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Preface
The Risk Analysis Project of the HYDRA research programme has as its main objective to improve the methodology for flood loss assessment - aimed at streamlining
cost/benefit analysis of flood mitigation measures. It has
four main components:
-

establishment of damage/loss functions (R1);
improving flood mapping (R2);
flood analysis and risk analysis (R3);
improved front line decision tools (R4).

The third component is focusing on improving regional
flood frequency analysis and flood line estimation, test
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and verification of loss curves and the establishment of
frequency/damage curves. This report is a contribution
to this third component with relevance for all these
focal topics. A methodology for economic risk of
flooding is developed and applied to the floodplains
upstream Nor in the Glomma river.

Oslo, June 1999
Nils Roar Sælthun
Project Manager
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Summary
The aim of this study has been to analyse factors influencing the risk of flooding and to develop a methodology for estimating this risk, i.e. establish a relation
between the cost of damage caused by flooding and the
probability of the flood. The method combines novel
procedures for estimating a regional flood frequency
curve as well as stage damage curves. The estimation of
the regional flood frequency curve is based on a
L-moment analysis including effects of scaling.

The stage damage curve estimation is based on statistical procedure for identifying the number of buildings
(or other objects) flooded on a flood plain by a flood
with a certain probability of exceedance and on cost of
the damage for individual objects as a function of river
stage. The method is applied to the Grue and Åsnes
municipalities upstream Nor in the Glomma river. All
data used in the study have been provided by the
HYDRA project.

Sammendrag
Målet med denne undersøkelsen har vært å analysere
faktorer som påvirker risikoen for oversvømmelse og å
utvikle metoder for å estimere denne risikoen, dvs. å
etablere en sammenheng mellom skadekostnadene forårsaket av en oversvømmelse og sannsynligheten for
denne flommen. Metoden kombinerer nye prosedyrer for
å estimere en regional flomfrekvenskurve og vannstandskadekurver. Estimeringen av den regionale flomfrekvenskurven er basert på en analyse av L-moment,
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inkludert skalaeffekter. Estimatene av vannstand-skadekurvene er basert på statistisk prosedyrer for å identifisere antall bygninger (eller andre objekt) som blir oversvømmet på en elveslette ved en flom med en viss sannsynlighet for overskridelse, og på skadekostnadene for
individuelle objekt som en funksjon av elvevannstand.
Metoden er brukt i Grue og Åsnes kommuner oppstrøms
Nor i Glomma. Alle data som ble brukt i denne undersøkelsen kommer fra HYDRA prosjektet.
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1. Introduction
Leonardo da Vinci writes: "Among unrestrainable and
devastating visitations the flooding of the destructive
rivers with no doubt must be placed before any other
horror" (Codex Atlanticus 108 vb) (Fig. 1). 500 years
later the flooding of the rivers continues to be a major
threat to life and property. A number of extreme hydrological events of exceptional severity makes many
believe that the threats are greater today than ever
before. It is clear that many floods have occurred during
the 1980s and 1990s world wide (WMO, 1995). Floods
(and drought) cause more damage and kill more people
than any other natural disaster (Rodda, 1995).
Kundzewics (1998) gives a spectacular overview of
floods during the 1990s which makes one wonder if it
really was as bad as that before. We can only speculate
whether Leonardo would have agreed that the situation
has become worse through the centuries. In what way
has the situation become worse? Is it so that the
extreme events causing flooding are getting more
frequent and have higher magnitude? Or is it so that the
devastating consequences of flooding become more and

more spectacular attracting large attention, not because
of increased floods, but because the vulnerability of our
society to floods has increased?
The frequency of an undesirable event and a measure of
the severity of adverse effects of it (Lowrance, 1976) or
the danger that undesirable events represent to human
beings, the environment and economic values (Aven,
1992) are both parts of the concept of risk. From this
point of view it can be stated that the risk for flooding
has increased. There is probably a general consensus
around this statement. The reason why it has increased
is a more controversial question and it is not possible to
give some general statement on this. The individual
conditions for each country or even drainage basin give
different answers to this question. Here we will try to
identify factors that determine the risk of flooding and
develop a risk model for the Glomma River. This model
is applied to the Grue and Åsnes (Fig. 2) municipalities
upstream Nor in the Glomma river (Fig. 3).

Figure 1. Drawing by Leonardo da Vinci showing a mountain chain opened by flooding water and
causing landslides. The drawing might be inspired by the Bellinzona catastrophe in 1515 referenced in
the literature. A parallel to this event, but less disastrous, is the flooding in Posciavo in 1993.
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Figure 2. Situation map along the Glomma river at Grue and Åsnes municipalities. 18 settlement clusters are
identified. Eight of these clusters are protected by dikes (bold lines).
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Figure 3. The Glomma drainage basin with hydrological gauging stations. The study area around Grue and Åsnes
municipalities is marked by a rectangle.
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2. Factors influencing
the risk of flooding
Hydrologist, by tradition, had a rather narrow perspective on extreme flood events defining the probability for
such events to occur, usually in terms of its return
period. Only recently the risk concept has come into
focus including as well the measure of probability as
some estimate of consequences. It has to be admitted
that there is a confusion in the use of the concept of
risk in the hydrologic literature. Yevjevich (1977) was the
first to express this ambiguity. At least three interpretations can be found. Risk can be equal to the probability
of exceedance of a certain flood level within a given
design period (Haan, 1977, Kite 1977). A more common
interpretation is the probability of failure of a system
(storm sewer networks, flood dikes, bridges) with consideration of all uncertainties involved in the estimation
of this (Tang et al. 1975, Simonovic and Mariño 1981,
Tung and Mays 1981, Jain et al. 1992, Plate 1998).
Many of the quoted works at the same time define the
expected damage or the expected loss as a separate
concept. Plate (1998) calls this the generalized risk.
Finally, a more generally accepted definition of risk as
the expected loss, damage or utility (Berger, 1985, Aven,
1992, Norsk Standard NS 5814) is also used in hydrologic applications (Ashkar and Rouselle 1981, Mitsiopulos
et al. 1991, Lambert and Li 1994, Thompson 1997,
Steadinger 1997). It should be noted that uncertainty is
an important issue also in this definition of the risk
concept (see 3 below). Herein only this latter definition
will be used. Below a review of factors that influence
this risk is given.
In the North American hydrologic literature flood
damage is a central topic. James and Hall (1986) recall
the development in the United States. Tremendous
efforts have been made to lower these damages since
the start in 1936 of a program to contain floods by
constructing dams, dikes and channels. In 1966, it is
noted that the national damage totals continue to rise
and a new type of disasters appear namely, the failure of
protective structures. In 1986 the damage totals are still
rising. A new cost is introduced - loss of economic productivity of floodplain land. The program of measures
for reducing flood damage in the US also contains delineation of areas subject to inundation on flood insurance rate maps (FIRM) showing 100-year and 500-year
floodplain boundaries. A flood hazard factor is defined
as the difference between the 10-year and 100-year
flood water-surface elevation.
Handmer (1983), in a commentary to the paper by
James and Hall, criticizes their general conclusion that
the cause for the continuing rise in flood damage is
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mainly to seek in a failure to inform about the 100-year
flood standard. Information cannot solve the problem,
as people do not have a free choice where to settle. He
instead gives the following three reasons for rising
damage trends:
1. Increased floodplain investment results from encroachment onto floodplains and intensification of
existing development, as well as from changes to the
content of the buildings. Both the value of property
at risk and its susceptibility to flood damages may be
affected.
2. Geophysical factors include climatic change or variability, land subsidence, and stream channel change.
3. Better reporting of damages might also be stimulated
by the availability of insurance with subsidized
premiums.
Handmer concludes his discussion by referring to the
fact that in New South Wales, Australia the 100 year
standard has been abandoned in favour of an approach
based on the hazard (water depth and velocity),
economic, social, and environmental aspects of each
development proposal. This change in approach is
similar to the experience from Switzerland. A new policy
in design flood protection schemes has been developed
as a consequence of the severe damage by the floods in
the Reuss and Poschiavo valleys in the Swiss Alps in
1987 (Jaeggi and Zarn, 1990). Extreme flooding is
defined from the combined action of flow velocity and
depth. The design principles are dependent on the type
of objects to be protected and landscape/land-use
classes.
A method for coping with the problem of flooding "Inondabilité" has been developed in France. Its aim is
to couple the "obvious social demand for protection
against inundation and the knowledge which may exist
on the hydrological and hydraulic functioning of
drainage basins and river channels" (Gilard, 1998). The
different components of the method are illustrated in
Fig. 4. The point of departure for this method is not
only the frequency of occurrence of extreme floods but
also their duration and depth (which allows the calculation of velocities) coinciding with the experiences from
Australia and Switzerland quoted above. Each critical
situation is thus characterized by a triplet (T - return
period, d - duration, p - depth). This triplet describes
the random nature of the runoff formation processes
("aléa"). The methodology for establishing this triplet for
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Figure 4. The components for flood risk mapping in France by the method "Inondabilité" (from Gilard, 1998).

