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From extreme areal rainfall to flood
risk using a derived distribution
approach with examples of climate
change impacts

SUMMARY The aim of the report within GEMINA project is to present a
methodology to probabilistically derive peak flood distribution from the
statistical representation of extreme rainfall at the fixed durations of 1, 3, 6,
12, 24 hours over an area of interest. The methodology provides an
analytical approach to derive the flood peak frequency distribution from the
statistical characterisation of rainfall using a simplified description of the
catchment response (SCS-CN model) to link rainfall and peak flood. The
comparison between empirical and derived peak flood distribution
evidences that the model performances have to be improved inserting a
scaling factor dependent on the return period. The methodology is applied
to the Baganza river basin in Emilia Romagna region (North Italy).
Furthermore the methodology is used to investigate the effects of a positive
and a negative variation of the average rainfall on peak flood distribution.
Future applications will be based on climate and rivers discharge generated
within the GEMINA project.

Keywords: Areal rainfall, Climate change, Derived distribution, Extremes, Peak
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Introduction

The aim of this work is to define and test a pro-
cedure to estimate peak flood frequency dis-
tribution from the statistical characterisation of
precipitation and the main features of a river
basin. The methodology proposed would be
one of the tools developed within the GEMINA
project to evaluate, qualitatively and quantita-
tively the climate change effects on river dis-
charge. The analysis can be made using a
simulation method, see e.g. [1], that generates
synthetic time series of flood events from known
rainfall and derives the peak flood distribution
frequency. In this case, a detailed description
of the hydrological response of the basin should
be provided. Alternatively, a derived distribution
approach can be used. This approach is less
demanding in terms of hydrological modelling
parametrization and it allows to derive analyti-
cally the peak flood distribution. [6, 2] applied
the distribution derived approach to watersheds
in Liguria (North West ltaly). Here a derived
distribution approach is followed: rainfall is de-
scribed through a regional model, hydrologi-
cal response is modelled through the SCS-CN
method, and a lumped model to transform rain-
fall excess into peak flood. Then the peak flood
is scaled through a function of its return period.
In the next sections the derived approach is
described. Areal rainfall over for fixed area and
duration is described by growth curve, intensity-
duration curve, and areal reduction factor. The
hydrological response is modelled through the
SCS-CN method [8] to estimate the effective
rainfall and a lumped model to convert effective
rainfall into peak flood values. Since rainfall
growth curve is described by a GEV distribu-
tion the peak flood distribution is also a GEV.
Finally the application to Baganza river basin
in Emilia Romagna, including the results under
hypothetical climate change scenarios, is pre-
sented.

Derived peak flood distribution

The maximum rainfall depth, hr(d, A) in mm,
for fixed duration, d in hours, assigned return
period, T in years, over an area, A in km?, is
given by:

hr(A,d) = a1d* Y xr(d)ARF(A,d) (1)

where a; is the hourly average depth, v is
the scaling exponent, zr is the dimensionless
quantile related to the return period 7" and du-
ration d, and ARF is the dimensionless areal
reduction factor function of area, A, and dura-
tion.

The term

7’]T(d) = aldl_”mT (d) (2)

gives an estimate of the maximum point rainfall
depth for given duration d and return period 7.
Under the hypothesis that the rainfall depth is
distributed as a GEV, the growth curve factor

€4 — Qg [ln(—ln(l—%))], if kg =0
rr = a 1 kq :
et 2 [1— (—In (1= 1), ifkg£0
(3)

with ¢; > 0 as position parameter, ay > 0 as
scale parameter, and k; < 0 as shape param-
eter. In this work, the GEV parameters are
dimensionless because they are derived from
normalised (respect to the average value) time
series at the different durations, but their es-
timates depends on the duration. If the rain-
fall observations at the different durations are
scale invariant a single set of ¢, «, and k values
independent from the duration could be esti-
mated. The case k& = 0 is a particular case
where the GEV distribution reduces to a Gum-
bel distribution. If the area of interest is homo-
geneous, data from different raingauges can



be pooled together to estimate the parameters
over a wider sample. Combining and inverting
Eq.(1) and Eq.(3) the cumulative density dis-
tribution of point rainfall is obtained. Figures 1
and 2 provide a comparison between the empir-
ical cumulative distribution and the theoretical
one at Lagdei and Calestano, respectively.

