Sectionl - Point-by-point reply to Editor Comments
Page and line numbers in Section 1 refer to the revised version of the paper reported in Section3 of this document

The authors would first like to thank the Editor (Fabrizio Fenicia) for taking time out of his schedules to improve the quality
of this manuscript. In the below list of detailed answers, the authors have reported each specific comment in bold and the

answer is summarized in a section immediately below.

As already highlighted by both reviewers, a strong limitation of this paper is that it is unclear which aspects of current
research it is trying to advance. | understand that the work is about predicting the impact of the rainfall event structure
on the peak flow rate. However, it is unclear what has been done before on this subject, and what are the limitations of
previous studies which this particular work is attempting to address.
Reviewer 2 notes that the paper sounds uninteresting, which in my opinion is due to the fact that it lacks the structure
that can make a research work interesting. It is not sufficient to present a methodology and apply it. One needs to
motivate it, and to show that it works better than other state of the art approaches. Otherwise, why should one use it?
There is considerable work to be done in the introduction, to describe more specifically state of the art approaches, their
limitations, and identify the paper objectives. If I read that the first objective of the paper is “to define a structure
relationship of the rainfall event in terms of a simple power function” I wonder why this is interesting, if this has already
been done, what are the challenges associated with this objective. If you can’t defend why pursuing this objective is
interesting, then you should look for other objectives.
The Introduction section has been revised in order to better point both the main focus and the novelty of the
presented research. In particular the objectives of the research have been revised and the state of the art has been
enlarged by including two more citations (see Baiamonte and Singh, 2017; Alfieri et al., 2008). Finally in the
Methodology section, the authors have better specify the meaning of rainfall event structure in order to clarify the
novelty of the proposed approach in the framework of the existing literature.
The reviewed version of the text in the Introduction section (pag. 2- lines 6-18) is reported below and put in inverted
commas.
“...Baiamonte et al. (2017) investigated the role of the antecedent soil moisture condition in the probability
distribution of peak discharge and proposed a modification of the rational method in terms of a-priori modification
of the rational runoff coefficients.
In this framework, the present research study takes a different approach by exploring the role of the rainfall event
features on the peak flow rate values. Therefore the main objective is to implement a dimensionless analytical
framework that can be applied to any study case (i.e. natural catchment) in order to investigate the impact of the
rainfall event structure on hydrograph peak. Since the catchment hydrologic response and in particular the

hydrograph peak is subjected to a very broad range of climatic, physical, geomorphic and anthropogenic factors, the
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focus is posed on catchments where lumped rainfall-runoff model are suitable for deterministic event-based
analysis. In the proposed approach, the rainfall event structure is described by investigating the maximum rainfall
depths for a given duration d in the range of durations [d/2; 2d] within that specific rainfall event, differently from
the statistical analysis of the extreme rainfall events. Other authors (e.g. Alfieri et al., 2008) have previously
discussed the accuracy of literature design hyetographs (such as the Chicago hyetograph) for the evaluation of peak
discharges during flood event on the contrary the proposed methodology allows to investigate the impact of the
above mentioned rainfall event structure on the magnification of the runoff peak neglecting the expected rainfall
event features condensed in the Depth-Duration-Frequency (DDF) curves.

The first specific objective is to define a structure relationship of the rainfall event able to describe the sample space
of the rainfall event structures by means of a simple power function. The second specific objective is to implement a
dimensionless approach that allows to generalize the assessment of the hydrograph peak irrespective of the specific
catchment characteristic (such as the hydrologic response time, the variability of the infiltration process, etc.) thus
focusing on the impact of the rainfall event structure.

Finally a specific catchment application is discussed in order to point out the dimensionless procedure implications
and to provide some numerical examples of the rainfall structures with respect to observed rainfall events;

furthermore their effects on the hydrograph peak are examined.”

The real data case study is very limited. I expected that a paper that explores “peak flow rate values, which are subject to
a very broad range of climatic, physical, geomorphic and anthropogenic factors” tests the proposed methodology on a
broad range of climatic, physical, geomorphic and anthropogenic factors. Instead, the method is applied to one
catchment, and I did not find a clear comparison between predictions and observations of peak flow rate values. | would
expect a case study that compares predictions and observations of peak flow rate values in catchment with contrasting
responses, to show that the method is able to capture the differences in catchment behaviour.
The aim of the present research is to develop an analytical framework in order to assess the impact of the rainfall
event structure on the magnification of the peak flow rate. The catchment application is designed in order to support
the understanding of the proposed dimensionless methodology rather than to numerical validate it. Indeed the
verification of the hydrologic model suitability in predicting the hydrograph peak at given return periods or for
observed rainfall events is out of the scope of the present research. In particular the authors, in the answer to
comment SC1 of Ref#l, have reported the analysis of an observed rainfall event for which flow rate data are
available. The results of this analysis are limited to a single implication: the observed dimensionless hydrograph
peak represents only one of the outcomes in the sample space of the pair n-structure/ peak that in the specific case is
close to the maximum one; however other conditions (more severe or less critical) could be expected for that
internal structure of the event.



Furthermore, the dimensionless procedure itself allows generalizing the results to different case studies
characterized by a very broad range of climatic, physical, geomorphic and anthropogenic factors; on the contrary the
application to several catchments is not useful and does not add any additional results.

Finally the authors have reworded the objectives and the preface of the methodology section in order to improve the
understanding of the objectives of the research, to clarify the analytical framework and to better specify the

catchment application (see also the answers to the comments C1 and C5 of Ref#2).

When reading the methodology | found it difficult to understand where it is going to lead. | recommend to state first why

you do something, and then how you do it. This could contribute to clarify the linkage between the given sequence of

steps.
The preface of the Methodology section has been completely revised in order to improve its readability and
understanding (see also the answer to comment SC5 of Ref#1). Furthermore in the subsection 2.1, the dimensionless
approach is better specified by clarifying the role of the reference values of the rainfall depth and duration in the
reading of the dimensionless results. Regarding the subsections 2.2 and 2.3, few specifications have been included
regarding the shapes of the IUH and the hyetograph in order to detail the methodological framework. Finally the
subsection 2.3.2 has been revised in order to better point out the role of the variable runoff coefficient (see also the

answer to comment C4 Ref#2).

As a last minor comment, I found the wording “rainfall event structure” poorly defined. I was surprised that after
speaking of rainfall event structure, a constant hyetograph was used.
The authors have revised the subsection 2.1. “The dimensionless form of the rainfall structure relation” by including
a precise definition of the rainfall event structure and its implications in the characterization of a rainfall event (see
also the response to comment SC2 Ref#1 and C1 Ref#2).
As for the use of a constant hyetograph in the dimensionless approach, it has to be noticed that it is functional to the
description of the rainfall event structure that is represented by means of a simple power-function. Since the
analysis is carried out according to a dimensionless framework the use of a specific shape of the hyetograph (in this
case constant for the above mentioned reason) does not affect the results that could be similarly carried out even for

other hyetograph shapes (see also the response to comment C2 of Ref#2).



Section2 - Point-by-point reply to Referee Comments
Page and line numbers in Section 2 refer to the version of the paper published on 05 May 2017 unless otherwise
stated, paper version available at: http://doi.org/10.5194/hess-2017-267

Section 2.a Point-by-point reply to the Interactive comment of the Referee #1 (Giorgio Baiamonte) on "A
dimensionless approach for the runoff peak assessment: effects of the rainfall event structure' by llaria Gnecco et al.

The authors would first like to thank the Referee#1 (Giorgio Baiamonte) for taking time out of his schedules to improve the
quality of this manuscript. In the below list of detailed answers, the authors have reported each specific comment in bold and

the answer is summarized in a section immediately below.

Ref.#1 Specific Comment SC1:

The only concern about this paper is the lacking of a comparison of the analytical approach to the hydrological response
with some available analytical model previously published in order to deepen its degree of applicability. Otherwise, the
main findings could be compared with experimental or numerical data that are available in the literature. This should not
be too much time consuming to achieve and it will significantly strengthen the paper. The application for the Bisagno
catchment could not be considering as a test of the suggested solution. Therefore, my recommendation is to try to achieve
such a task.

Answer SC1

The authors intend to confirm that the proposed analytical approach is applicable to all the lumped model proposed
in the literature (e.g. Chow et al., 1988): by selecting other IUH forms/derivation and/or different soil abstraction
model, the main findings (i.e. the relationships between the n structure exponent and the maximum dimensionless
hydrograph peak for a given dimensionless duration) should be numerically different but substantially comparable.
In the manuscript the contour plots illustrated in Figs 7 and 12 (that are referred to the numerical example and to the
catchment application, respectively) are numerically different since both the shape parameter of the gamma function
IUH (i.e. 3 and 3.4, respectively) and the dimensionless soil abstraction (i.e. 0.25 and 0.5, respectively) are
different. However the main findings and implications derived by the two contour plots are the same. The use of the
Nash IUH allows to derive analytically the relationship between the maximum dimensionless peak and the n
structure for a given dimensionless duration; similarly analytical derivation could be carried out for simple synthetic
IUHSs. Furthermore, for experimentally derived IUH even if the analytical solution of the problem is not feasible, the
proposed methodology can be performed to calculate numerically the maximum dimensionless peak for given n

structure and dimensionless duration values.



The authors want to underline that the main objective of the present research is to investigate the relationship
between the hydrograph peak and the rainfall event structure rather than predict the hydrologic response of a
catchment at a given rainfall event. Therefore a ‘classical’ verification/validation of the proposed approach with
experimental or numerical data is not meaningful and does not contribute to properly assess its suitability. Indeed, in
order to point out the internal structure of the rainfall events, the observed rainfall events are represented by means
of simple constant hyetograph characterized by specific n structure exponent and duration; then, in order to assess
the impact on the hydrograph peak, all the possible rainfall structures in the range [0.2; 0.8] and duration in the
range [t,./2; 2t,.] have been analysed (see also Answer SC2). By considering that any observed rainfall event shows
(for each duration) a specific n structure value, that represents only one of the possible outcomes in the sample
space of the rainfall structure values, the corresponding observed hydrograph peak should be one of the possible

outcomes that could not be necessarily the most sever one (i.e. the maximum expected value).

