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Abstract The paper describes the use of a rainfall-runoff model for
investigation of the relationship between the frequency of a Hood and that of
its cauvsative rainfall. Previous investigation had shown that the annual
maximum floods of a given return period were generaily caused by storms of
lesser return period than implied by the UK Flood Studies Report (FSR)
design procedures. Further investigations were carried out to examine the
effect of scale, soil type and climate change upon this relationship. It was
found that the form of the relationship was applicable across a wide range of
scales, and soil types. However, the relationship was characterized by
considerable scatter for permeable catchments due to the influence of
alternative modes of flood generation. The design event approach to flood
estimation is not considered to be appropriate in such catchments. The
relationship was little altered under elementary climate change scenarios.

NOTATION

CWI  catchment wetness index
SPR standard percentage runoff
y Gumbel reduced variate

INTRODUCTION

The relationship between the return period of a flood and that of its causative rainfall is
a major problem in design event methods of floed estimation. For small catchments,
and those with appreciable urbanization, it is customary to assume that the return
period of a flood and its causative storm is identical (NERC, 1975). For other
situations, catchment wetness may modulate the response of a catchment, principally
through its influence on rainfall losses. Design flood discharges may then be assumed
to be jointly dependent upon the return period of the causative storm and the catchment
wetness. Appropriate design combinations of rainfall frequency and catchment wetness
have been proposed in the Flood Studies Report (FSR), and accordingly have provided
the basis for design flood studies in the United Kingdom in recent years.

The assumptions embodied in the FSR procedures have been critically reviewed by
Webster (1998). The review involved the use of a simple rainfall-runoff mocel
(Fig. 1), whose structure facilitates a direct comparison with the FSR procedure. Using
a time series of observed hourly rainfall, the characteristics of annual maximum flood
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Fig. 1 Structure of continuous rainfall-runoff model.

events could be investigated. Specifically, their return period was compared with the
return period of the storm rainfall causing the event. It was generally found that floods
of given return period were caused by storms of lesser return period, falling on werter
catchiments than assumed in the FSR. Webster also sought to verify the findings
through analysis of observed flood events.

This paper explores a range of factors controlling the relationship that has been
identified between storm and flood retumn period. The factors that are investigated are
scale, soil type and its possible dependence upon climate change scenarios.

SCALE

The rainfall-ranoff model that is illustrated in Fig. I does not include a parameter for
catchment area. However, the lag of the quick and slow flow systems may be used as a
surrogate for catchment area. The model has been run with values of lag of the quick
tlow system from 1 to 32 h, with the lag of the slow flow system set at 20 times that of
the quick flow system. Not only did the resultant hydrographs appear plausible, the
annual maximum events displayed a consistent seasonal behaviour. Specifically, for
small values of lag, the catchments were predominantly summer critical, whilst for
large values, they were winter critical, conforming with the observed criticality of flood
events in the United Kingdom. The same precipitation time series (i.e. from a single
gauge) was used for catchment rainfall for all values of lag. Whilst this seems
reasonable for smali values of catchment lag, it may be criticized for larger values, in
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view of the likely spatial variability of rainfall. However, the response of larger
catchments is not particularly sensitive to rainfall of hourly duration, but rather to
rainfall closer to the critical duration for the caichment, itself approximated by the
catchment lag. The assumption of spatial uniformity is considered to be less
problematic at this scale,

A set of results is illustrated in Fig. 2, which shows the rainfall frequency and
catchment wetness index (CWI) for all annual maximum flood events for a 29 year
period of record, for values of lag from 1 to 32 h. The Figure also shows the prescribed
relationship between storm and floed frequency recommended in FSR (NERC, 1975),
and termed the FSR curve.

All values of lag are characterized by a large amount of scatier, supporting the
observation made in the FSR (NERC, 1975) that “almost any return period of tlood can
be obtained from any storm return period™. Notwithstanding this, the upper boundary is
reasonably well defined for all values of lag and across all frequencies. An “eyeball”
median line, referred to as the SPR hne and applicable to all values of lag may be
described by:

Fitood = Vatorm +1 (1)

The difference between the model results and the FSR curve has been addressed in
Webster (1998). The respective positions of the FSR curve and SPR line reflect
different assumptions about the choice of CWI and storm frequency. Whilst this need
not necessarily lead to any bias, it 1s suggested by Webster (1998) that the FSR curve
may lead to the selection of an inappropriate combination of CW/ and storm return
period, that may explain in part the observed over-estimation in design flood estimates
{Boorman et al., 1990),