The areal reduction factor ARF transforms a
point rainfall for a given duration and return
period into the average areal rainfall, in mm,
characterised by the same duration and return
period, [3]. The ARF is defined as

Ve b —v/b
ARF(A, d) = (1 tw (d> ) 4)

where w is a normalization factor and b a scal-
ing exponent, for the mathematical derivation
of ARF see [5, 7]. The estimate of the ARF
parameters requires to aggregate at different
spatial and temporal scale the observed data
and to identify for each spatio-temporal scale
the maximum rainfall. Once the matrix of area,
time aggregation and maximum rainfall is avail-
able, the ARF parameters can be estimated.
As result the areal rainfall is given by Eq.(1).
For simplicity, hereafter the duration d is as-
sumed constant and equal to the basin concen-
tration time, t., and the notation , is omitted.
The rainfall depth is transformed into rainfall ex-
cess using the SCS-CN method, [8]. According
to SCS-CN the rainfall excess, h*, is a function
of rainfall depth, h,

o ifh <1, s
TS it h > I,

where S = 254(100/CN — 1), in mm, is the
maximum soil potential retention, and I, = 0.25
is the rainfall lost as initial abstraction. CN
is the curve number and depends on the soil
type, the land use, and the antecedent moisture
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condition (AMC). The application is performed
assuming the antecedent moisture condition II.

The peak flood, ¢ in m3/s, associated to a rain-
fall, h, is described by a simple lumped model

0, ifh<I, ©
q =
}L’“L_‘I’Jr); ith>1,.

where ¢ is a proportionality coefficient. The
cumulative distribution of ¢ can be derived by
that one of h as

2
exp (—exp <q+ ! J;iiqurze(’))) ;

Falg) = ( ( oty riasT2c,] ) iz
exp| —(1— T
(7
where
g = day
€g = d(ep — 1a) ®)
kg =
and
a, = aatl"VARF ©

€ = etV ARF

for ¢ large enough, i.e. if \/¢2 + 4qdS ~ q,
Eq.(7) simplifies as

exp (- exp (%)) J if kg =0
Fola) = exp <_ (1 A W)l/kq) . if kg # 0.

(10)

The estimates of I,(CN) and ¢ are crucial for
the application of the methodology presented.
Even if the C N parameter can be derived from

>, if ky # 0
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land use maps and ¢ could be derived as ra-
tio between basin area and concentration time,
here they have been derived equating the mean
and the variance of the flood peak from the de-
rived distribution to the corresponding values of
the sample. Figure 3 shows the comparison be-
tween data empirical, theoretical, and derived
cumulative distributions: empirical is the Weibull
plotting position, rheoretical is the distribution fit-
ted on peak flood observation, derived is the dis-
tribution with parameters estimates from Eq.(8).
The bad fitting of the derived cumulative distri-
bution is due to the hypothesis k, = k, that, for
Baganza river is not verified, see Table 1.

Table 1
Values of parameters of theoretical and derived peak
flood distributions for Baganza river basin, cug, €4 are in

m?3/s, kq is dimensionless

Qq €q kq
Theoretical  66.82 109.205 -0.25
Derived 69.81 117.66 -0.07

To get ahead of this problem a correction factor
(3 based on the return period, [4], is introduced

sy < | Pot Arln(10), AT <10
Bo+ 1 In(T), if T > 10.

The parameters 5y and 1 have been estimated
from the ratio between theoretical and derived
quantiles of the peak flood. The functional form
of g is valid also for other basins in Emilia Ro-
magna.

The g function allows to correct the previous
estimates of g1 as ¢r g = 5(T)gr.