In spite of the previous consideration, in order to clarify and support this answer, the authors have completed the
application of the Bisagno catchment at La Presa station with the analysis of one observed rainfall-runoff event for
which flow rate data are available (since published in Gabellani et al., 2008). The analysis involved the rainfall-
runoff event occurred the 25" of November 2002. This event is characterized by the reference rainfall depth of 46.9
mm and by the n structure value of 0.63, evaluated for the duration equal to the Bisagno — La Presa catchment
reference time (i.e. 0.85 h). The reference depth and the n structure value of the observed rainfall event are
summarized in the Table 2 together with the main characteristics of the corresponding generated events. The excess
depths are evaluated for each duration by assuming the soil abstraction equal to 41 mm accordingly with the CN,,
value estimated for the catchment (Bocchiola and Rosso, 2009). The hyetograph and the corresponding hydrograph
observed at the Bisagno — La Presa catchment together with the reference value of the runoff peak flow are reported
in the top graph of Fig.13. The rainfall structure curve and the corresponding Depth-Duration-Frequency curve
evaluated for the reference time are plotted in the central graph of Fig.13 while the contour plot of the
dimensionless runoff peak in the bottom one. Note that, in the bottom graph, the maximum dimensionless runoff
peak curve (bold line) and the observed dimensionless hydrograph peaks (red-filled stars) are also reported. The
observed dimensionless hydrograph peaks is close to the maximum one however other conditions (more severe or

less critical) could be expected for that internal structure of the event.

In this case, even if the authors have compared the results with experimental data as suggested by the Reviewer,

they do not consider that the Fig. 13new and Table 2 should necessarily be included in the manuscript.



Finally, in order to improve the understanding of the proposed approach, the authors have better specified the
dimensionless framework illustrated in the Section 2.2 (lines 1-9 of page 4). The reviewed version of the text is
reported below and put in inverted commas.

“The use of the Nash IUH allows to define an analytical framework to assess the relationship between the maximum
dimensionless peak and the n structure exponent for a given dimensionless duration and similar analytical derivation

can be carried out for simple synthetic IUHs.

The proposed dimensionless approach is based on the use of the IUH scale parameter as the reference time of the
hydrologic response (i.e. t,= ak). Using the first order moment in the dimensionless procedure, the proposed
approach can be applied to any IUH form even if, for experimentally derived IUH, the analytical solution of the

problem is not feasible. ”

Table 2: Reference depth and n structure value of the observed rainfall event for the Bisagno — La Presa catchment and main
characteristics of the corresponding generated ones.

Rainfall event Reference depth  nstructure  Duration  Depth Excess depth  Excess intensity

[dd/mm/aaaa] [h] [-] [h] [mm] he [mm] ie [mm/h]
0.425 30.2 12.8 30.2
0.85 46.9 25.0 29.5
25/11/2002 46.9 0.63
1.275 60.7 36.2 28.4
1.7 72.8 46.6 27.4
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Figure 13: Hyetograph and the corresponding hydrograph observed at Bisagno — La Presa catchment together with the reference
value of the hydrograph peak flow (at the top); rainfall structure curve and the corresponding Depth-Duration-Frequency curve
evaluated for the reference time (at the centre); contour plot of the dimensionless runoff peak (at the bottom). In the bottom
graph, the maximum dimensionless runoff peak curve (bold line) and the observed dimensionless hydrograph peaks (red-filled
stars) are also reported.



Ref.#1 Specific Comment SC2:
It is not clear to me how the rainfall structure exponent in the example of Figure 1 (at the bottom) and in the application
for the Bisagno catchment at La Presa station (Figure 10 at the centre) is determined. Although based on previous
studies, n exponent determination vs rainfall duration should be described. How does n qualitatively influence the rainfall
structure? | checked Figure 1 at the centre, is the estimated one a simple power law? Please, add parameters (the same
for Fig. 10).
Answer SC2
The authors agree that the estimation of the n structure exponent values associated to a given rainfall event is not
clearly reported in the manuscript, even if the aim of Figure 1 is to provide a practical example of the internal

structure with respect to an observed rainfall event.

In the proposed approach, the authors assumed that the maximum rainfall depth for a given duration observed in

each rainfall event can be described in terms of a power function similarly to the DDF curve:
h(d) = a'd" 1)

where h [L] is the maximum rainfall depth, a’ [LT™ and n [-] are respectively the coefficient and the structure
exponent of the power function for a given duration, d [T]. For each duration d;, the corresponding power function
parameters (i.e. a’and n) are estimated based on the maximum rainfall depth values observed in the range of
duration [d;/2; 2d;] by means of a simple linear regression analysis. Based on such assumptions, a given rainfall
event that is characterized by a specific n structure exponent at a given duration is only one of the possible
outcomes in the sample space of the rainfall structures. In other words, the structure exponent n allows describing
the rainfall event based on a simple rectangular hyetograph thus representing the rainfall event structure at a given
duration. Indeed assuming a rainfall depth in a given duration as a reference/equivalent rainfall value (hamed
respectively as h, and t,.), the rainfall event structure may be significantly different with n structure exponent values
that can mathematically range between 0 and 1. The two extreme values represent un-realistic events characterized
by opposite event structure: when the structure exponent n tends to zero the structure of the rainfall event is

comparable to a Dirac impulse while it is comparable to a constant intensity rainfall for n close to one.

For example, the n structure exponent is evaluated on hourly basis with respect to four observed rainfall events as
illustrated in Figures 1 and 10 (black dots). According with the definition of the rainfall event structure, above
mentioned, the “estimated” curve reported in Fig. 1 (at the centre) is not a simple power law but it is the ensemble
of all the specific regression curves estimated for each duration, d;, in the range of duration [d;/2; 2d;]; thus the

authors have decided to remove that curve to avoid misinterpretations (see Fig. 1rev and Answer SC6).



On the other hand, in order to improve the readability of the manuscript the authors have included the a’and n
power function parameters of the rainfall structure curve in each graph reported at the bottom of Figure 10 (see Fig.
10rev and Answer SC6). It has to be noticed that the a’ values can be evaluated only with respect to a given
reference rainfall depth and consequently a given the reference time, t,.. It follows that the a’ values reported in Fig.
10rev are valid for the Bisagno — La Presa catchment application characterized by a reference rainfall depth of 80
mm and a reference time of 0.85 h.

Finally, the authors have largely revised the subsection 2.1. in order to clearly illustrate how the structure exponent
n is calculated.
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Figure lrev: Rainfall event structure: the observed rainfall depth (at the top), the observed maximum rainfall depths (at the
centre), and the corresponding rainfall structure exponent (at the bottom) are reported.
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Ref.#1 Specific Comment SC3:

Figure 4 and 7 are very effective. However, to show the effect of the rainfall structure parameter, it could be useful also

plotting the dimensionless hydrograph peak vs rainfall structure exponent, for both constant and time-varying psi.

Moreover, a 3D figure could better evidence the influence of the rainfall structure on the dimensionless peak discharge

and the saddle area. The actual Figure 4 and Fig. 7 could appear at the base of the 3D plots. Therefore, an attempt to

illustrate both cases of constant and variable runoff coefficient could also be performed, highlighting an interesting

comparison between the two considered cases. However, it is not sure the feasibility.

Answer SC3
As suggested by the Reviewer, the authors have modified the Figs. 4 and 7 by coupling the contour plot of the
dimensionless hydrograph peak to the 3D graph in order to better highlight its behaviour as a function of the rainfall
structure exponent and the dimensionless rainfall duration thus posing particular attention to the saddle area. The
revised Figures reported below (see Figs. 4rev and 7rev) support the understanding of the main results of the 3.1 and
3.2 sections. In particular, looking at Figs. 4 rev and 7 rev, it emerges that in case of variable runoff coefficient, the
range of variation of the dimensionless hydrograph peak is wider with respect to the constant runoff coefficient. In
particular, when the dimensionless rainfall duration increases (d* > 1), the dimensionless hydrograph peak is higher
in case of variable runoff coefficient than in constant case while the opposite occurs for short durations (d* < 1) (the
surface is steeper in Fig. 7rev with respect to Fig. 4rev).
On the other hand, due to the complexity of the Figures (both in the actual and revised versions) the authors have
proposed the comparison between results with respect to the constant and variable runoff coefficient cases in Fig. 9,
thus focusing on the maximum hydrograph peak associated with a specific rainfall structure in terms of n value and
dimensionless time-to-peak (i.e. dimensionless rainfall duration, see also Figs. 5 and 8). Note that for a given
dimensionless time-to-peak (see Eg. 9 and Fig. 9) or dimensionless duration (see Figs. 4rev. and 7rev.), the
maximum hydrograph peak is associated with n structure exponent that decreases moving from the constant runoff
coefficient case to the variable ones, indeed the rate of change in the runoff production ascribable to the variable

runoff coefficient is predominant with respect to the one due to the rainfall duration increase.
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Figure 4rev: 3D mesh plot (at the top) and contour plot (at the bottom) of the dimensionless hydrograph peak as a function of the
rainfall structure exponent and the dimensionless rainfall duration in case of constant runoff coefficient. The maximum
dimensionless runoff peak curve is also reported (bold line).
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Figure 7rev: 3D mesh plot (at the top) and contour plot (at the bottom) of the dimensionless hydrograph peak as a function of the
rainfall structure exponent and the dimensionless rainfall duration in case of variable runoff coefficient. The maximum
dimensionless runoff peak curve is also reported (bold line).
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Ref.#1 Specific Comment SC4:
Reference in the conclusion could be removed. Other general features could be pointed out in the conclusions that could
strengthen the paper. An example is a general conclusion about the influence of the rainfall structure on the

dimensionless peak, also associated with the assumption of constant or variable runoff coefficient (see previous point) .
Answer SC4