It is observed from Fig. 2 that the adoption of equation (1) would lead to the
selection of a value for CWI that varies with lag, as shown in Table 1. This systematic
variation in CWT incorporates a scale-dependent seasonelity. Scale, through lag, is thus
seen to have little bearing on the overall relationship between storm and flood
frequency. However, it does influence the appropriate value of CWI

SOIL TYPE

The FSR procedures incorporate a parameter termed SPR to reflect the hydrology of
the soil characteristics in the catchment. These are traditionally obtained from maps
illustrating the Winter Rainfall Acceptance Potential (NERC, 1975). The SPR term is
being superseded by the Hydrology of Soil Types (HOST) classification (Boorman &
Hollis, 1990}, although the same general principles apply. In the work reported in this
paper, values of SPR of 10 and 50% have been employed, thereby encompassing the
range of values that may be observed in the UK, from highly permeable soils to highly

Table 1 Relationship between catchment lag and prescribed catchment wetness index (CHT).

Lag (h) 1 2 4 8 16 32
CHWI (mm) 125 125 130 135 150 155
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Fig. 2 Storm and flood frequency, SPR = 30%.
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Fig. 3 Comparison of SPR lines and FSR curve.

impermeable soils. Graphs equivalent to Fig. 2 have been prepared for these alternative
values of SPR in order to identify the position of the SPR hne.

The relative positions of the SPR lhines are compared in Fig. 3 along with the FSR
curve. As SPR is reduced, so the difference between storm and flood frequency
increases. This also implies an increasing divergence between the FSR procedure and
the SPR lines, which is of some concern.

One aspect that is not revealed by Fig. 3 is the amount of scatter around the SPR
lines. A comparison of the graphs for different values of SPR showed a systematic varia-
tion in the amount of scatter. The least scatler was observed for SPR = 50%, with greatest
for SPR = 10%. This is a direct reflection of the decreasing significance of storm fre-
quency as SPR is reduced. The flood return period is increasingly affected by discharge
from the slow flow systern, rather than the quick flow system, as SPR is reduced.

These results accord with the expected modulating influence of hydrological
storage upon catchment response. There is increased modulation of the response as
SPR declines, reflecting the contribution of both discharge from the slow flow system
and CWI. The results serve to confirm that the use of design flood procedures based
upon a design storm of given frequency is not appropriate for permeable catchments.
The influence of other factors that contribute to the output of the slow flow system and
possible non-linearities of the quick flow system need to be accounted for.

CLIMATE CHANGE

The relationship between stonn and flood frequency is dependent upon the interaction
of storm rainfall with the seasonal dynamics of catchment wetness. The interaction is
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clearly driven by the prevailing climate, and may be influenced by changes to that
climate. Accordingly, it is valuable to investigate the sensitivity of the SPR lmne
observed in Fig. 2 to changes in the prevailing climate. The model inputs have
thercfore been configured to reflect the following illustrative changes, which accord
with some projections for southern England:

— 10% increase in winter precipitation (November—April);

— 10% decrease in summer precipitation (May—October); and

— 10% increase in potential evapotranspiration.

The results from these changes are illustrated in Fig. 4, which is directly
comparable with Fig. 2 for unaltered data files, and from which the following
observations can be made:

(a) The position of the “eyeball” median SPR line is similar for both Figures.

(b) There are fewer “outlier” events for the modified inputs, with fewer data points
below the FSR curve, and line of equality.

(c) There is less scatter in the data points for the modified inputs.

These observations follow directly from the changes made to the input time series.
The increased evapotranspiration, coupled with reduced summer rainfall necessarily
reduce the incidence of summer flooding, even in small catchments. However, the
fundamental relationship between storm and flood frequency appears to be relatively
insensitive to the assumed climate change scenario.

DISCUSSION

This paper has described the use of a relatively simple model to explore the complex
dynamics of catchment response to storm rainfall. In particular, the model has enabled
a comparison of storm and flood frequency, for annual maximum flood events. Some
contrasts have been noted with the FSR design flood estimation procedures,
particularly in relation o the combination of storm frequency and CWI for design
events. Work presented elsewhere suggests that this may be a contributory factor to the
observed overestimation when using the FSR procedures, although these findings need
to be investigated for a wider range of conditions.

The characteristic relationship between storm and flood frequency that is
illustrated in Fig. 2 is observed at all scales studied. However, as the lag is increased,
so the suggested value of CWT is increased, as shown in Table 1. The relationship is
showr: to be dependent upon the soil characteristics, in so far as they are represented by
the SPR value. The results have shown that permeable catchments (i.e. those with low
values of SPR} are not really suitable for design flood analysis using an event-based
methodology. The relationship also appears to be stable when the rainfall and
evapotranspiration inputs are perturbed to reflect elementary climate change scenarios.