a certain site from single site or regional analysis of
runoff data is named QdF (Q -discharge, d -duration, Ffrequency) (Galea and Prudhomme, 1994).
The vulnerability ("vulnerabilité") is the other important
matching component to the "aléa" of this method. It is
based on the concept of maximal acceptable risk (RXA).
It is claimed that the definition of risk as the expected
damage is impossible to apply in the practical situation.
The damage of flooding is dependent on a multitude of
factors and all of these cannot be meaningfully related
to only the frequency of extreme discharge (extreme
water level). The RXA is the alternative and it can be
established for each type of landuse class in terms of a
triplet (T,d,p) (Fig. 5) (Desbos, 1995). A critical point in
this approach is the recalculation of triplets into an
equivalent vulnerability in accordance with the relation:
(T, d, p) → (T, 0, 0) to be able to conform different
landuse to one comparable value. This recalculation
contains several subjective assumptions of how RXA are
related without any explicit specification of these.
Finally the equivalent vulnerability is confronted with

the corresponding "aléa" for a certain land area. Three
situations may appear - i) the "aléa" is negligible, ii) the
"aléa" is less than the vulnerability, and iii) the vulnerability exceeds the "aléa". Maps containing these three
categories are produced.
Burrell and Keefe (1989), Watt and Paine (1992), and
Paine and Watt (1992) report on the experience of
flooding and flood damage reduction efforts in Canada.
A national flood damage reduction program was started
in 1976, which initiated a large number of flood risk
mapping projects. On a flood risk map a distinction is
made between the "floodway" defined as the area delineated by the 20 year flood and the "flood risk area"
related to the 100 year flood. The need for evaluating
uncertainty is stressed due to the wide range in the
quality of maps, the unacceptable high unit mapping
cost for small areas and the fact that the total uncertainty may be too high for the intended use. The following uncertainties in the production of floodplain maps
have been identified:

Economic Risk of Flooding - a case study for the floodplain upstream Nor in the Glomma River, Norway
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Figure 5. Example of vulnerability triplets (T, d, p) in graphical form for different landuse classes of the
"Inondabilité" approach (Gilard, 1998).

1) topographic uncertainty;
2) hydrologic uncertainty;
a) flood frequency analysis techniques
(regional analysis);
b) streamflow simulation techniques
(use of conceptual models);
3) hydraulic uncertainty;
4) water surface elevation (depth) uncertainty;
5) uncertainty in depth of inundation.

A common conclusion is that the accuracy of design
flows (hydrologic uncertainty) for each area exceeds
other ones by a large margin, typically in the order of
±0.5 meters. Table 1 shows the two types of hydrologic
uncertainty as evaluated by Watt and Paine (1992).
In Europe the devastating floods in the Rhein and
Meuse basins in 1992, 1993 and 1996, in Po 1994 and
in Odra/Oder 1997 have once more put the risk of
flooding in the focus also in this part of the world.

Table 1: Hydrologic uncertainty (from Watt and Paine, 1992).
Criterion

Total hydrologic uncertainty
[%]

Specified water level

0

Specified flow

0

100-year flood (regional analysis)

lesser of 25 or 5+65/÷N

100-year rain flood (calibrated model)

35

100-year rain flood (uncalibrated model)

50

100-year rain and snowmelt flood (calibrated model)

40

100-year rain and snowmelt flood (uncalibrated model)

55

Regional storm (uncalibrated model)

50
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Other severe events were the flash floods in Vaison-laRomaine, France in 1992 and in Posciavo, Switzerland
in 1993. Several research projects have been launched
coordinated by concerted actions like RIBAMOD and
RIPARIUS (http://www.hrwallingford.co.uk/) and Flood
Aware (http://wwwhh.lyon.cemagref.fr/floodaware). In
Norway the flood in the Glomma River in 1995 initiated
the HYDRA research program which is the background
for this report. This river has earlier experienced severe
flooding in 1773, 1789 (Storofsen), 1846, 1890, 1916,
1934, 1966, 1967 and recently in 1995 (Vesleofsen)
(Fig. 6). The stress in the European efforts to cope with
flooding is put on the human factor as the main cause
for the increased flood risk manifested in a changing
climate and changing environment (land use). For the
HYDRA project the working hypothesis is that "the sum
of all human impacts in the form of land use, regulation, flood-protection etc., may have increased the risk
of floods".
There is already a vast literature on possible changes of
runoff due to a changing climate. Krasovskaia (1996)
and Gottschalk and Krasovskaia (1997) give extensive
reviews related to Scandinavian conditions. In relation to
floods, their conclusion is that the magnitude of individual floods is not influenced to any significant degree.
On the other hand there is a tendency that that the
number of flood events increases with increasing temperature in Southern Scandinavia. The overall effect of this
is that the probability for extreme events slightly increases with a higher temperature. The fact that the number
of flood events increased can mainly be interpreted so
that weather systems (circulation patterns) giving rise to
high precipitation over large areas become more
frequent. This is in agreement with the conclusion by
Caspary (1998) that the recent very high floods in the
upper Danube and upper Rhine were caused by a
change in prevailing tracks of weather systems over
Northern Europe.

and large-scale quasi-periodic phenomena. The main
conclusions to draw from this new insight for predictions into the future (design) is that the worth of data for
such predictions has decreased (Gottschalk and Sælthun,
1990). This increase in the uncertainty can be incorporated in a risk calculation.
The influence of change in land use on hydrological
phenomena is also a classical topic in hydrology starting
from the studies in small drainage basins in Switzerland
in the beginning of this century (Engler, 1919). Rodda
(1976) gives an extensive overview. It is clear from such
studies that a change in land-use, say deforestation,
might have a significant influence on floods. The
general conclusion from another famous study in
Wagon Wheel Gap (Bates and Henry, 1928) that forest
reduces the magnitude of ordinary seasonal floods and
that forest maintains streamflow in dry weather is a well
accepted result, which has been confirmed by many
other studies for temperate climates. The critical point is
how this finding can be scaled up to large drainage
basins. The question of scale is central in a double
respect - the scale of the change of land use and the
scale of the prevailing weather phenomena. In
Scandinavia drastic large scale changes in land-use are
fortunately not actual. In other parts of the world the
situation is different. We will return to the topic of the
influence of land-use change on floods and scale for
Norwegian conditions later.

Figure 6. Flooding monument with marked historical
floods at Grindalen, Glomma.