The authors have removed the reference in the conclusion section and have better pointed out the impact of the
rainfall event structure as suggested by the reviewer. The conclusion section have been largely revised as follows:
“The proposed analytical dimensionless approach allows investigating the impact of the rainfall event structure on
the hydrograph peak. At this aim a methodology to describe the rainfall event structure is proposed based on the
similarity with the Depth-Duration-Frequency (DDF) curves. The rainfall input consists in a constant hyetograph
where all the possible outcomes in the sample space of the rainfall structures can be condensed through the n
structure exponent. The rainfall-runoff processes are modelled using the Soil Conservation Service (SCS) method
for soil abstractions and the Instantaneous Unit Hydrograph (IUH) theory. In the present paper the two-parameter
gamma distribution is adopted as IUH form; however the analysis can be repeated using other synthetic IUH forms
obtaining similar results.
The proposed dimensionless approach allows defining an analytical framework that can be applied to any study case
for which the model assumptions are valid; the site-specific characteristics (such as the morphologic and climatic
characteristics of the catchment) are no more relevant being included within the parameters of the dimensionless
procedure (i.e. h,.(T,) and t,.) thus allowing to figure out the implication on the hydrograph peak irrespective of the
absolute value of the rainfall depth (i.e. the corresponding return period).A set of analytical expressions has been
derived to provide the estimation of the maximum peak with respect to a given n structure exponent. Results reveal
the impact of the rainfall event structure on the runoff peak thus pointing out the following features:

o the curve of the maximum values of the runoff peak reveals a local minimum point (saddle point);

. different combinations of n structure exponent and rainfall duration may determine similar conditions in

terms of runoff peak;
. analogous behaviour of the maximum dimensionless runoff peak curve is observed for different runoff
coefficients although wider range of variation are observed with increasing soil abstraction values.

Referring to the Bisagno — La Presa catchment application (h,.= 80mm; t,.= 0.85 h and S,= 0.5), the saddle point of
the runoff peaks is located in the neighbourhood of n value equal to 0.3 and rainfall duration corresponding to the
reference time (d, =1). Further, it emerge that the maximum runoff peak value, corresponding to the scaling

exponent of the DDF curve, is comparable to the less critical one (saddle point).”
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Ref.#1 Specific Comment SC5:

The limiting assumptions in the original models, should be mentioned in the text (they are marginally reported in the

conclusions). It is not sure that the majority of potential readers of this paper would be familiar with all of them.

Answer SC5
The authors have revised the preface of the methodology section (lines 20-23 of page 2) in order to anticipate to
readers the assumptions of the model and consequently to improve the readability of the results and conclusions
sections. The reviewed version of the text is reported below and put in inverted commas.
“The rainfall event is then described as simple hyetographs of a given durations; this simplification is consistent
with the use of deterministic lumped models based on the linear system theory (e.g. Bras, 1990). The proposed
approach is therefore valid within a framework that assumes that the watershed is a linear causative and time
invariant system, where only the rainfall excess produces runoff. In detail, the rainfall-runoff processes are
modelled using the Soil Conservation Service (SCS) method for soil abstractions and the Instantaneous Unit
Hydrograph (IUH) theory. Consistently with the assumptions of the UH theory, the proposed approach is strictly
valid when the following conditions are maintained: the known excess rainfall and the uniform distribution of the

rainfall over the whole catchment area.”

Ref.#1 Specific Comment SC6:

A table reporting the parameters associated with the maximum rainfall depth (DDF) of

Fig. 1 (at the centre) and Figure 10 (at the bottom) could be useful for the readers.

Answer SC6
Referring to the rainfall event presented in the catchment application, the authors have calculated the a’and n power
function parameters of the rainfall structure curve together with the a and b parameters of the DDF curve for the
reference time of the Bisagno — La Presa catchment. All the parameters have been added in the legend of each graph

at the bottom of Figure 10rev (see Fig. 10rev and Answer SC2).

The authors have not included the parameters of the “estimated” curve in the Fig. 1 (at the centre) since that curve is
not the regression line for all the durations but it is the ensemble of all the specific regression curves estimated for
each duration d; in the range of duration [d;/2; 2d;]; furthermore the authors have removed the “estimated” curve

in Fig. 1 (at the centre) in order to avoid a misleading interpretation (see Fig. 1rev and Answer SC2).

Ref.#1 Specific Comment SC7:

Although referred to the hillslope scale, a recent paper dealing with the feature considered

by the Authors, could be considered for the m/s: Baiamonte, G., Singh, V. P. (2017). “Modelling the probability
distribution of peak discharge for infiltrating hillslopes.” Water Resour Res, Doi: 10.1002/2016WR020109.
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With reference to the dimensionless approach: Baiamonte, G., Singh, V.P. (2016). “Analytical Solutions of Kinematic
Wave Time of Concentration for Overland Flow under Green-Ampt Infiltration”J Hydrol E — ASCE, 21(3), Doi:
10.1061/(ASCE)HE.1943-5584.0001266, 04015072.

Baiamonte, G., Singh, V.P. (2016). “Overland Flow Times of Concentration for Hillslopes of Complex Topography” J
Irrig Drain E-ASCE, 142(3), Doi: 10.1061/(ASCE)IR.1943-4774.0000984, 04015059.

Answer SC7

The authors have read the papers suggested by the reviewer and included the reference, Baiamonte et al. (2017), in
the introduction section at line 6 of page 2. The reviewed version of the text is reported below and put in inverted
commas.

“Baiamonte et al. (2017) investigated the role of the antecedent soil moisture condition in the probability
distribution of peak discharge and proposed a modification of the rational method in terms of a-priori modification

of the rational runoff coefficients”.

Ref.#1 Technical corrections TC:

Pag. 3, Line 5. Modify the symbol Tr by typing r subscript

Pag. 3, Line 9. Modify the symbol tr by typing r subscript

Pag. 3, Line 15. Since many depth and time symbols are used, please further define:

Rainfall

depth, h, ..... to the rainfall value of the maximum rainfall depth, hr. Similarly, for the duration .....

Pag. 4, Line 3. Please, correct GIUH
Pag. 4, Eq. (12) can be simplified as (1/(1-exp(.))

Pag 8 Li

nes 1 -16 not clear. Recommend rewording

Pag 11 Please, insert commas “, corresponding to the scaling exponent of the DDF

curves,”

Answer TC

The sentences, symbols and equations have been revised according to the reviewer suggestion.

In particular, the Lines 1-16 of page 8 reporting the discussion of the results illustrated in Figure 5 have been
reworded as follows:

“In Figure 5, the maximum dimensionless runoff peak and the corresponding rainfall structure exponent are plotted
vs. the dimensionless time-to-peak. Further, the dimensionless IUH and the corresponding dimensionless UH for
d,=1.0 are reported as an example. The reference line (indicated as short-short-short dashed grey line in Fig. 5)
illustrates the lower control line corresponding to the rainfall duration infinitesimally small. Note that the rainfall
structure exponent that maximizes the runoff peak for a given duration can be simply derived as a function of the

dimensionless time-to-peak (see Eqg. 20). The maximum dimensionless runoff peak curve tends to one for long
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dimensionless rainfall duration (d, > 3) when the corresponding n structure exponent tends to one (see Eq. 18): for
high-values of n structure, the critical conditions occur for long durations that correspond to paroxysmal events for
which the rainfall intensity remains fairly constant. The local minimum of the maximum dimensionless runoff peak
curve (see Fig.5) occurs at t,,of 1.29 corresponding to n structure value of 0.31 and d, of 1, thus pointing out that
the less critical runoff peak occurs at n structure exponent values corresponding to the ones typically derived by the
statistical analysis of the annual maximum rainfall depth series in Mediterranean climate. Furthermore, it can be
observed that different rainfall event conditions (i.e. rainfall structure exponent n and duration d,) in the

neighborhood of the local minimum point could determine comparable effects in term of the runoff peak value.”

Finally, the Eq. (12) has been simplified as follows:

adx

f(tp) = f(tp =) = tp = dig—= d.—a (12)
ea-1-1 1-e a-1
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Section 2.b Point-by-point reply to the comment of the Referee #2 on A dimensionless approach for the runoff peak

assessment: effects of the rainfall event structure' by llaria Gnecco et al.

The authors would first like thank the Referee#2 for taking time out of his schedules to improve the quality of this
manuscript. In the below list of detailed answers, the authors have reported each specific comment in bold and the answer is

summarized in a section immediately below.

Ref.#2 Comment C1:

Reasons: the authors should better discuss the reasons of such kind of methodology. For what | understand on one side

they propose the methodology as tool to deal with design storms (for example in a projecting process). On the other side

refer constantly to internal structure of real event, so in such a way to “reduce” real events in constant intensity

hyetographs of variable length. Why doing this? So at the end what is the scope of the method?

Answer C1
The main objective of the manuscript is to investigate the impact of the internal rainfall event structure on the
hydrograph peak. The original contribution of the paper consists, firstly, in the methodology proposed to describe
the internal structure of the rainfall event based on the similarity with the DDF curves. The internal structure of the
rainfall event is described by means of the n structure exponent (as well as the coefficient a’) that is assumed
varying across the rainfall event; in particular each n structure exponent is assumed as representative of the rainfall
event structure in the range of duration [d;/2; 2d;] from which it is derived. Based on such assumptions, the
observed rainfall event that is characterized by a specific n structure exponent is only one of the possible outcomes
in the sample space of the rainfall structures. In other words, the structure exponent n at a given duration, d;, allows
describing the rainfall event based on a simple rectangular hyetograph thus representing the rainfall event structure
in the range of duration [d;/2; 2d;]. Indeed assuming a rainfall depth in a given duration as a reference/equivalent
rainfall event (named respectively as h,. and t,.), the rainfall event structure may be significantly different: when the
structure exponent n tends to zero the internal structure of the rainfall event is comparable to a Dirac impulse while
it is comparable to a constant intensity rainfall for n close to one. The second original contribution consists in the
dimensionless approach that allows defining an analytical framework that can be applied to any study case (i.e.
natural catchment) for which the model assumptions are valid (i.e. linear causative and time invariant system). The
reference values h, and t, are directly linked to the climatic and morphologic characteristics of the specific
catchment, therefore the dimensionless approach based on the h, and t, values allows to generalize the results
irrespective of the specific catchment characteristic (such as the return period associated to the reference rainfall
event) thus focusing on the impact of the structure exponent n (i.e. the rainfall event structure) on the hydrograph

peak.
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In order to improve the readability and understanding of the proposed methodology, the authors have largely revised
the Section 2.1 in order to clearly illustrate how the structure exponent n is calculated and to better point out the

influence of the internal structure on the characterization of a rainfall event.

