prevents the reconstruction of the synoptic framework of each event. One possibility is to use a public pressure database (e.g., those
of the Climate Research Unit or of the NOAA), but in this case daily data are only
available for less than 100 years and monthly data can be obtained only for one or
two centuries. Another possibility is to use daily temperature and pressure series for
a longer period obtained within the framework of other international projects. For
instance, the daily series of Padua, Milan, San Fernando/Cádiz, Belgium, Uppsala
and Stockolm, from the 18th century to the present, are available in European data-
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bases (Camuffo and Jones, 2002). The third possibility is to reconstruct each event
on the basis of meteorological information included in the flood event description
found in the manuscripts and other contemporaneous information. This technique
has already been applied for the analysis of catastrophic naval events based on
logbooks (García et al., 2000). This kind of analysis can be improved by the introduction of conceptual models based on the complete meteorological analysis
of recent flood events. Here, collaboration between meteorologists, climatologists
and historians is needed.

3.2. STATISTICAL FRAMEWORK
Flood frequency analysis (FFA) with systematic data is generally developed using
annual maximum values and the assumptions of interannual independence and
stationarity of the flood population. Use of historical and palaeoflood information
gives rise to two specific problems dealing with: (a) non-systematic data (only
the major floods remain known) and (b) non-homogeneous data (hydroclimatically induced non-stationarity due to natural climatic variability within the last
1000–10000 years).
Non-Systematic Data
The basic hypothesis in the statistical modelling of historical and palaeoflood information is that a certain perception of water level exists and that over a specified
time interval (historical or prehistorical), all exceedances of this level have been
recorded, either in newspapers, in people’s memory, or through geological palaeoflood evidence left along the river channels such as sediment deposits (Figure
3).
In the United States, the U.S. Water Resources Council (1982) recommended
the use of the method of adjusted moments for fitting the log Pearson type III
distribution. A weighting factor is applied to the data below the threshold observed
during the gauged period to account for the missing data below the threshold in
the historical period. Several studies have pointed out that the method of adjusted
moments is inefficient. Maximum likelihood estimators (Condie and Lee, 1982)
based on partially censored data have been shown to be much more efficient and
to provide a practical framework for incorporating imprecise and categorical data.
Unfortunately, for most of the 3-parameter distributions commonly used in hydrology, the maximum likelihood method poses numerical problems. More recently,
Lane and Cohn (1996) proposed use of the method of expected moments, a variant
of the method of adjusted moments, which gives less weight to observations below
the threshold (Figure 3C). According to preliminary studies, estimators based on
expected moments are almost as efficient as maximum likelihood estimators, but
have the advantage of avoiding the numerical problems related to the maximisation
of likelihood functions.
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Bayesian methods have been used with a great success to solve various problems of statistical and stochastic hydrology. Van Gelder (1996) proposed a bayesian
framework for the inclusion of historical information in flood frequency analysis.
Bayesian approaches can also be used to improve the performance of existing
methods. For instance, in the method of expected moments, a bayesian methodology can be developed to estimate the weight of observations below the detection
threshold for the historical period (previous to systematic gauging). The Bayesian
method is being used by the U.S. Bureau of Reclamation for the evaluation of dam
safety, for guiding hydrologic dam safety decisions and management of reservoirs
in the western United States (Levish et al., 1997; O’Connell et al., 1997).
Other methods include the partial probability weighted moments method
(PPWM) proposed by Wang (1990) for the General Extreme Value Distribution;
and the non-parametric approach (NP) proposed by Bardsley (1989). PPWM, in
fact, represents a variation of the method of adjusted moments, while the main
problem with NP is that it separates the treatment of systematic and historical
events. Furthermore, several problems remain with NP, mainly in relation with
the practical choice of the kernel and bandwidth values. A review of these various
methods is presented by Ouarda et al. (1998).
Non-Homogeneous Data
The annual flood series used in FFA are assumed to be stationary in time (all floods
were randomly generated from a single probability distribution with stable moments). Climatic fluctuations, however, are a source of uncertainty and can lead to
misjudgement and misuse of flood-frequency analyses (Dunne and Leopold, 1978).
As described before, non-stationarity in hydrological series using non-systematic
information must be considered. The temporal changes in the trajectory and statistics of a state variable may correspond to natural, low-frequency variations of
the climate hydrological system or to non-stationary dynamics related to anthropogenic changes in key parameters such as land use and atmospheric composition
(Baldwin and Lall, 1999). In fact, global warming will lead to a change in hydrological variables (IPCC, 2001). The consequences of possible non-stationarities on
the estimation of exceedance probability have been investigated by Porporato and
Ridolfi (1997). They have studied the hypothetical case of a trend superimposed
on a random stationary variable, and they highlighted the strong dependence of
exceedance probability on possible non-stationarity, with special reference to the
simplified case of linear trends.
3.3. DIFFICULTIES OF A JOINT USE OF SYSTEMATIC , PALAEOFLOOD AND
HISTORICAL DATA