It is a common feature that floods are high over large
territories at the same time. Quasi-periodic phenomena
like the sunspot intensity (Yongquan, 1993) and recently
the El Niño Southern Oscillation (ENSO) are possible
causes behind such fluctuations in flood magnitudes
and intensities. The signals are usually rather weak. This
varies of cause with the geographical position.
Krasovskaia et al. (1999) studying the ENSO influence
on floods in Costa Rica found that also in this case the
magnitude is almost constant while the frequency of
events is strongly increasing during La Niña years connected to more frequent tropical storms. Hydrological
design has traditionally been based on the assumption
of stationarity. As formulated by Kuusisto et al. (1994),
virtually all existing water resources systems have been
designed on the basis of the same axiom: the past is the
key to the future. We have to admit that hydrological
time series contain more or less dominant non-stationary features caused by changes/oscillations in climate

Economic Risk of Flooding - a case study for the floodplain upstream Nor in the Glomma River, Norway
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3. The concept of risk
A generally used definition of risk is the Bayesian
expected loss r(a) for an action a (Berger, 1985):

The risk is evaluated accordingly as:
(5)
(1)

where L(ζp,a) is a loss function (damage function), ζp
state of nature (e.g. river water level or river discharge
with the exceedence probability p) and fZ*(ζ) is the frequency function of ζp. In the Bayesian terminology this
distribution should be the posterior distribution,
updated with supplementary information in relation to a
prior distribution. Berger also defines a risk function (the
frequential risk), which for the present application is formulated as:
(2)
where δ(x) is a decision rule based on the vector of
observations x and
the sample distribution
of the estimate of ζp.
The point of departure for calculation of risk of flooding
is as a rule a model (regional frequency curve) for the
flood discharge fQ(qA), where A denotes the area of a
drainage basin. This constitutes the prior distribution for
our problem. Specifying a certain drainage basin Ai for a
site i in a river, the regional model can be updated with
local information at this site leading to the posterior
distribution. The discharge qAi can be related to flood
stage by the rating curve qA=g(ζi). From the flood stage
the damage (loss) L can be calculated from a stagedamage curve l=l(ζi). It is noted that all the three variables discharge - Q, water level - Z and damage loss - L
are stochastic variables. The transformation from the
peak discharge to monetary-flood loss is then given by
the following equation:
(3)
Assume that the peak discharge Q is known to be of a
particular distribution (e.g. lognormal, Gumbel, Weibull,
etc.). The analytical derivation of the distribution functions for Z and L, given the random variable Q and the
transformations l and g-1, is straightforward (Fig. 7):
(4)
Lambert and Li (1994) show some exact results for the
derivation of the distribution function fL(l) for the
damage costs from the distribution fZ(ζ) of water stage
and fQ(q) of discharge, respectively, when the family of
extreme value distributions is applicable.
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It is to be noted, that the risk estimate, in this case, only
reflects the uncertainty due to the inherent random characteristics of the runoff formation processes itself.
Other uncertainties enumerated above in the previous
paragraph are left out.
One approach to describing risk of flooding is to simply
report the expected damage (loss) due to flooding.
However, engineers have generally been reluctant to
base decisions solely upon expected damages because
the expectations can lump events causing modest
damage and events resulting in extraordinary damages
(Thompson 1997). Many decision-makers do not feel
that such events are commensurable. A single expected
value does not show trade-offs between high-cost/low
probability events and low-cost/high probability events.
The hydrological literature offers several alternatives. In
the partitioned multiobjective risk method (PMRM)
(Mitsiopolous et al. 1991) a conditioned expected
damage is defined given that the damage is greater than
or equal l(p)=FL-1(p). Karlsson and Haimes (1988a,b)
develop methodology for partitioning of probability distributions. Another alternative is the partial expected
damage function i.e. the expected damage from all
events greater than a threshold (Thompson et al., 1997).
In the risk analysis literature risk versus damage magnitude is shown for various events (Starr 1969, Rasmussen
1981). Similarly, alternative flood control measures are
often evaluated by plotting various levels of damage
costs versus their exceedance probability (Parett 1987,
Loucks et al. 1981, Mays and Tung, 1992). Fig. 8 illustrates the latter two alternatives.
In the approach described above the point of departure
is the discharge in a river Q (a stochastic variable). In
case of flooding we find it more straightforward to start
from the observed critical water level ζc in a river, an
outcome of a stochastic variable Z. With this starting
point two problems are put forward illustrated by the
block scheme in Fig. 9:
1. Which is the loss (damage cost)
due to the
flooding caused by this high water level?
2. Which is the probability
of exceeding this
water level?
To solve the first problem, i.e. establishing a stagedamage curve for a floodplain, the following factors are
of major importance:
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Fig. 7. Exact calculation of distribution of flood damage when underlying distribution is known (modified after
Lambert and Li, 1994).
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• channel characteristics
• river flow profiles

a
ζu=h(ζc)

• floodplain characteristics
• economic activity
(number of economic objects)

N

• topography (of objects)

FΞ(ξ)

• levels of dikes etc.

ξ0

• economic loss (as a function of
local water level η)

FC(c|η)

b

• uncertainties
• accuracy in topographic data
• accuracy in economic loss estimates
• accuracy in estimated flood profiles
For the second problem factors of importance are:
• Exceedance probabilities of floods
• magnitude of floods in main river

FQ(qA)

• magnitude of floods in headwaters

FQ(qai)

• synchronicity of floods in headwaters

ρ(qA,qai)

Fig. 8. Distribution of damages from major floods (a)
and the partial expected damage function (b) illustrating effect of raising dam and widening spillway (from
Thompson et al., 1997).

• effects of river regulation
• channel characteristics
• stage discharge relation
at downstream critical section

qA=g(ζc)

• uncertainties
• accuracy in estimation of exceedance probabilities
of floods
• accuracy in stage discharge relation
Herein an approach for solving these two problems is
presented based on the factors listed above.
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Figure 9. A block scheme illustrating the basis for risk calculation herein.
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4. The Stage-Damage Curve
The resistance to flooding is directly connected to the
topographic position of objects (buildings etc) that
could be damaged by the floodwater. Each individual
object i is identified by its absolute altitude ξi. The distribution of the altitudes (ground floor level of the
building) of about 3870 buildings in Grue and Åsnes
municipalities along 32 km long section of the Glomma
River has been analysed (Fig 2). For the further analysis
the river section along the floodplain (26 km in southnorth direction) was partitioned into 18 clusters of settlements. Eight of these clusters are protected against
flooding by a system of dikes designed to withstand a
flood of the magnitude of the one in 1916. The histograms of topography of objects are illustrated in Fig. 10.
It can be noted that the northernmost clusters (no 8
and 9) show as low altitudes as those do in the south.
The natural slope of the river along the section is about
0.08 permille at natural water stages and 0.14 permille
at high floods (the 1995 flood) which then means a difference in water level of 2.07 m and 3.52 m, respectively, between the downstream and upstream limits.
In the following the distribution of the sample (Cramér,
1971) of altitude of buildings:
(6)
, where n denotes the number of sample values ξi that
are ≤ξ of totally N values, will be directly used to represent the cumulative distribution of altitude of buildings
FΞ(ξ).

4.1 Consequence value determination
A local critical water level for flooding is defined as the
depth ηi=ζ-ξi. As long as the water level ζ in the river is
low, ηi is negative. When this level is higher than the
ground floor of the building, ηi is positive. The exact
value of ηi resulting in flooding of an object varies with
the type of the construction of a building and the local
topography. The damage brought about by the floodwater is rather to see as a function of ηi, the higher the
level ηi the higher the damage. Over some critical level
of ηi the damage is total and does not increase further.
The flooding of houses is the main reason for loss
(damage) due to extremely high river water levels in a
surrounding floodplain with an urban settlement. The
value loss for an individual house is related to the
height of the local water level η (Fig. 11). There is a
considerable scatter in the data but the dependence on
the height η is obvious. It is notable that the increase of
the costs starts already at negative values of η

16

(i.e. increase in the floodplain groundwater level). An
increase of the groundwater level will of course have an
effect on the likelihood of moisture damages, especially
if the house has a cellar. The figures in Fig. 11 are real
costs as paid by insurance companies for flood damage
after the 1995 flood. From the literature review in Ch. 2
of this report we learned that other factors than the
depth of water influence the severity of damage. This
may be so but these differences do not show up in the
damages estimated by insurance agents.
The relation in Fig 11 is not reasonably well approximated by a deterministic function; the scatter is too big.
Instead a distribution function conditioned on the
height η is suggested. The cost for damage L′, for an
individual house, is in this case looked upon as a stochastic variable with the pdf fL′(l′|η). For low values of η
(negative) the probability for relatively low costs (with a
modal value at zero) is dominating indicating a
J-shaped distribution. For increasing values of η the
centre of gravity of the costs moves away from the zero
axis, giving rise to a clock formed distribution. The distribution is asymmetrical with a tail towards high costs
(positive coefficient of skewness). Here due to the large
scatter and for simplicity the cost is taken as expected
values E[l´] and standard deviation D[l´] for classes of
the local water level. Only two classes have been used in
the further calculation:
• -2.5<η≤-0.5; E[l´]=48.1 kNOR; D[l´] =41.7 kNOR
(low damage)

(7)

• -0.5<η
; E[l´]=411.9 kNOR; D[l´] =293.9 kNOR
(high damage)
It is open for a more detailed analysis at a later stage.