Ref.#2 Comment C2:

The hypothesis of constant hyetograph (from line 28 of page 2) is quite strong. This can be motivated in order to simplify

the methodology but can lead to “distortion” of results. In the practice in order to produce a project storm, other

methodologies are used. For example the Chicago Hyetograph (cited by authors), or individuating a typical duration t1 of

rainfall events in a certain area and then nesting an event with duration equal to response time t2 (at the end to consider

one of the worst configurations). | think authors should compare their method with something like the latter and discuss

the hypothesis and differences in results.

Answer C2
The hypothesis of constant hyetograph is not motivated in order to simplify the methodology as previously
discussed (see also the answer to the comment C1). In order to describe the internal structure, the rainfall event is
represented by means of a power function where the parameters are not constant as in the DDF curves but depend
on duration. Based on such approach, the rainfall event structure at a given duration is represented throughout the n
structure exponent, it follows that the rainfall event can be described by a simple rectangular hyetograph. In has to
be noticed that the constant hyetograph derived by a given n structure is assumed valid in the same range of
duration [d;/2; 2d;] from which it is derived. In order to point out the rainfall event structure that causes the
maximum hydrograph peak and, in general, how the rainfall event structure affect the hydrograph peak, the
hydrologic response of a catchment has been analytically derived using a deterministic lumped model to describe
the rainfall-runoff process and considering the sample space of the rainfall event structures by varying the n
structure exponent in the range [0.2; 0.8].
On the other hands, the authors state that the aim of this work is not to assess the accuracy of literature design
hyetographs (such as the Chicago hyetograph) for the evaluation of peak discharges during flood event, other
authors have previously discussed that (e.g. Alfieri et al., 2008); the main goal is to assess the impact of the rainfall
event structure on the magnification of the runoff peak. Other forms of hyetographs could produce hydrograph peak
estimates that are consistently different: we agree with the Reviewer that the rectangular hyetograph tends to
underestimate the peak flows with respect to the Chicago hyetograph, however the proposed methodology is not
addressed to the robust estimation of the peak flows but it is addressed to enhance the impact on the peak flow rate
of the rainfall structure. Finally, the rectangular hyetograph allows deriving analytically the relationship between the
maximum peak and the n structure value for a given duration; however the proposed approach could be
implemented with different hyetograph shape (even if numerical calculation is required instead of the proposed

analytical derivation).
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In order to avoid a misleading interpretation of the presented analytical framework, the reference to the Chicago
hyetograph (pag.8, lines 10-14) has been removed from the text.

Furthermore the authors have included a new paragraph in the Section 2.3, in order to explain the meaning of the
constant hyetograph in the presented approach. The reviewed version of the text is reported below and put in
inverted commas.

“Note that the hypothesis of rectangular hyetograph is not motivated in order to simplify the methodology but in
order to describe the rainfall event structure. Based on such approach, the rainfall event structure at a given duration
is represented throughout the n structure exponent, it follows that the rainfall event is described by a simple
rectangular hyetograph. It has to be noticed that the constant hyetograph derived by a given n structure is assumed

valid in the same range of duration from which it is derived [d;/2; 2d;].”

Ref.#2 Comment C3:

The combination of constant hyetograph and a concentrated model (Nash) could lead to some difficulties. When drainage

area of catchment increases, the response to intense events can be due to a part of the catchment and the operation of

average of rain to obtain a unique hyetograph can lead far from reality. Moreover in a project perspective you should use

a multiplicative factor (we can name it kA <1) to reduce the rainfall h derived by DDF, since they generally have

punctual meaning; as a consequence kA can become a crucial factor in Qmax estimation when you move from

dimensionless to “dimension” values. I think authors should evidence and discus all this issues, since they can have a not

negligible effect for such kind of methods (o maybe with same order of magnitude).

Answer C3
The proposed methodological approach involves a deterministic lumped model based on the linear system theory
(UH theory) for which a watershed's runoff response is linear and time-invariant and the excess rainfall occurs
uniformly over the watershed. The authors are well conscious that the areal distribution of precipitation affects the
hydrologic response thus the hydrograph peak, however it is out of the scope of the present research study. Indeed
the proposed methodology should not be used to predict the hydrologic response of a given catchment to a real
rainfall event where it is crucial to count for the areal distribution of precipitation especially for large catchment
area. Furthermore, consistently with the assumptions of the UH theory, the proposed approach is strictly valid when
the following conditions are maintained: the linearity and time invariance of the response function, the known
excess rainfall, and the uniform distribution of the rainfall over the whole catchment area.
The authors have revised the preface of the methodology section (lines 20-23 of page 2) in order to clarify to the
readers the assumptions of the model and consequently to improve the understanding of the results and conclusions

sections. The reviewed version of the text is reported below and put in inverted commas.
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“The rainfall event is then described as simple hyetographs of a given durations; this simplification is consistent
with the use of deterministic lumped models based on the linear system theory (e.g. Bras, 1990). The proposed
approach is therefore valid within a framework that assumes that the watershed is a linear causative and time
invariant system, where only the rainfall excess produces runoff. In detail, the rainfall-runoff processes are
modelled using the Soil Conservation Service (SCS) method for soil abstractions and the Instantaneous Unit
Hydrograph (IUH) theory. Consistently with the assumptions of the UH theory, the proposed approach is strictly
valid when the following conditions are maintained: the known excess rainfall and the uniform distribution of the

rainfall over the whole catchment area.”

Ref.#2 Comment C4:

Initial soil moisture conditions This element seems to be totally negletted, but it impact very much on peak flows and is

often a problem during the study of the impact of a certain rainfall storm. So it is possible that using the standard

Chicago hyetograph method with AMC3 leads to higher peaks than the proposed method. The issue of contemporaneity

of Rainfall with certain T and wet or dry initial condition is a classic problem. | think this should be evidenced and

should faced in such way in the presented applications.

Answer C4
The authors agree that the initial soil moisture conditions as well as the variability of the infiltration process across
the rainfall event significantly affect the hydrological response of the catchment. Indeed the authors include the
influence of the infiltration process occurring at each rainfall event by means of a variable runoff coefficient that is
estimated based on the SCS method. In particular, the excess rainfall depth is evaluated as a function of the total
rainfall depth, h and the soil abstraction parameter, S (see Eq. 21).
According to the dimensionless approach proposed in the present paper, the dimensionless soil abstraction S, is
defined as the ratio of S to the reference rainfall depth, h,. Therefore different initial moisture conditions (i.e. CN, or
CNy; values and consequently the computing of the S(CN;) or S(CN,,;;) values) are included and analyzed in the
proposed methodology by considering different S, associated to the same reference rainfall depth. An attempt to
show the impact of different soil moisture conditions is provided in Fig. 9. In order to point out the influence of
different variable runoff coefficients (i.e. initial moisture conditions) Fig. 9 illustrates the maximum dimensionless
hydrograph peak (see the top graph) and the corresponding rainfall structure exponent (see the centre graph) vs. the

dimensionless time-to peak with respect to S, values of 0.25 and 0.67.

The authors have partially revised the Sections 2.3.2 and 3.2 in order to clearly mention the impact of the initial soil

moisture conditions.
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Furthermore, to better point out that the different initial soil moisture conditions are taken into account in the
proposed approach, the authors have here included Figs. 11lnew and 12new where different initial moisture
conditions (i.e. CN values) are considered in the catchment application. Looking at Fig. 11new, different CN values
affect the excess rainfall intensity thus the hydrograph peak and the reference peak flow values that increase with
increasing CN, as expected. By comparing the graphs reported in Fig.12new, it emerges that the range of variation
of the dimensionless hydrograph peak is wider when the S, value increases, such behaviour is due to the rate of
change in the runoff production with respect to the rainfall duration: with increasing the rainfall volume the
relevance of runoff with respect to the soil abstraction rises. It has to be noticed that in spite of such wider range of
variation of the dimensionless hydrograph peak, the increasing of S, value corresponds, in dimensional term, to the
decreasing of the CN value (assuming constant the reference rainfall depth), it follows that the reference peak flow
value decreases.

The author wouldn’t like to include the Fig. 11new and 12new in the text since they are very full of information
thus not really supporting the paper readability, on the other hands, they have revised Figs. 11 and 12 adding the CN
and S values in the graph and reworded the comment to Fig. 9 (lines 11-21 pag.9) in order improve the

understanding of the variable runoff coefficient case.

Although the authors are conscious that the effect of initial moisture conditions on the hydrologic response of a
catchment is a classic problem that affects the iso-frequency hypothesis between rainfall and runoff and deeply
debated in the literature (see e.g. De Michele and Salvadori, 2002); the authors want to point out again that the main
objective of the paper is to assess the impact of the rainfall event structure on the peak flow rate by means of a
deterministic lumped model based on the linear system theory. The evaluation of the runoff peak associated to an

observed rainfall event is out of the scope of the present approach.
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Figure 11new: The excess rainfall hyetographs, the corresponding hydrographs and the reference value of the hydrograph peak
flow for the Bisagno — La Presa catchment evaluated for three rainfall structure exponents and three soil abstraction (CN;, CN,
and CNy;;). Note that each graph includes four rainfall durations (i.e. 0.5, 1.0, 1.5, and 2.0 times the reference time).
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Figure 12new: Contour plot of the dimensionless runoff peak evaluated for the Bisagno — La Presa catchment for three different
soil abstraction (S, = 0.2, 0.5 and 1.2). In each graph, the maximum dimensionless runoff peak curve (bold line) is also reported
together with the dimensionless hydrograph peaks (grey-filled stars) for the selected rainfall structure exponents (n = 0.55, 0.62,
0.71) and durations (d,= 0.5, 1.0, 1.5, and 2.0).
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Figure 11rev: The excess rainfall hyetographs, the corresponding hydrographs and the reference value of the hydrograph peak
flow for the Bisagno — La Presa catchment evaluated for three rainfall structure exponents. Note that each graph includes four
rainfall durations (i.e. 0.5, 1.0, 1.5, and 2.0 times the reference time).
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Figure 12rev: Contour plot of the dimensionless runoff peak evaluated for the Bisagno — La Presa catchment. The maximum
dimensionless runoff peak curve (bold line) is also reported together with the dimensionless hydrograph peaks (grey-filled stars)
for the selected rainfall structure exponents (n = 0.55, 0.62, 0.71) and durations (d,= 0.5, 1.0, 1.5, and 2.0).