It is considered important that the modulating effect of catchment wetness be taken
into account in a more systematic manner than in existing event-based design flood
procedures. This could be approached by either the use of continuous rainfall-runoff
models, or the improved specification of boundary and initial conditions for event-
based methods. Calver ef @l. (1996) and Calver (1996) describe the use of continuous
models for flood frequency estimation. The use of such models frees the designer from
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the need to make assumptions about the relationship between storm and flood
frequency, since these are implicitly accounted for in the model. However, the use of
such models generally introduces additional parameters that can be difficult to define
for ungauged catchments. A preferred approach may therefore be to retain the event-
based approach, but with the complementary use of continuous models with relatively
simple structure (e.g. Fig. 1) to improve the selection of boundary conditions for the
event model. Whichever approach is followed, it is clear that the permeable catchments
will pose particular problems for flood estimation, and that they will demand special
consideration.
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Abstract For many projects concerning flood control if is necessary to base
the flood design on parameters such as the flood peak discharge or the flood
hydrograph of a certain probability of occurrence. Here an attemnpt is made to
show the interaction between basin characteristics and those parameters,
which are decisive for determining a design flood hydrograph, The knowledge
of easily available basin characteristics makes it possible to estimate a design
flood event of a certain probability for small ungauged catchment areas. The
approach is based on example data from the River Raab in eastern Styria.

THE DATABASE
Basin characteristics

The River Raab in eastern Styria is an important part of the Danube catchment. After
having digitized the river network and boundaries for 17 basins, different hydrological
data are collected and evaluated. To gain regular data related to the relief, a digital
terrain model, made available from the Austrian Federal Office for Calibration and
Surveying, is used for interpretation. Four dimensionless indicators of basin
characteristics are defined (Krall, 1997);

— river system, D¢t

L AH,
DA =t [
c A7 [-]
—  basin shape, K¢.
2. JAp iz
Kr=——#=—
¢ L
— centroid characteristic, S¢:
Ls
S, =—2 [-
c=7 [-]
— height, H¢
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where L = length of the rivernet (km), Ag = basin area (km?), AH,,, = difference of the
mean and minimum height (m), L, = centroid distance (km), L = main river length
(km), H,, = mean height (m a.s.L), and Hy = representative height (m a.s.l.).

These indicators describe the characteristics of the basin in ways that can easily be
found with the aid of a digital terrain model. The representative height reflects the
climatic situation of the basin. To be easily applied the number of parameters should be
kept low. Statistical analysis indicated that many of the above mentioned
characteristics could be eliminated. Five basin characteristics: the basin area Ag, the
length of the main river L, the minimum height Hyi,, the mean height H,, and the
maximum height Hn,, were those that showed to be of significant importance.

Flood charactevxistics

Runoff observations at 17 gauges are the base for deriving flood characteristics. The
flood events are separated from the annual runoff hydrograph with the aid of the
program HEDA. The aim is to be able to derive a design flood hydrograph from
parameters based on characteristics describing the catchment. Especially those flood
characteristics are evaluated, that are of importance for the determination of a design
flood hydrograph and that allow the estimation of a design flood hydrograph using a
unit hydrograph as a transfer function. Precipitation as an input quantity is not taken
into account. This ts motivated by the fact that there is a clear dependence between
precipitation in the frame of the typical climatic situation and height distribution.
(Kreps, 1975).

Sackl (1994} describes an approximation method based on bivariate statistical
analysis for determination of a design flood hydrograph. A condition for the
application of this method is the knowledge of the » annual values of the peak of
direct runoff, p and the volume of direct runoff, ¥p. The pair of values Op and ¥p

Q, (m’s”)

v, im¥)

Fig. T Delimitation of the event area by boundary lines of the peak runeoff time 7, win
and f, ey, design pair of values (Op, Vp).
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lies on a particular characteristic flood design curve and representations cvents of the
samne probability. The flood design curve has nearly the shape of a quarter-ellipse
and is characterized by four parameters: the maximum of the peak and the volume,
Op and Vp, and the maximum and minimum of peak runoff times f,, iy and fx, max
(Fig. 1). Excessive flood events with a steep rising limb, an extreme runoff peak and
relative small volume (caused by infensive rainfalls) are characterized by a short
peak runoff time ¢, whereas events with high volume and low ascent show a high
value for t,. The peak runoff time ¢, is defined as ¢,, =V/Op [h]. To standardize the
formulation the values Op and Vp are related to the size of the basin arca and
denoted as gp and Ap. The total runoff of the unit hydrograph, the standardized
volume, VS, is evaluated from VS = V/Qpt, [-]. The selected pair of Op and V, of a
certain probability are transformed into a flood curve with the help of a regional
valid unit hydrograph, and the basefiow is added for the final construction of a
design flood hydrograph.