4.2 Number of flooded objects
When all objects on a floodplain are considered, the
levels ηi;i=1,..,N, where N is the total number of objects
(buildings), can be looked upon as a random variable H
dependent on the river stage ζ. It is characterised by its
conditional cdf (pdf) FH(η|ζ) (fH(η|ζ)). It is further necessary to consider that the water level in the river varies
along a river section. The analysis of the data on the
altitude of buildings shows that there is no dependence
between this altitude and the south-north direction (the
main direction of the river). We can thus assume that
the water level in the river and the altitude of buildings
are independent. For a river section the water level in
the river can thus be represented by a rectangular distribution:
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Figure 10. Frequency histograms fΞ(ξ) for the altitude of buildings ξ for flood plain clusters along the Glomma
River.
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Figure 11. Relation between local water level η and individual cost of damage l’ (from M. Wathne,1998).
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(8)
where ζu and ζd are the water levels at the upstream and
downstream points, respectively, of the river section. The
water levels in the river are all established in relation to

the gauging station at Nor (see Fig.12). The following
relation has been developed for calculating the water
level ζL at a distance L meters upstream Nor:
(9)

Figure 12. Profile of the Glomma upstream the gauging station at Nor.
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The water level in a building η=ζ-ξ is determined as the
difference between two random variables ζ and ξ.
Utilising well known relations from probability theory
(see for instance Springer, 1979) the frequency distribution of h is formally derived as:

(10)
where ξ0 is the lower bound of the distribution of
altitude of buildings. It thus follows that the derived
distribution has an upper bound equal to ηmax=ζu-ξ0,
the largest water depth in an individual building. It is
also to be noted that in case the distance between the
upstream and downstream points is small the distribution eq. (10) has the limiting form:

(11)
In the following the relation eq. (9) will be utilised and
all water depths in buildings will be related to the river
stage at Nor ζNor and the distribution eq. (10) expressed
as F(η|ζNor). The latter distribution has been calculated
for two cases, which are illustrated in Fig. 14, namely
for the floods in 1966 and 1995 with water levels at Nor
equal to ζNor=151.53 m and 152.49 m, respectively. Only
water depths η>0 have been considered in the upper
graphs, while the lower graphs show the full conditional
distributions. The latter curves indicate that for the main
part of the buildings the water levels are well below the
ground floor (η negative). For comparison the corresponding distributions for positive values of η derived
from a terrain model in a GIS framework (Astrid Voksö,
personal communication) are given. The agreement is
very good which supports the applied statistical
approach for deriving these distributions.
For a fixed critical value of ηc the number of buildings n
(of totally N) with a local water level H>ηc is evaluated
from:
(12)
,
and the number of houses ∆n within an interval ∆η
around (ηc|ζNor) is:
(13).
It is these latter measures of the number of buildings
with a certain critical local water level that will be useful
when estimating the risk of flooding. Fig. 14 illustrates
how these functions of ζNor for the critical intervals for
damage eq. (7) (low: -2.0<η<-0.5, high: >-0.5) look like
for the present set of data (full lines). The number of
buildings with low damage (red curve) first increases to
reach a maximum and then decreases as more and more
buildings turn into the class of high damage (Fig. 14a).
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The number of buildings with high damage (blue curve)
is monotonously increasing but with a slow rise for low
water levels. The curve for total damage (green line) is
the sum of the two other curves and it is also monotonously increasing. Fig. 14b shows the same three curves
but with consideration of the dikes. The principal differences between the three curves are the same as in Fig.
14a but the effect of the dikes is dominating the picture
with a very sharp increase in the number of damaged
buildings at water levels at Nor between 151.75 and
152.00 m.

4.3 Effect of uncertainty in topography
The topographic data of buildings is evaluated from
maps with a contour interval of 1 meter. Maps with
contour intervals of 5 and 10 meters have also been
used to test the influence of the precision in the map
information. The precision in map data σM can be estimated to 30% of the contour interval (Watt and Paine,
1992). To be able to evaluate the influence of the precision in the estimation of number of flooded buildings
the empirical distribution eq. (6) is replaced by (it is
assumed that the errors in map data follow the normal
distribution):
(14),
where Φ() is the cdf of the normal distribution. The
results of applying eq. (12) to calculate the number of
damaged building are also shown in Fig. 14. The general
effect is a smoothening of the curves in respect to the
empirical data. The 1-m contour interval curves follow
well those of the empirical data while for map data from
maps with 5 and 10 m contour interval almost all details
have been wiped out. It is to be noted that it is assumed
that the precision in the data of the topography of the
dikes is only 10 % of the contour interval. That is why
the effect of the dikes in Fig. 14d is rather distinctly
reproduced for all three cases.
The effect of errors has been brought one step further.
The expected number of erroneously classified objects
has been calculated (Table 2). Two types of errors occur.
The first one is when an object really belongs to say the
class of buildings with high damage but is classified as
not being in this class (type 1 error). The second one is
when an object not really belonging to the class is classified as being in the class (type 2 error). In relative
terms these errors are biggest when the number of
objects is low. The type 1 error is then related to the
number of objects classified while the type 2 error is
related to the number of objects in the rest of the
sample. In round figures the errors are 10-15 % for
maps with 1-m contour interval, 20-30 % for 5 m and
40-50 % for 10 m.
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Figure 13. Conditional distribution fH(η|ζNor) of the critical local water level η for the 1966 year flood
ζNor=151.53 and the 1995 year flood ζNor=152.49. Upper graphs show the distributions for η>0. The full line
represents curves derived from GIS calculations, while the dotted line shows curves derived from eq. (10). The
lower graphs show the distribution for all η.
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Figure 14. The number of objects flooded n(η|ζNor) with low (red line) and high damage (blue line) and the sum
of the two (green line) as a function of the river water stage ζNor . In a) and c) existing dikes are neglected and in
b) and d) their role is taken into consideration. c) and d) illustrates the role of precision in the map data.
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Table 2. Expected number of misclassified objects for different precision in map information.
water level
ζNor
at Nor

number
of
objects

type 1 error

type 2 error
map contour interval

1m

5m

10 m

1m

5m

10 m

high damage, no dikes
149.0

4

0.5

1.35

1.7

1.7

133.1

462.5

149.5

15

2.7

5.7

6.5

11.4

234.8

586.2

150.0

114

26.1

47.3

51.9

36.3

362.9

702.1

150.5

302

39.9

111.1

130.0

70.1

479.3

771.8

151.1

852

111.5

293.5

354.5

130.6

488.0

691.7

low damage, no dikes
149.0

199

33.1

79.4

89.2

54.2

349.7

558.1

149.5

470

72.0

175.3

204.0

106.6

398.2

352.5

150.0

971

131.7

354.0

416.1

151.1

364.9

702.1

150.5

1354

109.6

446.2

555.8

139.1

314.2

252.5

151.1

1333

69.0

390.2

519.5

153.2

345.8

274.0

high damage, with dikes
149.0

2

0.2

0.7

0.9

0.3

9.3

42.1

149.5

4

0.5

1.3

1.6

1.7

16.1

55.5

150.0

15

1.9

5.4

6.4

2.6

23.9

69.4

150.5

28

2.6

8.8

11.1

3.1

35.4

84.1

151.1

54

5.1

15.3

20.3

6.4

53.4

100.9

low damage, with dikes
149.0

18

2.1

6.6

7.8

2.5

24.2

40.6

149.5

30

3.5

10.1

12.4

3.6

34.4

46.8

150.0

43

5.1

15.0

18.1

10.6

49.1

53.8

150.5

77

9.8

27.7

32.8

19.3

55.5

55.7

151.1

152

13.8

51.9

63.4

15.8

46.9

50.5

The distribution function of l(η,ζ) is evaluated from (15)
as:

4.4 Stage-damage curve
for the flood plain at Nor
The number n, of totally N, of buildings that will be
damaged by flooding on a floodplain increases with
increasing level ζ of the river as shown by eqs. 12 and
13, and Fig. 14. The expected number of buildings with
local water level ≥ηc when the river stage is ζ is
∆n(η|ζNor) (eq. 12). The expected damage cost for individual buildings is l’(η) (eq. 7), and the expected total
cost l(η,ζ) is thus:
(15)

(16)
The expected damage E[L⏐ζ] for a certain interval of
critical damage say η>ηc is derived by integration over
the critical interval:
(17)
For the present case when the distribution of individual
damage cost is simplified into only two values for high
and low damage, respectively, (eq. 7) the expected
damage can be evaluated from:
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(18)

This function - the stage-damage-curve- a function of
the water stage ζNor at Nor is shown in Fig. 16 for low
and high damage and the sum of the two - the total
damage (1-m contour interval data). It is mainly a
reflection of the number of damage buildings shown in
Fig. 14. The expected errors in the number of damaged

buildings (Table 2) are of course also relevant for the
stage-damage-curve. A further source of uncertainty is
added as revealed by the standard error in the estimates
of damage costs for individual buildings (eq. 7). Table 3
illustrates the order of magnitude of this error in terms
of its standard deviation D[L ]. This error is thus large
when only a few objects are concerned but its relative
importance is significantly reduced as the number of
damaged buildings increases.

Table 3. Errors in loss estimates due to variability of damage costs of individual buildings.
water level ζNor at Nor

number of objects

E[L⏐ζ] kNOK

D[L⏐ζ] kNOK

D[L⏐ζ]/E[L⏐ζ]

high damage, no dikes
149.0

4

1648

588

0.356

149.5

15

6179

1138

0.184

150.0

114

46957

3138

0.067

150.5

302

124394

5107

0.041

151.1

852

350939

8579

0.024

low damage, no dikes
149.0

199

9572

588

0.061

149.5

470

22607

904

0.040

150.0

971

46705

1299

0.029

150.5

1354

65127

1534

0.024

151.1

1333

64117

1756

0.027

total damage, with dikes
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149.0

203

11220

832

0.074

149.5

485

28786

1454

0.050

150.0

1085

93662

3396

0.036

150.5

1656

189521

5333

0.028

151.1

2185

415056

8757

0.021
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Figure 15. Stage-damage-curve for the floodplain upstream Nor based on 1-m contour interval map data.
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5. Flood Stage Exceedance Probability
The probability of exceeding a critical water level in the
main river is:
(19)
This water level corresponds to a certain discharge q in
the river determined by the stage-discharge relation g( )
for the river site:
(20)
There are three different stage-discharge curves established at Nor (Fig. 16). In the lower register the curves
coincide well, which is not the case for higher discharges. It is assumed that the latest established curve
(1975- ) is the most reliable and it is used here for all
years before and after 1975. The standard error in the
discharge calculated from river stage is estimated to
72.7 m3/s applying ordinary logarithmic regression.
The probability of exceedance of corresponding values
of q and of z are of course identical, i.e.:
(21)
The relation between the corresponding pdfs is:
(22)

5.1 A regional frequency curve for floods in
Glomma
Floods and their distribution function FQ(q) are in
Norway determined by so called regional growth curves
(cdfs) (Tveito, 1993). The construction of these regional
flood frequency curves is based on the index flood
approach (Dalrymple, 1960). It consists of two parts.
The first part is the development of a basic dimensionless frequency curve representing the ratio of the flood
of any frequency to an index flood (e.g. the mean
annual flood). The second part in the index flood
approach is the development of relations between
drainage basin characteristics and the index flood (the
mean annual flood), to allow prediction of the mean
annual flood at any point within the region. Recently
the main emphasis has been on the development of statistically robust regional estimators of flood distributions, so called L-moments (Hosking 1990, Vogel and
Fennessey, 1993), the identification of distributions and
the delineation of homogeneous regions in which the
index flood assumption holds. Hosking and Wallis
(1993) have suggested methods to test this assumption.
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During the last few years a new theoretical framework
has evolved which is aimed at understanding the stochastic structure of regional floods in terms of their
physical generating mechanisms. This framework for
regional flood frequency is based on contemporary ideas
of scaling invariance (Gupta et al. 1994, Smith 1992).
One of the key issues is to understand how the scaling
invariance in floods is related to that in precipitation
(both rainfall and snowmelt) and to the three dimensional geometry of river networks (Gupta and Wymire
1996, Gupta and Dawdy 1994, 1995). Regional flood
frequency approaches are mostly based on the index
flood assumption which in the new scaling terminology
is equivalent to an assumption of so called simple
scaling. Studies of empirical frequencies of river runoff
from the 1960’s (e.g. Dawdy, 1961, Francou and Rodier,
1967), gave evidence which can be interpreted as
showing departure from simple scaling in log-log plots
of empirical moments of river flows versus spatial scale.
This behaviour is termed multiscaling. Current analysis
of extensive data sets demonstrates that the index flood
assumption (simple scaling assumption) does not hold
widely (Gupta et al. 1994, Gupta and Dawdy 1994,
Blöschl 1996).
Here an approach to construct a regional flood frequency curve by Gottschalk and Weingartner (1998) is
applied based on scaling relations of regional floods in
terms of L-moment and expected order statistics. The
L-moments are weighted linear sums of expected order
statistics. A scaling relation is introduced for the
expected order statistics, which allows the derivation of
scale dependence of L-moments and L-moment ratios.
These are used to derive expressions for the scale dependence of the parameters of the General Extreme Value
(GEV) distribution with the Gumbel (Extreme Value type
1, EV1) as a special case. Three different data sets have
been prepared from 35 daily observation records of at
least 15 years from the Glomma drainage basin (Fig. 3),
namely annual maximum series (AMS), partial duration
series (PDS) (on the average 3 events per year) and
synoptic partial duration series (SPDS). In the latter
synoptic data set, the events at the most downstream
station have guided the selection of upstream events
contributing to the flood downstream within a time lag
of up to 8 days. The data cover a range in drainage
areas from 40 km2 to 40000 km2.
The scale dependence of the three parameters u, a and k
of the GEV distribution is shown in Fig. 17 where the
individually determined parameters are compared with
theoretically calculated ones with the scaling model for
PD-series. For the first two parameters the dependence
is obviously very strong. For the parameter k, which is
the parameter determining the type of basic extreme
value distribution, the dependence is less obvious. k is
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Figure 16. Stage-discharge curves at Nor.
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anyhow always negative which indicate a Frechét type
of distribution. Table 4 shows the standard errors in the
estimates of parameters by the regional scaling model.
The derived regional frequency curve for the second
data set (PDS) is illustrated in Fig. 18. The AMS have
also been used to construct this regional curve with only
slight differences compared to the PDS. The latter is
based on more events and that is why it is considered to
be more reliable. The maximum flood for different probabilities of exceedance and for different scale (area in
km2 divided by 100) is expressed as normalised values
with respect to the index flood (the mean flood). The
normalised flood is strongly dependent on the scale
especially for small probabilities of exceedance. The size
of the drainage basin has a dampening effect on the
relative magnitude of the flood. A 1/100 year flood can
be expected to be 2 times as big as the index flood
when the basin is 50000 km2, but almost 3 times as big
for a basin of 10 km2. For the 1/1000-year flood the
corresponding values, with which the index flood should
be multiplied, are 3 and 5, respectively.