Ref.#2 Comment C5:

Application. I do not understand the scope of applying the method to real events. In this case, if | want estimate the
Qpeak, supposing to have a calibrated model 1 should use the rainfall time history, estimate the initial soil moisture and
run the model to estimate Qpeak. The analysis done seems to me unuseful (but maybe because it is not clear the scope),
what is the reason to build constant hyetograph for different durations picking the magnitude from a real event? You are
building un-real rainfall events (and so un real catchment response...) when you already have the truth (..or a truth

estimation).
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If I well understand, in figure 10 a sort of DDF built with hr=80 mm (derived by the events, and which I suppose has a
certain return period T*) and n=0.39 (from Mediterranean statistical analysis) is compared with rainfall depth obtained
by various n derived for each single event. But what does it mean this comparison? May be exist various H(T) > hr (for
increasing T) that give same rainfall depths for the different durations but with n=0.39. Maybe the information is only
that for those events, for some durations > basin response time (tr) the rainfall depth has a T larger than hr. I suggest: a)
on one side better explaining the reasons and motivations of the presented experiment. b) On the other side 1 would like to
see a sort of “project” experiment. So suppose to have the need to estimate the Q for a certain T, considering other
methodologies (example Chicago hyetograph ? events with rainfall peaks at the end of hyetograph? Other?), and make a
comparison. | think authors should start for the same data (DDF? Rainfall annual maxima on different duration?...) and
compare the proposed method with other ones. Moreover | would introduce the effects of Soil Moisture
Answer C5
Firstly, the authors would like to state clearly the scope of the catchment application section: the application should
support the reader in the understanding of the proposed dimensionless approach. The catchment application is
aimed to point out the dimensionless procedure implication and to provide some numerical examples of rainfall
structure and their effects on the hydrograph peak (Figs. 10, 11 and 12 address graphically such task). As already
mentioned, the general aim of the research is not to provide a hydrologic model to suitably estimate the hydrograph
peak at given return periods or to verify the peak associated with an observed rainfall event. In the catchment
application, the authors consider, as an example, three different rainfall events characterized by the same value of
the maximum rainfall depth occurred at the reference time of the catchment (h,.= 80mm; t,.= 0.85 h) thus aiming to
provide an example of three different rainfall structure according to the proposed approach. These three rainfall
structures (i.e. n equal to 0.55, 0.62 and 0.71) represent only three of the possible outcomes in the sample space of
the rainfall structures. Indeed, in Fig. 12 (see Fig. 12rev and 12new), the grey-filled stars are the dimensionless
hydrograph peak resulting from input hyetograph characterized by the sampled n structure exponent values for the
four selected dimensionless durations in the range [0.5, 2] where the structure exponent is assumed valid. In light of
the previous consideration, the catchment application cannot be considered as a ‘classical’ verification of the

proposed approach with experimental or numerical data.

It has to be noticed that a maximum rainfall depth at a given duration occurring in a specific catchment is
characterized by a defined return period complying with the local DDF curves, however through the dimensionless
procedure, the site-specific characteristics (such as the morphologic and climatic characteristics of the catchment)
are no more relevant being included within the parameters of the dimensionless procedure (i.e. h,.(T,) and t,) thus
allowing to figure out the implication on the hydrograph peak irrespective of the absolute value of the rainfall depth
(i.e. the corresponding return period). Even considering different initial soil moisture conditions (see Fig. 12new),

the main findings illustrated in the contour plot of the dimensionless hydrograph peak are similar: the maximum

28



hydrograph peak tends to increase with increasing the rainfall structure exponent and the dimensionless rainfall

duration while a saddle point is observed in the neighbourhood of d, and n values equal to 1 and 0.3, respectively.

Finally, as documented in the literature, the classical iso-frequency assumption between the design rainfall event
and the corresponding hydrograph peak is not strickly respected due to several factors including the influence of the
initial moisture conditions on the resulting excess rainfall, the partial contributing area etc. (see e.g. Sivapalan et al.,
1990), however, once again the author state that the determination of the flood frequency curve is out of the scope

of the present research study.

The authors have revised the Introduction section (page 2, lines 16-18) and the Results and Discussion section (page
7, lines 14-15) in order to state clearly the scope of the catchment application section. The reviewed version of the
text in the Introduction section is reported below and put in inverted commas.

“Finally a specific catchment application is discussed in order to point out the dimensionless procedure implications
and to provide some numerical examples of the rainfall structures with respect to observed rainfall events;
furthermore their effects on the hydrograph peak are examined.”

The reviewed version of the text in the Results and Discussion section is reported below and put in inverted
commas.

“Finally the dimensionless procedure is referred to a small Mediterranean catchment. In the catchment application
the dimensionless procedure is fully specified as from the evaluation of the rainfall structures associated with three
observed rainfall events as far as the determination of the reference peak flow and consequently of the

dimensionless hydrograph peaks for the three observed rainfall structures.”

Similarly the authors have revised the Section 3.3 “Catchment application” in order to better illustrate the catchment

application purposes.
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Abstract. The present paper proposes a dimensionless analytical framework to predict-the-hydrologicresponse-ef-a-given
catchment-thus-assessing-investigate the impact of the rainfall event structure on the runeff-hydrograph peak. At this aim a

methodology to describe the rainfall event structure is proposed based on the similarity with the Depth-Duration-Frequency

(DDF) curves. The rainfall input consists in a constant hyetograph where all the possible outcomes in the sample space of the

rainfall structures can be condensed.
the-dimensionless-duration—Soil abstractions are modelled using the Soil Conservation Service method and the Instantaneous

Unit Hydrograph theory is undertaken to determine the dimensionless form of the hydrograph; the two-parameter gamma-

distribution is selected to test the proposed methodology. The dimensionless approach is introduced in order to implement

the analytical framework to any study case (i.e. natural catchment) for which the model assumptions are valid (i.e. linear

causative and time invariant system). A set of analytical expressions are derived in case of constant-intensity hyetograph to

assess the highest—-maximum runoff peak with respect to a given rainfall event structure irrespective of the specific

catchment(such as the return period associated to the reference rainfall event).- Looking at the results, the curve of the

highest-maximum values of the runoff peak reveals a local minimum point corresponding to the design hyetograph derived

. A specific
catchment application is discussed in order to point out the dimensionless procedure implications and to provide some

according to the statistical DDF curvein

numerical examples of the rainfall structures with respect to observed rainfall events; finally their effects on the hydrograph

peak are examined.A

1 Introduction

The ability to predict the hydrologic response of a river basin is a central feature in hydrology. For a given rainfall event,
estimating rainfall excess and transforming it to runoff hydrograph is an important task for planning, design and operation of
water resources systems. For these purposes, design storm based on the statistical analysis of the annual maximum series of
rainfall depth are used in practice as input data to evaluate the corresponding hydrograph for a given catchment. Several

models are documented in the literature to describe the hydrologic response (e.g. Chow et al., 1988, Beven, 2012): the

30



10

15

20

25

30

simplest and most successful is the unit hydrograph concept proposed firstly by Sherman (1932). Due to a limited
availability of observed streamflow data mainly in small catchment, the attempts in improving the peak flow predictions are
documented in the literature since the last century (e.g. Henderson, 1963; Meynink and Cordery, 1976) to date. Recently,
Rigon et al. (2011) investigated the dependence of peak flows on the geomorphic properties of river basins. In the
framework of flood frequency analysis, Robinson and Sivapalan (1997) presented an analytical description of the peak
discharge irrespective of the functional form assumed to describe the hydrologic response. Goel et al. (2000) combine a
stochastic rainfall model with a deterministic rainfall-runoff model to obtain a physically based probability distribution of
flood discharges; results demonstrate that the positive correlation between rainfall intensity and duration impacts the flood
flow quantiles. Vogel et al. (2011) developed a simple statistical model in order to simulate observed flood trends as well as
the frequency of floods in a nonstationary word including changes in land use, climate and water uses. lacobellis and
Fiorentino (2000) proposed a derived distribution of flood frequency identifying the combined role played by climatic and
physical factors at the catchment scale. Bocchiola and Rosso (2009) developed a derived distribution approach for flood
prediction in poorly gauged catchments to shift the statistical variability of rainfall process into its counterpart in terms of

statistical flood distribution. Baiamonte et al. (2017) investigated the role of the antecedent soil moisture condition in the

probability distribution of peak discharge and proposed a modification of the rational method in terms of a-priori

modification of the rational runoff coefficients.

In this framework, the present research study takes a different approach by exploring the role of the rainfall event features on

the peak flow rate values. Therefore the main objective is to implement a dimensionless analytical framework that can be

applied to any study case (i.e. natural catchment) in order to investigate the impact of the rainfall event structure on

hydrograph peak. Since the catchment hydrologic response and in particular the hydrograph peak is subjected to a very broad

range of climatic, physical, geomorphic and anthropogenic factors, the focus is posed on catchments where lumped rainfall-

runoff model are suitable for deterministic event-based analysis. In the proposed approach, the rainfall event structure is

described by investigating the maximum rainfall depths for a given duration d_in the range of durations [d/2; 2d] within

that specific rainfall event, differently from the statistical analysis of the extreme rainfall events. Other authors (e.qg. Alfieri et

al., 2008) have previously discussed the accuracy of literature design hyetographs (such as the Chicago hyetograph) for the

evaluation of peak discharges during flood event on the contrary the proposed methodology allows to investigate the impact

of the above mentioned rainfall event structure on the magnification of the runoff peak neglecting the expected rainfall event

features condensed in the Depth-Duration-Frequency (DDF) curves.