Case study

The Baganza river basin closed at the river sec-
tion of Ponte Nuovo (Parma) is 177 km? and
the concentration time is 7.3 hours. Inside the

area of interest observations of maximum rain-
fall at 1, 3, 6, 12, 24 hours are available at
Lagdei, period 1994-2010, and Calestano, pe-
riod 1995-2010. Figures 1 and 2 show rainfall
empirical and theoretical distributions. The the-
oretical distribution is obtained combining and
inverting Eqg.s (2) and (3) for the different dura-
tion, the values of ay, €4, and k, are given in
Table 2. The parameter a; is 45.1 mm/h(1—»)
for Lagdei and 29.9 mm/h(*~*) at Calestano, v
is equal to 0.53 for both sites.

Table 2
Values of o, €4, and k4 for Baganza river basin, all the
parameters are dimensionless

1hr 3 hr 6 hr 12 hr 24 hr
ag 0.30 0.28 0.26 0.25 0.26
€4 0.82 0.82 0.83 0.83 0.84
kq -0.019 -0.077 -0.073 -0.077 -0.031

These values, together with the estimates of
ARF parameters (w = 0.0003, z = 7.345,
and b = 0.144), have been estimated by
ARPA Emilia Romagna in a study on rain-
intensity-duration-area-frequency relationships
from event maxima [7].

Since the concentration time of the Baganza
basin is about 7.3 hours, the estimates at 6
hours of the GEV parameters have been used
to derive the peak flood distribution parameters
from Eq. (8). Peak flood data at Ponte Nuovo
are available from 1980 to 2008, the average
and the standard deviation of the sample are
used to estimate I,(CN) and ¢ such as the
moments of the derived distribution are equal
to the sample ones. The parameters values
are I, = 36.67 mm for CN = 58 and ¢ = 2.59
m3/mm/s. The estimates values of 3, and /5,
are 0.68 and 0.16 respectively. Figure 3 shows
the comparison between data empirical, the-
oretical, and derived cumulative distributions
while Figure 4 shows the comparison between
theoretical, derived, and -derived cumulative



distributions.

The derived approach can be used to evaluate
the effects of variations in rainfall average on
the peak flood distribution. The following sce-
narios are considered: scenario® characterised
by the observed average, scenario~ that as-
sumes a reduction of 30% in average rainfall,
and scenario™ where average rainfall increases
of 30%. Figure 5 compares the g—derived dis-
tributions obtained under the three scenarios,
while Table 3 summarized the quantile for 10
and 100 years return periods. The flood peak
shows a decrease of 30% in scenario~ for both
the return period and in scenario* an increase
of the 24% for T' = 10 years and of 30% for
T = 100 years. The return period of the quantile
4%, = 302 m3/s becomes 24 years in scenario~
and 5 years in scenario™, while for the 100
years quantile ¢%,, = 702 m3/s becomes 334
years in scenario™ and 44 years in scenario™.

Table 3
Quantiles, in m?/s, of the 3—derived distribution for
scenario“, scenario—, and scenario™ for return periods

10 and 100 years.

10 yr 100 yr
scenario’ 302 702
scenario ™ 211 491

scenario™ 375 912

Conclusion

Derived distribution approach is a powerful tool
to derive peak flood distribution from rainfall and
basin features, but its performances depends
on the reliability of the hypothesis k, = k as
shown in the case study. At the same time
once the parameter are correctly calibrated the
approach is valid to evaluate climate change ef-
fects on peak flood. The foreseen variation in
rainfall statistics over a region can be directly
inserted into the model just modifying the val-
ues of «,, €,, and eventually £ such as the
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moments of the GEV distribution fit the fore-
seen statistics to obtain with a minimal compu-
tational load, the new flood peak quantiles. The
climate change scenario used in the case study
are just a simple example of application. Appli-
cations within GEMINA project will include the
analytical derivation of peak flood distribution
from rainfall statistics extracted by climate sce-
narios and the comparison with synthetic flow
discharge timeseries simulated using the same
scenarios.
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Figure 1:
From left to right comparison between maximum rainfall observed at 1, 3, 6, 12, and 24 hours empirical (0) and theoretical
distribution (lines) at Lagdei raingauge station. Return period, T, is in years.
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Figure 2:
From left to right comparison between maximum rainfall observed at 1, 3, 6, 12, and 24 hours empirical (0) and theoretical
distribution (lines) at Calestano raingauge station. Return period, T, is in years.
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Figure 3:

Comparison between peak flood data plotting position (0), theoretical (black line), and derived (red line) distributions. Return period,
T, is in years.
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Figure 4:
Comparison among theoretical (black line), derived (red line), and S—derived (blue line) distributions. Return period, T, is in years.
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Figure 5:
B—derived distribution functions under scenario® (blue line), scenario ™ (grey line), and scenario™ (green line). Return period, T, is
in years.
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Introduction

The aim of this work is to define and test a pro-
cedure to estimate peak flood frequency dis-
tribution from the statistical characterisation of
precipitation and the main features of a river
basin. The methodology proposed would be
one of the tools developed within the GEMINA
project to evaluate, qualitatively and quantita-
tively the climate change effects on river dis-
charge. The analysis can be made using a
simulation method, see e.g. [1], that generates
synthetic time series of flood events from known
rainfall and derives the peak flood distribution
frequency. In this case, a detailed description
of the hydrological response of the basin should
be provided. Alternatively, a derived distribution
approach can be used. This approach is less
demanding in terms of hydrological modelling
parametrization and it allows to derive analyti-
cally the peak flood distribution. [6, 2] applied
the distribution derived approach to watersheds
in Liguria (North West ltaly). Here a derived
distribution approach is followed: rainfall is de-
scribed through a regional model, hydrologi-
cal response is modelled through the SCS-CN
method, and a lumped model to transform rain-
fall excess into peak flood. Then the peak flood
is scaled through a function of its return period.
In the next sections the derived approach is
described. Areal rainfall over for fixed area and
duration is described by growth curve, intensity-
duration curve, and areal reduction factor. The
hydrological response is modelled through the
SCS-CN method [8] to estimate the effective
rainfall and a lumped model to convert effective
rainfall into peak flood values. Since rainfall
growth curve is described by a GEV distribu-
tion the peak flood distribution is also a GEV.
Finally the application to Baganza river basin
in Emilia Romagna, including the results under
hypothetical climate change scenarios, is pre-
sented.

Derived peak flood distribution

The maximum rainfall depth, hr(d, A) in mm,
for fixed duration, d in hours, assigned return
period, T in years, over an area, A in km?, is
given by:

hr(A,d) = a1d* Y xr(d)ARF(A,d) (1)

where a; is the hourly average depth, v is
the scaling exponent, zr is the dimensionless
quantile related to the return period 7" and du-
ration d, and ARF is the dimensionless areal
reduction factor function of area, A, and dura-
tion.

The term

7’]T(d) = aldl_”mT (d) (2)

gives an estimate of the maximum point rainfall
depth for given duration d and return period 7.
Under the hypothesis that the rainfall depth is
distributed as a GEV, the growth curve factor

€4 — Qg [ln(—ln(l—%))], if kg =0
rr = a 1 kq :
et 2 [1— (—In (1= 1), ifkg£0
(3)

with ¢; > 0 as position parameter, ay > 0 as
scale parameter, and k; < 0 as shape param-
eter. In this work, the GEV parameters are
dimensionless because they are derived from
normalised (respect to the average value) time
series at the different durations, but their es-
timates depends on the duration. If the rain-
fall observations at the different durations are
scale invariant a single set of ¢, «, and k values
independent from the duration could be esti-
mated. The case k& = 0 is a particular case
where the GEV distribution reduces to a Gum-
bel distribution. If the area of interest is homo-
geneous, data from different raingauges can