A multiple regression analysis of the data of the Raab basin was used to evaluate
which parameters of significant importance. The following relationships were obtained
for the return period of 100 years:

Characteristics Rearession equation Standardized equation
Ditect runoff rate qn 014K 25 5076 py024 g7 001 0778
(m's” km™) e Fe He He g He Ay

TR
Direct runoff depth hp 0. 14K 281 UG5 py 126 gro 16 3
(mm) TN gy

Ay
3+ {szo)
Standardized volume (-} VS 3.15 Kg_u.ox S?_. 2 DE“” b3 é"” 068 4 H,
321.5
Minimum peak runoff Lo I 0,385
ti -
ime yming T 0.43[0.868-—m_—]
max gange

Maximum peak runoff £, A
time (h) tm.min [TR + [ 3 Ibg ]J

Some of the above mentioned values such as the characteristic runoff rate g, the
basin characteristic peak runoff time /£, wmine Or the time constant 1z are dependent on
the regional situation of the basin and can be estimated with the aid of tables (Kiall,
1997). We further calculated that ¢, = Vp/Qp Th].

Based on the above relationships it is possible to estimate a design flood of a
100-year return period for a certain catchment with known basin characteristics. A
unit hydrograph of the type suggested by Verwern & Harms (1980} is used as a
transfer function to determine the design flood. There is a clear connection befween
the base flow Qg at the beginning of a flood event and the mean annual runoff MQ,
estimated with Qp, = 1.39MQ and that is why it is possible to add the baseflow to the
direct runoff hydrograph with consideration of the linear increase of the base flow

(Fig. 2).
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Fig. 2 Design flood hydrograph after addition of the base flow.

Example

The 100-year design floods for a small ungauged catchment estimated with the above
method are illustrated in Fig. 3. The necessary basin characteristics are the basin area
Ag = 643 km’, the length of the main river L = 16.6 km, the minimum height
Hyin = 583 m as.l, the mean height H,, = 956.7 m as.l, and the maximum height
Hoax = 1531 m as.l (Krall, 1997). Design curves of existing water resources projects
coincide well with the curves derived from the methodology developed herein.

Q, [m'fs]
160 1, =108

L =381

140

0 - B T et R 3 <t — iy

0 10 20 0 40 50 60 70 80

Fig. 3 Design flood hydrographs of 100-year return period for the Gasenbach
catchment.

t[h]
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CONCLUSION

An attempt has been made to evaluate the relationship between characteristics of
design fiood events and basin characteristics indicative of the natural rupoff formation,
The results obtained when these relationships are applied to the catchment area of the
River Gasenbach are plausible and cormrespond with the experience in comparable
basins.
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Abstract Design floods in unganged small and mid-sized basins in Slovakia
are usually computed from simple regional flood formulae. In this paper other
regional approaches have been tested in the flysh region in northern Slovakia.
Sub-regions were constructed using hydrologic reasoning based on basin
properties and K-means clustering of 17 phystographic basin characteristics
and annual summer flood statistics from 43 basins. Regional formulae for the
computation of the mean annual summer flood and its standard deviation were
derived. Comparison of flood quantiles computed from data and from the
formulae showed similar results for all tested methods. The practical
applicability of the derived formulae is limited and possible reasons for this
are discussed.

INTRODUCTION

During the last decades the estimation of design floods in ungauged small basins in
Slovakia was prevailingly performed by the application of simple regional flood
formulae for the computation of the 100-year flood {(hgo) from the basin area in
geographical regions. Floods with shorter return periods were computed by regional
frequency factors. Correction factors accounted for local runoff formation conditions.
Envelope curves were applied in some cases in order to get an acceptable regional
curve. Previous comparisons of design floods derived from the regional flood formulae
with statistically computed values using new data from 260 small and mid-sized basins
summarized in Kohnovd & Szolgay (1996) showed a rather arbitrarily defined safety
factor in these schemes. The need to test different regional approaches became
apparent. The flysh region in northern Slovakia, which is traditionally considered as
homegenous in various hydrologic contexts, was chosen for the case study. The region
farrns a belt, running east—west, approximately 1300 km long and 70 km wide, and is
divided into two parts by the high core mountains. Due to the rather impervious upper
layers, flash floods dominate the flood regime in the sumumer season. The growing
number of gauging stations in small basins with longer records made it possible to
question the necessity of the use of envelope curves in the previous approaches, and to
examine how some of the concepts of homogeneity reported in the literature (e.g.
Acreman & Sinclair, 1989; Zrinji & Burn, 1994; Meigh ef al., 1997} perform in the
estimation of design discharges.