The first specific objective is to define a structure relationship of the rainfall event able to describe the sample space of the

rainfall event structures by means of a simple power function. The second specific objective is to implement a dimensionless

approach that allows to generalize the assessment of the hydrograph peak irrespective of the specific catchment characteristic

(such as the hydrologic response time, the variability of the infiltration process, etc.) thus focusing on the impact of the

rainfall event structure.
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Finally a specific catchment application is discussed in order to point out the dimensionless procedure implications and to

provide some numerical examples of the rainfall structures with respect to observed rainfall events; furthermore their effects

on the hydrograph peak are examined.

2 Methodology

A dimensionless approach is proposed in order to define an analytical framework that can be applied to any study case (i.e.
natural catchment). It follows that both the rainfall depth and the rainfall-runoff relationship that are strongly related to the
climatic and morphologic characteristics of the catchment, are expressed through dimensionless forms.

The rainfall event is then described as simple hyetographs of a given durations; this simplification is consistent with the use

of deterministic lumped models based on the linear system theory (e.g. Bras, 1990). The proposed approach is therefore valid

within a framework that assumes that the watershed is a linear causative and time invariant system, where only the rainfall

excess produces runoff. In detail, the rainfall-runoff processes are modelled using the Soil Conservation Service (SCS)

method for soil abstractions and the Instantaneous Unit Hydrograph (IUH) theory. Consistently with the assumptions of the

UH theory, the proposed approach is strictly valid when the following conditions are maintained: the known excess rainfall

and the uniform distribution of the rainfall over the whole catchment area.

2.1 The dimensionless form of the rainfall event structure relatienfunction

Rainfall DDF curves are commonly used to describe the maximum rainfall depth as a function of duration for given return
periods. In particular for short durations, rainfall intensity has often been considered rather than rainfall depth, leading to
intensity-duration-frequency (IDF) curves (Borga et al., 2005). Power laws are commonly used to describe DDF curves in

Italy (e.g. Burlando and Rosso, 1996) and elsewhere (e.g. Koutsoyiannis et al., 1998).
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The proposed approach describes the internal structure of rainfall events based on the similarity with the DDF curves.

Referring to a rainfall event, the maximum rainfall depth observed for a given duration is described in terms of a power

function similarly to the DDF curve, as follows:

h(d) = a'd" 1)

where h [L] is the maximum rainfall depth, a’ [LT™] and n [-] are respectively the coefficient and the structure exponent of

the power function for a given duration, d [T]. _For each duration d;, the corresponding power function exponent, n, is

estimated based on the maximum rainfall depth values observed in the range of duration [d;/2; 2d;] by means of a simple

linear regression analysis.

Based on such assumptions, the structure exponent n allows describing the rainfall event based on a simple rectangular

hyetograph thus representing the internal-rainfall event structure at a given duration. In other words, a rainfall event that is

characterized by a specific n structure exponent at a given duration is only one of the possible outcomes in the sample space

of the rainfall structures. The n structure exponent mathematically ranges between 0 and 1: the two extreme values represent

un-realistic events characterized by opposite internal structure; when the structure exponent n tends to zero the internal

structure of the rainfall event is comparable to a Dirac impulse while it is comparable to a constant intensity rainfall for n

close to one.

As an example, Figure- 1 describes the nternal-rainfall event structure efa—+rainfal-event-according to the above illustrated
power—funetionapproach. In Fig. 1, the observed rainfall depth (at the top), the observed and-evaluated-maximum rainfall
depths (at the centre), and the corresponding rainfall structure exponent (at the bottom) are reported_on hourly basis.

In order to correlate the rainfall event internal-structure function to the DDF curve, a reference rainfall event has to be

defined in terms of the maximum rainfall depth, h,., occurred for the reference duration, t,.. Focusing on

Feor a given catchment, the reference duration, t,_is assumed equal to the hydrologic response time of the catchment; thus, by

assuming a specific return period T, [T], the reference value of the maximum rainfall depth, h,. k.[L], is defined according to

the corresponding DDF curves, as follows:
hy (T, t,) = a(T)t,” 2

where a(T) [LT™] and b [-] are respectively the coefficient and the scaling exponent of the DDF curve-while&-tr[F}-is-the
Referring to a rainfall duration corresponding to ¢, t.; the rainfall depth is assumed equal to the reference value of the
maximum rainfall depth. Based on this assumption a relationship between the parameters of the DDF curve and the rainfall
event rainfall structure function can be derived as follows:

! b
h(t,) = h (T, t,) »a't," = a(T)t,” » — =12 3)

a(Tr) "

33



10

15

20

25

From Eqg. (3) it is possible to derive the coefficient of the internalrainfall event structure function, a’ for a given reference

duration, t,.. Note that the a’_coefficient is assumed valid in the range [, /2; 2t,] similarly to the n structure exponent.

The dimensionless approach is then introduced since it allows defining an analytical framework that can be applied to any

study case (i.e. natural catchment) for which the model assumptions are valid (i.e. linear causative and time invariant

system). The reference values h, and t, are directly linked to the climatic and morphologic characteristics of the specific

catchment, therefore the dimensionless approach based on the h, and t, values allows to generalize the results irrespective of

the specific catchment characteristic (such as the return period associated to the reference rainfall event).

Based on the proposed approach, Fthe dimensionless form of the rainfall depth, h,, is defined by the ratio of the rainfall

depth, h, -to the reference value of the maximum rainfall depth, i,.; similarly the dimensionless duration, d,, is expressed by
the ratio of the duration, d _, -to the reference time, t,.. Therefore, the dimensionless form of the rainfall structure relationship

may be expressed utilizing Egs. (1), (2) and (3):

h.(d,) = hi — et _at g (4)

r a(Tr)trb ty"

2.2 The dimensionless form of the Unit Hydrograph

The hydrologic response of a river basin is here predicted through a deterministic lumped model: the interaction between
rainfall and runoff is analysed by viewing the catchment as a lumped linear system (Bras, 1990). The response of a linear
system is uniquely characterized by its impulse response function, called the Instantaneous Unit Hydrograph (IUH). For the
IUH, the excess rainfall of unit amount is applied to the drainage area in zero time (Chow et al., 1988).

To determine the dimensionless form of the unit hydrograph a functional form for the IUH and thus the S-hydrograph has to
be assumed. In this paper the IUH shape is described with the two-parameter gamma distribution (Nash, 1957):

0= () ®

where f(t) [T™] is the IUH, 7"[-] is the gamma function, o [-] is the shape parameter while & [T] is the scale parameter. In
the well-known two-parameter Nash model, the parameters «and k represent the number of linear reservoirs added in series
and the time constant of each reservoir, respectively. The product ak is the first order moment thus corresponding to the
mean lag time of the IUH. Note that the IUH parameters can be related to watershed geomorphology; in these terms the
Geomorphologic Unit Hydrograph (GIUH) theory attempts to relate the IlUH of a catchment to the geometry of the stream
network (e.g. Rodriguez-Iturbe and Valdes, 1979; Rosso, 1984). The use of the Nash IUH allows to define an analytical

framework to assess the relationship between the maximum dimensionless peak and the n structure exponent for a given

dimensionless duration and similar analytical derivation can be carried out for simple synthetic IUHs.

The dimensionless form of the IUH is obtained by using the dimensionless time, t,, defined as follows:

t,=— (6)

34



10

15

20

The proposed dimensionless approach is based on the use of the IUH scale parameter as the reference time of the hydrologic
response (i.e. t,= k). Using the first order moment in the dimensionless procedure, the proposed approach can be applied to

any IUH form_even if, for experimentally derived IUH, the analytical solution of the problem is not feasible.

By applying the change of variable = akt,, the IUH may be expressed as follows:

F©) = s (%) () 0

The dimensionless form of the IUH, f(t,), is defined and derived from Eq. (7) as follows:

— cak = % —1,—(at.)
ft)=f@) -ak = o) (at)*le™@ (8)
Note that for the dimensionless IUH the first order moment is equal to one and the time-to-peak, ¢t;,, can be expressed as

follows:

Y — g 5 ¢, =22 9)

dt. a

The dimensionless Unit Hydrograph (UH) is derived by integrating the dimensionless IUH:

St = [y f(x)dr. (10)

where S(t,) is the dimensionless S-curve (e.g. Henderson, 1963).
For a unit dimensionless rainfall of a given dimensionless duration, d,, the dimensionless UH is obtained by subtracting the
two consecutive S curves that are lagged d.,:

S(t,) fort, <d,

S(t) —S(t,—d,) fort,>d, (11)

u(e) = {

where U(t,) is the dimensionless UH. The time-to-peak of the dimensionless UH, t,,., is derived by solving dU(t,)/dt, =

0. Using (8) and (11) and recognizing that t,,, > d, gives the following equation for t,,,:

adx

f(tp*) = f(tp* - d*) 2 e = d*% = d*ﬁ (12)
ea—1-1 1-e a-1

Similar expressions for the time-to-peak are available in the literature (e.g. Rigon et al., 2011; Robinson and Sivapalan,

1997). Consequently the peak value of the dimensionless UH may be expressed as a function of d, by:

Umax(d*) = S(tp*) - S(tp* - d*) (13)
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2.3 The dimensionless runoff peak analysis

Based on the unit hydrograph theory and assuming a rectangular hyetograph of duration d,, the dimensionless convolution

equation for a given catchment becomes:

Q(t.) = i(d.)U(t.) (14)

where Q(t,) is the dimensionless hydrograph and i, (d,) is the dimensionless excess rainfall intensity.

Note that the hypothesis of rectangular hyetograph is not motivated in order to simplify the methodology but in order to

describe the rainfall event structure. Based on such approach, the rainfall event structure at a given duration is represented

throughout the n structure exponent, it follows that the rainfall event is described by a simple rectangular hyetograph. It has

to be noticed that the constant hyetograph derived by a given n structure is assumed valid in the same range of duration from
which it is derived [d;/2; 2d;].