5.2 Exceedence probabilities for recent flood
events
Empirical data from three events from the SPDS data set
are included in the graph namely the floods 1966, 1967
and 1995. It is seen that the observation points in the
main branch of the Glomma and the Laagen are well
kept together, indicating that the 1966 and 1967 floods
had probabilities of exceedance of the order of 1/50 in
the Glomma, while it was somewhat higher in the
Laagen. The 1995 flood had a probability of exceedance
of a little lower than 1/100 years in the Glomma and
around 1/100 in the Laagen. The observed floods for
the largest area (40221 km2) indicate higher probabilities
of exceedance. The large lake Mjøsa just upstream this
gauging station has a dampening effect similar to that

of scaling, which is not taken into consideration. The
lake is usually at its lowest when the snowmelt flood
starts. For pure rain-induced floods the influence can be
different. The probability of exceedance (and the return
period) is a well-established concept in hydrology and
widely in use. It must be remembered that there is a
large uncertainty connected to estimates of the probability of exceedance (see 4.4 below). Hopefully, the
regional flood frequency curve for floods the Glomma
shown here gives a consistent tool for estimating such
probabilities of exceedance for the whole basin and
minimising the uncertainties. The scatter of the points is
still considerable which reflects the statistical errors.
Erichsen (1995) has evaluated the return period of the
1995 flood. He used a more traditional approach and
fitted one or more distribution function (of a selection
of 5 theoretical distributions) to data from the Glomma
drainage basin. The result was that the flood in 1995
was a rare flood in the central parts of Gudbrandsdalen
and Østerdalen with a return period of about 200 years.
On the west side of Gudbrandsdalen the estimated
return period is 5 to 10 years. For the main Glomma
River the corresponding interval for the return period is
given as 100 to 200 years. When the flood reaches the
Øyeren Lake the flood is dampened and the estimated
return period is 50-100 years. Erichsen in his report also
underlines the large uncertainties involved in the estimation of return periods.
Having stressed the large uncertainties involved in estimating probabilities of exceedance for floods in a basin,
it is also necessary to note that the fact that a 1/100
flood is observed in a downstream part of a basin does
not imply that the floods upstream have this very same
probability of exceedance. It is rather on the contrary.
From the scatter of points in Fig. 18 we see that the
floods in the headwaters have very different but usually
high probabilities of exceedance. How can then these
relatively small common floods create the rare flood
downstream?

Table 4. Standard errors in the estimation of scale dependent regional parameters of the GEV distribution.
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Series

σu

σα

σk

AMS

166.8

21.2

0.043

PDS

121.1

29.4

0.053
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Figure 17. The scale dependence of the three parameters u, a and k of the GEV distribution for the Glomma
drainage basin.
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The focus in the debate around the frequent flooding in
Europe during the last years has been on the influence
of changes in land use on the magnitude of floods in
headwaters, which in its turn should have caused an
increasing risk of flooding downstream. This aspect has
been the main problem behind the initiation of the
HYDRA project. A major conclusion from the present
analysis is that the individual magnitude of floods in
headwaters is a factor of a second order to explain
downstream flooding. It is hardly worthwhile to analyse
observed series from downstream reaches in a hope to
detect effects of land-use changes in headwaters. The
eventual changes will totally drown in the variability in
the magnitude of floods caused by the primary factor
behind downstream extreme floods, namely the synchronicity in time of flood events in headwaters. A flood
with, say, a 1/5 probability of exceedance in a headwater is likely to happen every year somewhere in a
drainage basin. However, it is rarely that the flood is
greater or equal to the 1/5 event over a large territory at
the same time. This is how the scatter of points in Fig.
18 for small headwater basins can be interpreted. It is
well known that AM-series do not contain as many very
high floods as PD-series. In many years the AM-value
does not belong to the PDS population of extreme
events. The same phenomenon is observed when comparing PDS and SPDS. For downstream observation
points in the main river branches the events represented
are almost identical in the two data sets. Moving to
smaller and smaller basins the agreement disappears
gradually, i.e. the events contributing to the extreme
situation in the main rivers do not belong to the population of extreme events for the small basins. To
complete the picture Fig 19 shows all data used as a
background for constructing the regional frequency
curve. It is striking how few of the most extreme values
for small and moderate basin sizes that are present in
the diagram in Fig. 18.
If it is so that the risk of flooding has increased and the
main cause for this is higher floods we should then first
look for phenomena that can influence the synchronicity in the timing of floods in headwaters. The most
important component here is the scale of weather
systems causing extreme floods: change in temperature
over large areas in lowlands and mountains simultaneously creating snowmelt and/or intense precipitation
over large areas. Are such large-scale weather systems
more frequent now than before? Another factor of
importance can be such a change in response times in
headwaters and transport times in channels that the
time of concentration became lower, which increases the
chance of a simultaneous response of the whole
drainage basin. It is out of the scope to address these
questions here in depth. A visual analysis of the plotted
long PDS series, their magnitude (Fig. 20a) and the day
of the occurrence (Fig. 20b) of floods gives no indication of any major changes during the last 100 years for
the Glomma River. There is a tendency for more
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frequent autumn floods in the Glomma branch during
the last decade. This is in agreement with the recent
conclusions of the effect of climate change on the
hydrological regimes of Norwegian rivers (Krasovskaia
and Sælthun, 1997).
An alternative methodology for streamflow frequency
estimation that has gained wide popularity is the socalled derived distribution approach. The approach
allows considering the knowledge about the hydrological processes generating streamflow, i.e. developing
the chain of events in the runoff formation process that
leads to a certain frequency of streamflow. Streamflow
variables are related to precipitation data (which are
better defined: longer record history, spatially more
dense and more uniform), antecedent moisture conditions in the drainage basin and the basin response to a
precipitation input. Eagleson (1972) was the first to use
this approach for the derivation of flood frequency, later
followed by Carlson and Fox (1976). The use of the
Geomorphologic Unit Hydrograph (Rodriguez-Iturbe and
Valdes, 1979) as a basin response model resulted in
several studies on the topic of derived flood frequency
distribution. Other examples are Hebson and Wood
(1982), Diaz-Granados et al. (1984), Moughamian et al.
(1987), Sivapalan et al. (1990) and Gottschalk and
Weingartner (1998). The derived frequency distribution
approach also plays a dominant role in studies of scaling
of regional floods. Blöschl and Sivapalan (1995) provide
an overview of the recent very large publication activity
in this field.
The regional curves in Fig. 18 are derived purely from
the observed data and no understanding of the physical
processes behind has been utilised. Anyhow, it agrees
with a general observation that large basins have a dampening effect on large floods. Is the derived distribution
function approach an alternative to approach the
problem of constructing regional frequency curves like
the one shown in the figure? Would it allow predicting
the influence of environmental changes on these
regional frequencies? This approach is at present mainly
focused on the scaling of the characteristics of the distribution of areal precipitation and in the response times
of a basin. Both these factors were earlier pointed out to
be of primary importance. In our opinion, especially an
insight in the response times and the effect of environmental change on this time can be gained by this
approach. The scaling problem, and the related topic of
synchronicity in events, is more complicated. For a
spring flood in the Glomma it is connected to the joint
structure of the spatial fields of snow cover, precipitation, temperature and soil moisture over a large territory.
Below some more features of this complexity, as reflected in the SPDS data set, are discussed.
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Figure 18. A regional frequency curve for the Glomma river for the normalised flood with respect to the mean
flood. The scale factor is expressed as the area in km2 divided by the area of a reference basin of 100 km2.
Empirical data from the floods in 1966, 1967 and 1995 are also shown.

