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Abstract. The paper presents the results of an analysis of the influence
of synthetic rainfall duration and location of rainfall intensity peak on the
rate of the flood volume in surcharged storm sewers. The analyzed rainfalls
had durations from 15 minutes to 180 minutes. It was assumed, that the
rainfall peak location would change between the beginning and the end of
the rainfall with increments of 10% of the rainfall duration. Outflow
simulations were performed with the use of SWMMS5.1.012 for three
models of real urban catchments with surfaces from 1.6 km? to 6.7 km?. An
assessment of the influence of rainfall parameters was made on the basis of
the flood volume rates. Short rainfalls with peaks located at the beginning
of rainfall duration do not generate flooding. For other rainfalls it was
found that for a specified rainfall duration the flood volume increases with
the increase of time of the rainfall peak location. The maximum flood
volume varied from 5% to 12% of the total runoff volume, depending on
the catchment area, and is generated by the rainfall, whose intensity peak
occurs right after the time corresponding to the flow time through the
catchment.

1 Introduction

One of the main uses of stormwater sewer system simulation models is the assessment of
flooding risk, required by European Regulations EN 752 [1]. For this type of calculation, it
is necessary to analyze the outflow from the catchment under pressurized flow conditions.
The flows for water levels above the crown of the sewer can be calculated by using the
mathematical model of unsteady flow, implemented in computer programs [2, 3].

The network capacity can be identified with the maximum flow in the sewers. The
maximum flow is obtained by the greatest possible surcharge which corresponds to the
surcharge at ground level. For the evaluation of network capacity, a series of historical
heavy rainfalls, hyetographs developed with stochastic models or synthetic rainfalls can be
used [4, 5]. The use of synthetic rainfalls is most often required due to the lack of measured
rainfall data for the concerned area. Usually, the only available form of information about
the rainfall characteristic are IDF curves or DDF curves, which describe the relationship
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between the rainfall intensity (or rainfall depth), its duration and frequency of occurrence
[6]. Directly from the IDF or DDF curve a “block rainfalls” (rainfalls with a constant
intensity) can be developed. These kinds of rainfalls, however, are not useful in simulating
outflow from the urban catchment due to significant underestimation of the outflow. In
simulation models the variability of rainfall intensity over time should be considered [7, 8].
This variability can be represented by synthetic hyetographs consisting of a sequence of
pulses with a constant intensity during the pulse. The total rainfall depth for the hyetograph
with a specified duration corresponds to the value read from the IDF or DDF curves for this
rainfall duration. Among the most popular and mainly used synthetic hyetographs are the
Chicago hyetograph [9] and Euler type II [4]. The design of the Chicago hyetograph allows
changing the location of maximum intensity (peak); in the case of Euler hyetographs the
location of rainfall peak is constant and corresponds to 30% of the total rainfall duration.
The advantage of Euler hyetographs over Chicago hyetographs is a very simple design -
any form of IDF or DDF curves can be used. In the case of Chicago hyetographs, the IDF
or DDF curve must be described by a specific equation [10].

The results presented in the literature indicate that the average location of the maximum
rainfall intensity is variable and range from 20% to 50% of the total rainfall duration [11,
12]. Synthetic rainfalls should represent the properties of real rainfalls, hence the design of
synthetic hyetographs should allow changing the location of maximum rainfall intensity.
By changing the peak location in rainfall with a specified duration and depth according to
IDF or DDF curves, different values of outflow characteristics can be obtained. For
rainfalls with relatively small intensities during runoff from an impervious area, different
values of maximum outflow and flood volume (volume of water which overflows above
ground level) are obtained. For rainfalls with high intensities causing runoff from
a pervious area, the change of rainfall peak location may additionally change the total
volume of the outflow. This is one of the basic disadvantages of using synthetic rainfalls.
Due to a lack of linear rainfall-runoff transformation, the rainfall frequency of occurrence
will not always be equal to the outflow frequency of occurrence [13, 14]. From the IDF or
DDF curves the total rainfall depth for a rainfall of a specified duration and frequency of
occurrence is read. It means that the rainfall frequency of occurrence describes only one
rainfall characteristic - this frequency can be attributed to only one selected characteristic.
This selected characteristic should achieve a maximum value for a specified rainfall depth.
This assumption allows identifying the rainfall frequency of occurrence with an outflow
frequency of occurrence and justifying the use of synthetic rainfalls.