In the following sections the dimensionless hydrograph and the corresponding peak are examined in case of constant and

variable runoff coefficients.

2.3.1 The analysis in case of constant runoff coefficient

By considering a constant runoff coefficient, ¢, _[-], similarly to the dimensionless rainfall depth h, the dimensionless excess

rainfall depth h,, is defined by:

_ 9ok _ gn
he, = 280 = d, (15)

The corresponding dimensionless excess rainfall intensity becomes:
. n-1
lew = d, (16)

From Eqgs. (13), (14) and (16), the dimensionless hydrograph and the corresponding peak may be expressed by:

Q(t) = d."'U(t.) (17)
Omax(d) = A" Wpnar(d.) = d. 7Y S(tp) — S(tpe — d.)] (18)

In order to investigate the critical condition for a given catchment which maximizes the runoff peak, the partial derivative of

the Eq. (18) with respect to the variable d, is calculated.

BQn;Zi(d*) =0 - f(i,:?Ld* = S(tp) = S(tp. — d.) = Upax(d.) (19)

The analytical expression for estimating the critical duration of rainfall that maximizes the peak flow was firstly derived by
Meynink and Cordery (1976). Similarly, Ffrom Eq. (19) it is possible to analytically derive the n structure value that

maximizes the dimensionless runoff peak for a specific duration d, referring to a given catchment:
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_ 4 _ S(tpa)ds
n=1 Umax(ds) (20)

2.3.2 The analysis in case of variable runoff coefficient

The variability of the infiltration process across the rainfall event as well as the initial soil moisture conditions significantly
affect the hydrological response of the catchment. In order to take into account these elements -variabiity-of the-infiltration
process-during-the-rainfall-event—a variable runoff coefficient, o, is introduced. The variable runoff coefficient is estimated
based on the SCS method for computing soil abstractions (SCS, 1985). Since the analysis deals with high rainfall intensity

events it would be reasonable to force the SCS-method in order to always produce runoff (Boni et al., 2007). The assumption
that the rainfall depth always exceeds the initial abstraction is implemented in the model by supposing that a previous

rainfall depth at least equal to the initial abstraction occurred; therefore, the excess rainfall depth h, is evaluated as follows:

h. = oh = e o= (21)
e = PN =305 P = e
where S is the soil abstraction [L]. The variable runoff coefficient is therefore described as a monotonic increasing function
of the rainfall depth. It follows that the runoff component is affected by the variability of the infiltration process: the runoff is
reduced in case of small rainfall events and is enhanced in case of heavy events.
The dimensionless excess rainfall depth, k.., is defined by:

he

—he _ O _0p o4
he* a he, B @rhr h Pr ho = Pr d. (22)

where h,_[L] is the reference excess rainfall depth and ¢, [-] is the corresponding reference runoff coefficient.

The corresponding dimensionless excess rainfall intensity becomes:

- i d*n_l (23)

i
ex Pr

From Eq. (21) the ratio (pi may be determined in terms of h,:

o _ e _ h. (hT+S) _h (1+s*) (24)

T hr h+s hetS.
or /(hy+s) N

where S, is the dimensionless soil abstraction defined by the ratio of S to h,.

According to the dimensionless approach proposed in the present paper, different initial moisture conditions can be analyzed

by considering different S, associated with different CN conditions (i.e. CN, or CN,;,;_or different soil characteristics) for the

same reference rainfall depth.

The ratio 2 is lower than one when the dimensionless rainfall depth is lower than one and vice versa. In the domain of h, <

Pr

1 (i.e. d, < 1), the variable runoff coefficient implies that the runoff component is reduced with respect to the reference case
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and vice versa. The impact of the ratio - on the runoff production is enhanced if S, increases thus causing a wider range of

Pr

runoff coefficients.
From Egs. (13), (14) and (23), the dimensionless hydrograph and the corresponding peak may be expressed by:

Q(t.) = fd*"_lU (t.) (25)
Qmax(d*) = %d*n_lumax(d*) = %d*n_l[s(tp*) - S(tp* - d*)] (26)

Similarly to the runoff peak analysis carried out in case of the constant runoff coefficient, the partial derivative of the Eqg.

(26) with respect to the variable d, is calculated:

Wmaxld) = 0 5 f(tp)d, = [S(tp.) = S(t. — )] [1 — 20+

nal* ]
dd.

an+s,

(27)

From Eq. (27) it is possible to implicitly derive the n structure value that maximizes the dimensionless runoff peak for a

specific duration d, referring to a given catchment.

3 Results and discussion

The proposed dimensionless approach is tested-derived using the two-parameter gamma distribution for the shape parameter
equal to 3. Such assumption is derived by using the Nash model relation proposed by Rosso (1984) to estimate the shape
parameter based on Horton order ratios according to which the « parameter is generally in the neighbourhood of 3 (La
Barbera and Rosso, 1989; Rosso et al., 1991). In Figure- 2, the dimensionless rainfall duration is plotted vs. the
dimensionless time-to-peak together with the dimensionless IUH and the corresponding dimensionless UH for d,=1.0. Note
that the dotted grey lines indicates the UH peak while the dashed grey lines show t,,., f(tp*) and f(t,,* - d*), respectively.

The dimensionless UH is evaluated varying the dimensionless rainfall duration_in the range between 0.5 and 2 according

with the n structure definition in the range of durations [d;/2; 2d;]; then the runoff peak analysis is carried out in case of

constant and variable runoff coefficients. The achieved results are presented with respect to the above mentioned

dimensionless duration range [0.5; 2] that is wide enough to include the duration of the rainfall able to generate the

maximum peak flow for a given catchment (Robinson and Sivapalan, 1997).

Finally the dimensionless procedure is referred to a a—numerical-example—of-the—application—to—a—small Mediterranean

catchment.-is-presented- In the catchment application the dimensionless procedure is fully specified as from the evaluation of

the rainfall structures associated with three observed rainfall events as far as the determination of the reference peak flow and

consequently of the dimensionless hydrograph peaks for the three observed rainfall structures.
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3.1 Highest Maximum dimensionless runoff peak with constant runoff coefficient

The dimensionless form of the hydrograph is shown in Figure: 3 with varying the rainfall structure exponents, n, for the
selected dimensionless rainfall duration. The hydrographs are obtained for excess rainfall intensities characterized by
constant runoff coefficient and rainfall structure exponents of 0.2, 0.3, 0.5 and 0.8.

The impact of the rainfall structure exponents on the hydrograph form depends on the rainfall duration: for d,lower than one,
the higher n the lower is the peak flow rate and vice versa.

Figure 4 illustrates the 3D mesh plot and the contour plot of the dimensionless runoff peak as a function of the rainfall

structure exponent and the dimensionless rainfall duration. In the_3D mesh plot as well as in the contour plot, it is possible to

observe a saddle point located in the neighbourhood of d, and n values equal to 1 and 0.3, respectively. Note that the
intersection line (reported as bold line in Fig. 4) between the saddle surface and the plane of the principal curvatures where
the saddle point is a minimum indicates the highest values of the runoff peak for a given n structure exponent.

In Figure- 5, the highest-maximum dimensionless runeff-hydrograph peak and the corresponding rainfall structure exponent
are plotted vs. the dimensionless time-to-peak. Further, the dimensionless IUH and the corresponding dimensionless UH for

d,.=1.0 are reported as an example. The reference line (indicated as short-short-short dashed grey line_ in Fig. 5) illustrates the

indicates-the-lower control line corresponding to the rainfall duration infinitesimally small. Note that the rainfall structure
exponent that maximizes the runoff peak for a given duration can be simply derived as a function of the dimensionless time-
to-peak (see Eq. 20). The highest-maximum dimensionless runoff peak curve tends to one for long dimensionless rainfall

duration (d, > 3) when eenseguenthy-the corresponding n structure exponent tends to one (see Eq. 18): for high-values of n

structure, the critical conditions occur for long durations that correspond to paroxysmal events for which the rainfall intensity

remains fairly constant. The local minimum of the maximum dimensionless runoff peak curve (see Fig.5) occurs at t,,of

1.29 corresponding to n structure value of 0.31 and d, of 1, thus pointing out that Reswts—cenfirm-that-the-highest-runoff

emerges-that-the less critical runoff peak occurs at n structure exponent values corresponding to the ones typically derived by
the statistical analysis of the annual maximum rainfall depth series in Mediterranean climate. H-otherwords;referring-to-the

39



10

15

20

25

30

durations- Furthermore, it can be observed that different rainfall event conditions (i.e. rainfall structure exponent n and

duration d,) in the neighborhood of the local minimum point could determine comparable effects in term of the runoff peak

value.

3.2 Highest Maximum dimensionless runoff peak with variable runoff coefficient

The excess rainfall depth, in the case of variable runoff coefficient, is evaluated by assigning a value to the reference runoff

coefficient. In particular, the reference runoff coefficient is defined as follows utilizing Eq. (21):

Ry 1

= - -
Pr hy+S Pr 1485,

(28)

In order to provide an example of the proposed approach, the presented results are obtained assuming a dimensionless soil
abstraction S, of 0.25. It follows that the reference runoff coefficient ¢, is equal to 0.8.

Similarly to the results presented for the case of constant runoff coefficient, Figure- 6 illustrates the dimensionless
hydrographs obtained for excess rainfall intensities characterized by variable runoff coefficient and n structure exponents of
0.2, 0.3, 0.5 and 0.8. at assigned dimensionless rainfall duration (d,=0.5, 1.0, 1.5, and 2.0). The dimensionless hydrographs,
obtained for the variable runoff coefficient, show the same behaviours of the ones derived for the constant runoff coefficient
(see Figs. 3 and 6), even if they differ in magnitude, thus confirming the role of the variable runoff coefficient on the runoff
peak. In particular, due to the variability of the infiltration process, the runoff peaks slightly decrease for rainfall duration
lower than one (i.e. d,=0.5) when compared with the ones observed in case of constant runoff coefficient while they rise up
for duration larger than one (i.e. d,=1.5 and 2).