Economic Risk of Flooding - a case study for the floodplain upstream Nor in the Glomma River, Norway

31

5.3 Synchronicity in flood events
As a first step in such an analysis, it is very informative
to study the annual hydrographs jointly for many
stations. Fig. 20 shows the hydrographs for the flood
1995. It illustrates how the downstream events are gradually built up to form the hydrograph in the main river.
The floods in the Glomma basin are extremely sensitive
to the synchronicity between the two main branches:
the Glomma and the Laagen. There is an apparent risk
for floods that are much higher than those observed.
This must be an important task for a continued analysis
of the flood situation likely to occur in the Glomma.
The spatial correlation between the most downstream
station and those upstream in the SPDS data set give
further insight in how the floods are linked (Fig. 22).
There is at once a rather large drop in correlation
between the largest basin and the second largest. It is
again the effect of the large Mjøsa Lake. The correlation
is then rather constant along the main branches of the
Glomma and the Laagen. Also the upstream headwaters
in the Glomma are well correlated. This is not the case
for the headwaters in the Laagen. In many ways the
constellation of points resembles that of the flood
events in Fig.18.
The correlation coefficients give a picture of the average
flood situation. What about the extreme floods situations? As an attempt to illustrate these, transition probabilities have been estimated for values above the median
and the 75% and 90% quantiles i.e. the probability that
if the flood at the downstream point is above the
median (or other quantile) it is also above the median
upstream. The result of this calculation is shown in Fig.
23. For comparison the theoretically calculated transition probabilities for a normal process with known correlation are also inferred in the figure. The tendency is
rather clear (although there is some scatter in the data
due to statistical errors, especially in the 90% values)
that the events have larger transition probabilities than
can be expected from the correlation (Fig. 22) for the
events above the 75% and 90% quantiles. A conclusion
that can be drawn is that the more extreme the downstream event the more correlated is it with the upstream
events, i.e. the larger is the scale of the causing factors.
This observation contradicts general models from probability theory that usually state that the more extreme
the situation, the less is it correlated in space (compare
Gottschalk, 1989).

5.4 The distribution function of flood stage
at Nor.
At Nor there is available a short observation record of 10
years (1975-84). The maximum in 1995 is also available.
The mean value and standard deviation of the annual
maximum for this total of 11 years are 1564.4 and
541.0, respectively. The three parameters in the GEV dis-
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Figure 19. A regional frequency curve for the Glomma
River for the normalised flood with respect to the
mean flood. The scale factor is expressed as the area
in km2 divided by the area of a reference basin of 100
km2. All empirical flood data used for the construction
of the curves are also shown.

tribution estimated by the l-moments are u=1313.9,
α=333.9 and k=-0.150. The standard error in these local
parameter estimates are calculated by so called jackknifing (Tukey, 1958) to 39.5, 20.9 and 0.270. The regional
model gives an estimated mean value of 1599.7 and the
following GEV parameters - u=1405.4, α=337.0 and
k=-0.026. Table 4 shows the standard errors for these
three parameters. We note that for the location parameter u the local estimate has the smallest estimated error.
For the scale parameter a the local and regional estimates have almost identical errors. The shape parameter k,
finally, is by far best estimated from the regional model,
while the local estimate is very uncertain judging from
the standard errors. The result makes sense. The short
local series can help to improve an estimate of centrality
and eventually scale. The form parameter, determining
the shape of the tail for extremes, is to a small extent
helped by the local short series. Instead the regional set
of data is decisive for this parameter estimate. Utilising
Bayesian principles the regional prior estimates can be
updated by the local ones to derive a set of posterior
parameter estimates by weighting in accordance with
the inverse of the respective error variances. These posterior estimates are calculated to u=1318.7, α=335.5
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Figure 20. The magnitude of floods a) and the day of occurrence b) in long PD-series.
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Figure 21. Annual hydrographs in the Glomma for 1995.
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and k=-0.0289 and the corresponding standard errors
are 38.0, 14.9 and 0.042. The errors in the estimates for
the two first parameters are thus significantly reduced
while the error of the third parameter k is not changed
at all.

The posterior parameter estimates are those used in the
following to determine the distribution function of discharge at Nor. Applying the transformation eq. (22) to
the stage-discharge relation at Nor the distribution of
river stage is derived. These two distribution functions
are shown in Fig. 24.

Figure 22. Spatial correlation between SPDS floods at Norbergsfoss (40221 km2) and at upstream stations.
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Figure 23. Spatial transition probabilities for the median, 75% and 90% quantiles between SPDS floods at
Norbergsfoss (40221 km2) and at upstream stations.
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Figure 24. The distribution functions for discharge a) and flood stage b) at Nor.
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5.5 Effect of uncertainty in regional frequency curve and stage-discharge relation
The fact that the parameters of the frequency curve
contain errors as well as the parameters of the stage discharge relation results in errors in the estimated exceedance probability. Probabilities are defined over the
interval [0,1], which also implies that the distribution of
sampling errors of probabilities also are defined over this
interval. This distribution is symmetric for probabilities
around 0.5 but is more and more asymmetric towards 0
and 1, respectively. Errors are as a rule discussed with
the normal distribution as a point of departure. In this
case the standard error can easily be interpreted. The
sampling distribution of estimates of probabilities is far
from normal, especially for small exceedance probabilities. Cramér (1971) gives expressions for the estimation
of confidence intervals around estimated probabilities
when these arrive from a uniform distribution.
Rasmussen (1991) derives expressions for the sampling
distribution of estimated exceedance probabilities and
its moments in case of a parent Gumbel distribution.
There has not been possibility within the present project
to study this problem in any depth. The analysis developed below is very preliminary and lacks a proper evaluation of the validity of the simplified approach of using
truncated series expansions to estimate errors and bias
in probability estimates.
The estimate of the probability of a water stage ζ is
derived from the GEV distribution as:
(1)

Figure 25. Estimated standard errors of probabilities
for regionally estimated parameters (full line) and
for those updated with local information (dashed
line).

The mean (bias) and the variance (standard error) of this
regional exceedence probability estimator are obtained
from a Taylor series approximation of eq. (1):

(2)

where
i.e. they are evaluated
around the specific values of the parameters at site i and
the discharge related to a certain river stage ζ. Both
expressions contain four terms, one for each parameter
and one for the stage-discharge relation. The standard
errors for each of these have been evaluated above. To
illustrate the role of uncertainties standard errors for
two cases are evaluated - for the regional prior parameter estimates and for the posterior estimates when the
local information is added. Fig. 25 shows the variation
of these standard errors as a function of the probability
p. In Table 5 the relative proportion of each of the four
components is evaluated as a function of p.
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The general features of the graphs in Fig. 25 and the
values in Table 5 make sense except for the fact that the
role of the uncertainty due to the stage-discharge
relation seems to be too dominant. This has to be
looked into more carefully. It is of cause correct that the
locally updated standard errors are reduced compared to
the regional ones and at the same time the standard

errors of the stage-discharge relation become more
dominant. The uncertainty in the parameter of centrality
is the most important one in the central part of the distribution. Towards the tails the scale and especially the
form parameter take over this role. The uncertainty of
the stage-discharge relation is lowest in the central parts
and also increases towards the tails.