The aim of the presented analysis is the assessment of the influence of synthetic
hyetograph parameters, represented by the rainfall duration and peak location, on the results
of the evaluation of stormwater sewer system capacity. Knowledge of the relationship
between rainfall and runoff parameters can allow clarification of the recommendations
concerning choosing hyetograph parameters for simulations of runoff from urban
catchment.

2 Methods and Materials

2.1 Catchments

The runoff calculations were made for three existing urban catchments located in
Bydgoszcz and Poznan (fig. 1). The catchments A and B have a total area not exceeding
200 ha (tab. 1). This value is claimed as a boundary for stormwater sewer systems whose
operation should be verified with the use of simulation models [4]. The catchment C with
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an area of approximately 670 ha is an example of a large and well-developed stormwater
sewer system for Polish conditions.
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Fig. 1. The location of analyzed catchments: a) catchments A i B in Bydgoszcz; b) catchment C in
Poznan (city plans without scale).

Storm Water Management Model 5.1.012 was used for the runoff simulation [15]. This
program is widely used for the hydrodynamic modeling of stormwater systems. The models
of catchments A and B were developed by the company Miejskie Wodociagi i Kanalizacja
(MWiK) in Bydgoszcz as part of the stormwater system modernization program. The model
of catchment C was made by the Poznan University of Technology [16]. Due to data
availability this model is characterized with a much greater degree of simplification of
network structure and subcatchment division.

Table 1. Chosen characteristics of analyzed catchments and their models.

Catchment | Total The longest Number Number
description area flow time of subcatchments of sewers
F [ha] Tr [min] in the model in the model
A 172 34 218 419
B 157 86 176 272
C 670 53 55 82

In Table 1, the longest flow time through the catchment 77 (which includes the flow
time through the sewers from the start node to the outfall) is presented. The flow time Tr
represents the catchment size, which is used for choosing the duration of a design storm.
The calculation of 77 was made on the basis of the Manning Formula, assuming uniform
flow and full flow conditions and network parameters (sewer slopes and roughness
coefficients) according to simulation models [17].

The models of catchments A and C were calibrated on the basis of a comparison of the
simulation results for selected real rainfalls with the results of measurements. Data for
catchment A were derived from the rainfall and runoff monitoring network, operated by
MWiK in Bydgoszcz. The rainfall and runoff monitoring for catchment C was performed
by The Institute of Environmental Engineering at the Poznan University of Technology.
The calibration was made for the rainfalls causing free surface flows in sewers. Differences
between the simulated and registered peak flows and the values of outflow volume were
+15%. These values were considered as acceptable and meeting the requirements
concerning storm water system simulation models [18].
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2.2 Rainfalls

The aim of the presented analysis includes the assessment of stormwater sewer system
capacity. To achieve this aim, it is necessary to calculate the outflow under pressurized
flow conditions, when the maximum level of surcharge is at ground level. It is not possible
to accurately determine the rainfal depth generating pressurized flow under the assumed
conditions. In the presented analysis rainfalls with the frequency of occurence ¢ = 3 years
were used. These rainfalls are used for the assessment of surcharge frequency [4]. Rainfalls
with the ¢ = 3 years have the lowest rainfall depth, which is causing pressurized flow
conditions with a probability of negligible flooding (overdamming above groud level) and
do not generate significant runoff from a pervious area, which could impede the assessment
of results.