Figure 7 shows the 3D mesh plot and the contour plot of the dimensionless runoff peak as a function of the rainfall structure

exponent and the dimensionless rainfall duration in case of variable runoff coefficient. By comparing Figs. 7 and 4, it
emerges that the contour lines observed in case of variable runoff coefficient reveal a steeper trend with respect to constant
runoff coefficient ones indeed the impact of the n structure exponent on the runoff peak is enhanced when the runoff
coefficient is assumed variable. The saddle point is again located in the neighbourhood of d, and n values equal to 1 and 0.3,
respectively while the curve of the highest-maximum values of the runoff peak (reported as bold line in Fig. 7) is moved on
the left.

In Figure- 8, the highest-maximum dimensionless runeff-hydrograph peak and the corresponding rainfall structure exponent
are plotted vs. the dimensionless time-to-peak in case of variable runoff coefficient. Results plotted in Fig. 8 confirm that the
highest-maximum runoff peak curve reveals the local minimum point at ¢, of 1.29 corresponding to n of 0.26 and d,of 1.
Referring to S, of 0.25, the highest-maximum dimensionless runoff peak tends to 1.25 for long dimensionless rainfall

duration (d, > 3) when consequently the n structure exponent tends to one (see Egs. 24 and 26).
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Figure 9 illustrates the influence of different variable runoff coefficients (i.e. for instance different initial moisture conditions
or_different soil characteristics) on the maximum dimensionless runoff peak. Similarly to Fig. 8, Figure-S9-iHustrates-the
maximum dimensionless hydrograph peak (see the top graph) and the corresponding rainfall structure exponent (see the
centre graph) are plotted vs. the dimensionless time-to peak the-highest-dimensionlessrunoff-peak-and-the-corresponding
rainfall-structure-expenent-vs—the-dimensionless-time-to-peak-in case of variable runoff coefficient (for S, values of 0.25 and

0.67) together with the comparison to the case of constant runoff coefficient. The highest-maximum dimensionless runoff

peak are similar for short rainfall duration (i.e. t,,, lower than 1.5) when the variable runoff coefficient reduces the runoff
component with respect to the reference runoff case (that is also the constant runoff case i.e. 5,=0). On the contrary, the
highest-maximum dimensionless runoff peak increases with increasing the dimensionless soil abstraction for long rainfall
duration. Such behaviour is due to the rate of change in the runoff production with respect to the rainfall duration: with
increasing the rainfall volume the relevance of runoff with respect to the soil abstraction rises. tdeed—in-these-cases;-the

In other words, the n structure exponent that maximizes the runoff peak, decreases for increasing the dimensionless soil

abstractions (see Eq. 27).

3.3 Catchment application

In order to point out the dimensionless procedure implications and to provide some numerical examples of the rainfall event
v, this-the approeach-proposed methodology

has been implemented for the Bisagno catchment at La Presa station, located at the centre of Liguria Region, (Genoa, Italy).

structures A

The Bisagno — La Presa catchment has a drainage area of 34 km? with an index flood of about 95 m*/s. The upstream river
network is characterized by main channel length of 8.36 km and mean streamflow velocity of 2.4 m/s. Regarding the
geomorphology of the catchment, the area (Ra), bifurcation (Rg) and length (R,) ratios that are evaluated according to the
Horton-Strahler ordering scheme, are respectively equal to 5.9, 5.6 and 2.5. By considering the altimetry, vegetation and
limited anthropogenic exploitation of the territory, the Bisagno — La Presa is a mountain catchment characterized by an
average slope of 33%. The soil abstraction, S, is assumed equal to 41 mm; its evaluation is based on the land use analysis
provided in the framework of the EU Project CORINE (EEA, 2009). The mean value of the annual maximum rainfall depth
for unit duration (hourly) and the scaling exponent of the DDF curves are respectively equal to 41.31 mm/h and 0.39.
Detailed hydrologic characterization of the Bisagno catchment can be found elsewhere (Bocchiola and Rosso, 2009; Rulli
and Rosso, 2002; Rosso and Rulli, 2002). Focusing on the rainfall-runoff process the two parameters of the gamma
distribution are evaluated based on the Horton order ratio relationship (Rosso, 1984). The shape and scale parameters are

estimated equal to 3.4 and 0.25 h respectively, thus corresponding to the lag time of 0.85 h.
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In this application three rainfall events observed in the catchment area have been selected in order to analyse the different

runoff peaks occurred for the three rainfall-internal_event structures. For comparison purposes, Fthe selected events are

characterized by analogous magnitude of the maximum rainfall depth observed for the duration equal the reference time (i.e.
h, =80 mm, t, =0.85 h).

Figure 10 illustrates the internal-rainfall event structure curves derived ef- for the three selected rainfall events. The graphs at
the top report the observed rainfall depths while the central graphs show the estimated rainfall structure exponents. At the

bottom of Fig. 10, by considering the three structure exponents corresponding to the Bisagno — La Presa reference time (i.e.

n = 0.55, 0.62, 0.71), the rainfall event structure curves are derived for a rainfall durations ranging between 0.5-t, and 2-t;;
for comparison purpose, the DDF curve is also reported. Based on each rainfall structure curve, four rectangular hyetographs
with duration of 0.425, 0.85, 1.275, and 1.7 h in the range [t,/2; 2t,] are derived to evaluate the impact on the hydrolegic
responsehydrograph peak of the Bisagno — La Presa catchment. Note that the analysis is performed in case of variable runoff

coefficient whose reference value is equal to 0.66 (i.e. S, = 0.5; S = 41 mm). In Figure- 11, the net hyetographs, the

corresponding hydrographs and the reference value of the runoff peak flow are plotted for the three investigated rainfall
structure exponents. The reference value of the runoff peak flow (dash-dot line) is evaluated by assuming a constant-
intensity hyetograph of infinite duration and having excess rainfall intensity equal to the one estimated for the reference
time. The role of the rainfall structure exponent emerges in the different decreasing rate of the excess rainfall intensity with
the duration, thus resulting in the corresponding increasing rate of the peak flow values.

Figure 12 shows the contour plot of the dimensionless rureff-hydrograph peak in case of variable runoff coefficient (S, =
0.5). The highest-maximum runoff peak curve is also reported (bold line) together with the dimensionless hydrograph peaks
(grey-filled stars) for the selected rainfall structure exponents (n = 0.55, 0.62, 0.71) and durations (d, = 0.5, 1.0, 1.5, and

2.0). Note that, these selected rainfall structures represent only three of the possible outcomes in the sample space of the

rainfall structures that are described in the contour plot. Similarly to Fig. 7, the Bisagno — La Presa catchment application

shows a curve of the highest values of the runoff peak characterized by a local minimum (saddle point) in the neighbourhood

of d, and n values equal to 1 and 0.3, respectively.

4 Conclusions

—investigating the
impact of the rainfall event structure on the hydrograph peak. At this aim a methodology to describe the rainfall event

structure is proposed based on the similarity with the Depth-Duration-Frequency (DDF) curves. The rainfall input consists in

a_constant_hyetograph where all the possible outcomes in the sample space of the rainfall structures can be condensed

through the n structure exponent. The rainfall-runoff processes are modelled using the Soil Conservation Service (SCS)

method for soil abstractions and the Instantaneous Unit Hydrograph (IUH) theory.Beth-therainfal-depth-and-therainfall-
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form; however the analysis can be repeated using other synthetic IUH forms obtaining similar results.

The proposed dimensionless approach allows defining an analytical framework that can be applied to any study case for

which the model assumptions are valid; the site-specific characteristics (such as the morphologic and climatic characteristics

of the catchment) are no more relevant being included within the parameters of the dimensionless procedure (i.e. h,.(T;.)_and

t,-) thus allowing to figure out the implication on the hydrograph peak irrespective of the absolute value of the rainfall depth

(i.e. the corresponding return period).

A set of analytical expressions has been derived to provide the estimation of the highest-maximum peak with respect to a
given n structure exponent. Results reveal the impact of the rainfall event structure on the runoff peak thus pointing out the
following features:

e the curve of the highestmaximum values of the runoff peak reveals a local minimum point (saddle point);

o different combinations of n structure exponent and rainfall duration may determine similar conditions in terms of

runoff peak;-

e analogous behaviour of the maximum dimensionless runoff peak curve is observed for different wariable-runoff

coefficients although wider range of variation are observed with increasing soil abstraction values—mplicate

Referring to the Bisagno — La Presa catchment application_(h,.= 80mm; t,.= 0.85 h and S,= 0.5), the saddle point of the the

runoff peaks is located in the neighbourhood of n value equal to 0.3 and rainfall duration corresponding to the reference time
(d, =1). Further, it emerge that the highest-maximum runoff peak value, corresponding to the scaling exponent of the DDF
curve, is comparable to the less critical one (saddle point).

Findings of the present research suggest reviewing the derived flood distribution approaches that coupled the information on
precipitation via DDF curves and on the catchment response based on the iso-frequency hypothesis. Future research with
regard to the structure of the extreme rainfall event is needed; in particular the analysis of several rainfall data series
belonging to a homogeneous climatic region is required in order to investigate the frequency distribution of specific rainfall
structures.

The developed approach, besides suggesting remarkable issues for further researches and unlike the merely analytical

exercise succeeds in highlighting once more the complexity in the assessment of the maximum runoff peak.
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d. (d,=0.5, 1.0, 1.5, and 2.0). Note that the shape parameter «a is equal to 3.
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Figure 4: 3D mesh plot (at the top) and contour plot (at the bottom) of the dimensionless hydrograph peak as a function of the
rainfall structure exponent and the dimensionless rainfall duration in case of constant runoff coefficient. The maximum
dimensionless hydrograph peak curve is also reported (bold line).
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Figure 7: 3D mesh plot (at the top) and contour plot (at the bottom) of the dimensionless hydrograph peak as a function of the
rainfall_structure exponent _and the dimensionless rainfall duration in case of variable runoff coefficient. The maximum
dimensionless hydrograph peak curve is also reported (bold line).
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Figure 12: Contour plot of the dimensionless runeff-hydrograph peak evaluated for the Bisagno — La Presa catchment in case of
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