Theoretical difficulties to be solved in the combined use of systematic and
non-systematic information stem from: (1) methodological complexity and uncertainties associated with the reconstruction of the catalogue of past flood events
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(historical and/or palaeoflood data); (2) data processing of non-systematic information – setting the appropriate censuring levels (threshold discharge) and
non-exceeded levels through different time spans – in such a way that increasing the amount of information produces an increase in the flood quantile estimate
reliability, and (3) the influence and evidence of non-stationarity in long timescale
flood records.
The methodological complexity associated with reconstructing past flood records can be solved selecting the most appropriate settings such as bedrock canyons
for palaeoflood analysis using slackwater flood deposits, and cities or villages with
complete documentary sources in the case of historical floods. In terms of pure
scientific research it is of interest to reconstruct the most complete catalogue of
past floods and estimate the most accurate peak discharges possible, so that issues
such as the water depth above slackwater flood deposits become of key importance.
In practice, however, the critical issue for flood risk estimation is not the accurate
compilation of the whole past flood record, but the frequency of floods that might
have impact on human activities. In this case, the number of floods exceeding or
not exceeding a surface or altitudinal level during a time period, which represents
stage and subsequently discharge limits, may result in a significant improvement
in the flood frequency analysis.
A major effort must be focused on flood frequency analysis for managing this
non-systematic and, even more importantly, non-stationary information. Different
statistical tools, such as the maximum likelihood and Bayesian methodologies,
have been successful in managing non-systematic data, even data with a high degree of uncertainty regarding peak discharge values which has been solved using
censuring levels and thresholds. In the analysis of non-stationary flood series it is
also critical to reach a better understanding of flood producing mechanisms and
flood-climate links during different time periods. A change in flood generating
mechanisms, or in flood frequency patterns, can be related to climatic variations,
and therefore, a study of these variations, quantifying the frequency of climatic
patterns responsible for flooding, is required.
Interest in past flood information will increase proportionally to the availability and knowledge of methodological guides for reconstructing discharges
and tools (such as software) for flood frequency analysis using non-systematic
and non-stationary data. To this end a new synergetic approach is being undertaken within the European Commission funded SPHERE project (Figure 5), based
on a multidisciplinary combination of pure and applied research, using palaeoflood, historical flood and systematic data, combined with new statistical tools, for
addressing flood risk assessment.

4. Conclusions and Future Perspectives
In times when catastrophic floods have provoked European debate on the adequate
structural and non-structural measures needed to prevent and mitigate flood-
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Figure 5. Flow diagram illustrating the SPHERE methodology.

associated hazards, palaeoflood and historical flood data provide a feasible solution
for assessing and mapping flood risks, and planning flood-prone zones. These improved flood-potential estimates using palaeoflood and historical flood data also
have significant beneficial economic and environmental implications, related to
floodplain planning, management design of hydraulic structures, management of
critical water-resources and environmental conservation issues.
The European Commission funded SPHERE project (2000–2003) represents
the European effort in creating new approaches in the joint use of palaeoflood and
documentary flood data as widely integrated long-term records in conventional hydrology and engineering flood studies. From this point of view the SPHERE project
aims to address the standardisation of methodological procedures of reconstructing
past floods and to develop tools (methodologies and software) for its efficient integration into flood frequency analysis for flood design and planning. Palaeoflood
and documentary flood information is ideally suited for hydrological design of
structures at risk from extreme floods (e.g., dam design) and for the delineation
of flood prone areas with high levels of desired and/or tolerated protection against
floods.
There are several ways in which future research in other disciplines, and the
search for solutions to various practical problems, might benefit from the application of the results of this project to other disciplines and to practical problems. The
SPHERE project will contribute to the improvement of methods directed towards
the reconstruction of past flood peak discharges, extending the hydrological records
of extreme floods to include the last several millennia. In Europe, palaeoflood hy-
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drology is still a developing field with a great potential for being complemented
for the last thousand years with detailed documentary records. Inundation levels
identified in the palaeoflood and documentary data analysis can be transformed
into flood magnitude and frequency through conventional hydraulic modelling.
An added value of documentary records is obtained from description and quantification of flood impacts on past societies, including economic losses, recovery
strategies and flood management at different periods. The history of past floods,
such as the one that occurred in 1617 in NE-Spain (“year of the dilluvium”),
provide a unique opportunity to understand the flood hydrology and the social
impact of “catastrophic floods” with magnitudes far beyond the ones recorded in
gauge stations. This, in turn, means gaining an understanding of individual extreme
events not available and perhaps not predicted by the instrumental record, as well
as to gain a new dimension on socio-economic impacts and perception of extreme
events, which needs to be evaluated according to different historical contexts. Flood
damage exerted on riverside societies during centuries is very valuable information
to be used in risk education tasks directed to Civil Protection technicians, volunteer
bodies and in schools.
Hydrologic design of high risk structures, such as dams, or floodplain delineation for nuclear power plants, currently obtained using the probable maximum
flood (PMF), can also benefit from palaeoflood hydrology. So far, the PMF is obtained from a combination of meteorological and physical assumptions producing
a valuable but uncertain result. In some cases, the PMF appears to be unreasonably large in comparison to the palaeoflood record (Levish et al., 1997). Here, we
propose the development of methodologies to obtain extreme flood data through
direct measurements (past inundation levels) of the river systems, to be used for
the selection of appropriate hydrological model parameters, and for improving
flood frequency analysis. Many researchers have emphasised the potential gain
of the statistical methods for estimating flood quantiles by the use of palaeoflood
and documentary information. Because palaeoflood and documentary floods are
large by definition, their introduction into a flood frequency analysis improves
the estimates of the probabilities of rare floods. This is particularly true when 3parameter distributions are considered. Moreover, historical information increases
and tests the representation of outliers in the systematic data.
In terms of the hydrological effects of climate change, future global circulation
model projections incorporate too much uncertainty to accurately specify expected
patterns of precipitation change, and even less the frequency and magnitude of
extreme storm and flood events. Predictions can be improved by incorporating
long-term flood records (several millennia) in climatic modelling and statistical
analysis. The study of temporal variability of past climate-flood links can establish
short- and long-term relationships at regional levels and in areas within different
climatic zones. Regional studies of long-term climate-flood links involve calibrating the relationships, detecting trends (where they exist) and revising estimates
of return periods. This integration will greatly advance our understanding of flood
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frequency and magnitude in the context of changing climates where the assumption
of stationarity (implicit in most current flood risk models) is being questioned.
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