Table 5. Standard errors of estimated probabilities of the GEV distribution and the relative role (in percentage) of
the uncertainties of parameters in the distribution of discharge and of the stage-discharge relation.
probability

std. error

u

α

k

q

regional (prior) parameters
0.002

0.00028

31.4

5.0

3.0

60.7

0.010

0.00173

36.3

4.7

2.2

56.8

0.020

0.00383

39.4

4.5

1.9

54.3

0.050

0.01101

45.1

4.1

1.4

49.5

0.100

0.02420

51.5

3.6

0.9

43.9

0.200

0.05142

61.8

2.9

0.5

34.8

0.500

0.11502

88.9

0.8

0.0

10.2

0.800

0.12278

94.5

0.4

0.0

5.0

0.900

0.10393

70.5

2.2

0.2

27.0

0.950

0.08158

47.5

3.9

1.1

47.4

0.980

0.05397

28.1

5.2

3.3

63.4

0.990

0.03744

19.4

5.7

5.7

69.2

0.998

0.01432

9.1

5.9

12.8

72.2

locally updated (posterior) parameters
0.002

0.00023

4.8

3.7

4.2

87.4

0.010

0.00139

5.9

3.6

3.4

87.1

0.020

0.00303

6.7

3.6

2.9

86.8

0.050

0.00836

8.3

3.6

2.3

85.8

0.100

0.01747

10.5

3.5

1.8

84.3

0.200

0.03384

15.1

3.4

1.1

80.4

0.500

0.05155

46.8

2.1

0.1

50.9

0.800

0.04796

65.5

1.4

0.0

33.0

0.900

0.06221

20.8

3.1

0.7

75.4

0.950

0.06080

9.1

3.6

2.0

85.4

0.980

0.04587

4.1

3.7

4.5

87.7

0.990

0.03342

2.6

3.6

6.9

86.8

0.998

0.01348

1.1

3.4

14.1

81.4
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6. Risk estimation
Fig. 26 offers an illustration of the concluding results of
this study, i.e. the damage distribution and the calculated risk of flooding for the study area. The curves and
the risk estimates are derived according to the scheme
shown in Fig. 9. The stage-damage curve (Fig. 15) and
the distribution curve of river stage (Fig. 24b) are thus
the background for constructing the damage distribution. The risk estimate is derived as the expected value
of the damage distribution:
(23)
Fig. 26 presents three cases. The first one, illustrated in
Fig. 26a, shows the damage distribution for a hypothetical situation with no dikes. In such a case the curve is
declining smoothly from high damages for low exceedance probabilities to moderate and low ones for high
exceedance probabilities. The risk is estimated to
50 million Norwegian kroner (NOK). This value might
seem low in relation to the very high damages of up to
1 billion NOK for the exceedance probability of 1/1000.
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This reflects actually the criticism expressed by
Thompson (1997) and others and quoted earlier in this
report, who noted that the risk estimates give too much
weight to very frequent but low damage causing events.
The two curves in Fig. 26b consider the situation with
the dikes existing at present. The curve for 1995 offers
the damage description relevant for the year of the
flooding. The curve for 1966 is a hypothetical one,
where the number of buildings in the area has been
reduced to their actual number that year. At this time
the dikes were less extensive than in 1995 but this is not
accounted for in the figure. The respective risk for the
two cases are 4.9 million NOK and 3.7 million NOK.
These figures are very low compared to the situation
shown in Fig. 26a. This is obviously due to the fact that
the damage is very low below the critical levels of the
dikes, which, as it can be seen, represent approximately
1/100-flood. The damage for the flooding with lower
exceedance is as high as this in Fig. 26a for the 1995curve.
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Figure 26. The distribution of damages for the floodplain upstream Nor. The full line in a) shows the case with
the assumption that there are no physical obstacles preventing the river water from reaching a building at a
certain altitude. The full line curve in b) is for the present (1995) situation when the height of the dikes constructed after the 1967 flood is accounted for. The dashed line shows a hypothetical curve for the number of buildings
that existed in 1966.
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7. Discussion and conclusions
A very preliminary unofficial estimate of the actual
damage costs of the 1995 year flood for the Åsnes and
Grue municipalities is 130 million NOK (Hallvard Berg
NVE, personal communication). Of this total cost 80
million NOK is related to damage of buildings. This
figure should be compared to the damage curve for
1995 in Fig. 26b. A damage of about 80 million NOK
corresponds to a point on the curve where it starts to
increase sharply at an exceedance probability of 1.5 %
(i.e. a return period of 67 years). This would indicate
that some dikes have started to be overtopped and areas
protected by these were flooded. This is in agreement
with what really happened. During the flooding the
dikes were reinforced and topped with sand bags to
withstand a higher river stage. This fact is of cause not
reflected by the curve. The hypothetical damage that
would have occurred without any reinforcements is
probably significantly higher than the actual damage
nearer to the 1% exceedance probability. It is a difficult
task to in a formal way test and validate the damage
distribution curves in Fig. 26. We can only conclude
from this very rough comparison that the 1995 curve is
in agreement with what really happened and that the
values of damages are in a reasonable agreement. Here
we should also point to the uncertainties in the estimate
of the damage distribution curve. Some of these uncertainties are inherent to the problem and have to be
accepted. Nature behaves in an unexpected way and
surprises are common. Uncertainties due to limited
amount of data are always a critical point. Economic
constraints force us to accept that existing hydrologic
and climatic observation networks cannot be significantly changed and thereby this part of the uncertainty
cannot be reduced either. For other types of data (topographical, economic etc.) we can expect improvements
towards a better resolution and larger samples. There are
also several ways of improving the methodology developed here in order to obtain more reliable results.
Among the many factors that influence the risk of
flooding only those classified as floodplain characteristics (economic activity, topography of objects (buildings), flood protection works, economic loss) play a
significant role. This is clearly illustrated by the three
curves in Fig. 26. The diagrams show how the risk
changes with increased economic activity (compare the
curves for the 1966 and 1995 year floods) and with the
construction of dikes (compare the curve in a) with
those in b)). Other factors like land use changes in
upstream headwaters and non-stationarities in flood
records have in comparison only a secondary influence
in the risk estimation. Their contribution is difficult to
separate from the different sources of statistical uncertainty.
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The available data of damage costs related to the water
level of flooded objects are quite unique for Norway and
very valuable for this study. Anyhow, the data sample is
rather small and it would be of great help with more
data of this kind. The analysis has been concentrated to
damage of buildings. The principles developed can,
however, be applied to other type of objects linked to
topography like roads, railways, agricultural land etc..
The number of damaged buildings and damage per
building, respectively, need then to be replaced by
length of damaged roads and damage cost per length
unit etc..
The resolution in topographic data is of a vital importance for reliable estimates of risk of flooding. It is
clearly shown here that such data taken from maps with
5 and 10 m contour intervals are not good enough and
results are highly unreliable. Topographic data from
maps with 1 meter contour intervals are acceptable but
the uncertainty is still significant.
The flood line calculations have been rather superfluously treated in this study and a very simplified model
has been used. Such calculations have been performed
by other research groups in the HYDRA research programme. However, the results have not been available in
time to be utilised here.
The methodology developed for establishing a regional
frequency curve and for updating such a model with
local information is possibly as far as one can reach at
the present state-of-the-art to minimise the uncertainty
in flood estimation at a specific site. The total uncertainty is still substantial and the part related to the
choice of model needs further clarification. The total
uncertainty can, however, only be significantly reduced
by adding more observation points in space. The local
updating procedure calls for the establishment of new
observation to be sites at places where the present precision is considered unacceptable. The derived distribution function approach may offer better alternatives for
the future and is a field open for new research initiatives. The present generation of conceptual models is not
an alternative. Table 1 reveals that the uncertainty is
40%-100% higher when such models are used for flood
estimation compared to a regional frequency curve.
A surprising result of the study is the relatively large role
of the uncertainty in the stage-discharge curve in the
total uncertainty of the estimate of a river stage with a
certain exceedance probability. It is a fact that very
rarely the discharges near to those extreme values that
are in focus in the risk analysis of floods are measured
and the stage-discharge curves are mostly extrapolated
outside the range of observations. Anyhow the question
needs further investigations.
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The damage distribution curves have been established
for a rather limited area. How would such curves look
like for, say, the whole of the Glomma drainage basin?
The problem is very complex. For each area with a
potentiality for being flooded a damage distribution
curve can be calculated with the methodology developed here and this is not problematic. The difficulties
arise from the correct account of the synchronicity of
flood events over large areas - how large is the area
where we can expect a 100-year flood at the same time?
The problem is related to another important question -

how can information on upstream events be utilised to
improve the precision in estimates of extreme floods
downstream? For the Glomma river this question has
special relevance as two equally large branches join
together into one river reach. How do we estimate the
frequency of extreme floods in the downstream Glomma
knowing the frequency of extreme floods in the
upstream branches of Glomma and Laagen? The analysis
of the synchronicity of floods presented here is a first
modest step to clarify these questions.
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