The analysis was made for synthetic rainfalls with durations 7p from 15 min to 180 min
(the durations increased by 5 min). The longest considered rainfall duration corresponds to
double flow time through the catchment B, which has the greatest value of 7 (tab. 1). The
design rainfall duration equal to double flow time through the catchment is recommended
for calcuating the outflow from the urban catchment [19]. To determine the location of
maximum rainfall intenisty the ratio » was used [9]. The ratio r is the dimensionless time to
rainfall peak Tp related to the rainfall duration 7p. The considered values of ratio r varied
from 0 to 1 with the increment of 0.1. Synthetic hyetographs for different values of rainfall
duration and ratio » were developed - the total number of developed hyetographs was 374.

The rainfall depths for specific rainfall durations were calculated with the use of the
Bogdanowicz-Stachy Formula [6], which is the form of DDF curve for Polish conditions.
Due to the simple transformation of the DDF curve into the synthetic hyetograph, it was
decided that the design of the synthetic hyetograph would be based on the Euler type II.
Developing this kind of hyetograph is divided into two main stages. First, on the basis of
the DDF curve, the rainfall depth increments for the assumed time intervals (corresponding
to the time step of hyetograph discertization) are calculated. For each time step the
temporary rainfall intensity is computed (fig. 2a). This temporary rainfall intensity
represents a single rainfall pulse. At the second stage, the pulse with the maximum rainfall
intensity (the peak) is located at 30% of the total rainfall duration (fig. 2b) and the next
lower intervals are joined on to the left of this peak until the time 7p = 0 is reached. Further
rainfall intervals are joined onto the right of the peak until the end of the rainfall duration

[4].
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Fig. 2. The stages of Euler hyetograph type II design: a) calculating the temporary rainfall intensities
on the basis of DDF curve, b) location of the peak at 30% of total rainfall duration.

For developing hyetographs with the peak location different than 30% of the total
rainfall duration (according to assumed range of ratio r), a procedure similar to original
Euler hyetograph was maintained- the next lower intervals were joined onto the left of
rainfall peak until 7p = 0 was reached (fig. 3). The Bogdanowicz-Stachy Formula can be
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used for a minimum rainfall duration of 5 minutes. According to this fact it was decided
that the pulse with the maximum rainfall intensity would last 5 minutes. The remained
rainfall pulses had time intervals of 1 min, which allowed an accurate determination of the
rainfall peak location. The rainfall peak was located at the beginning of the pulse with the
maximum intensity.
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Fig. 3. Examples of hyetographs for the specified 7p (120 min) and different values of ratio » (0.3, 0.5
and 0.7).

2.3 The scope of the analysis

It should be expected that for the analyzed catchments the rainfalls with the frequency of
occurence of ¢ = 3 years can cause insignificant flooding. It particularly concerns
catchment B, which was not calibrated. In the case of flooding (surcharge above ground
level) the maximum outflow in the selected cross section cannot be a reliable value,
because it can be disrupted by the flooding which occurs in the considered cross section-
the hydrograph shape during the flooding is deformed as an effect of the flattening of the
hydrograph peak. When the surcharge is above ground level and continuing the increase of
rainfall intensity causing an increase of the runoff, it will not affect the value of maximum
outflow in considered cross section.

According to this fact, the value of flood volume V' was chosen to assess the influence
of the rainfall parameters on the outflow. This allows a comparison of the results achieved
for all the considered catchments. The flood volume Vr is presented as a dimensionless
value related to the total runoff for a specified rainfall.

3 The results and the discussion

The maximum value of flood volume Vr varied from 5% of the total runoff in the case of
catchment A to 12% for catchment B (fig. 4). The significantly greater value of Vr for
catchment B is probably the result of the lack of calibration of this catchment model. In
general, greater values of flood volume can be an effect of inaccurate assessment of
catchment parameters, especially the effective impervious area. The value of effective
impervious area in the model can be overestimated, which results in higher runoff values
than in real conditions.

The greatest values of flood volume Vr for the synthetic hyetograph with ratio » = 0.3
(corresponding to the basic peak location in Euler type II) varied from 4% to 8%,
depending on the catchment (fig. 4). These values are approximately 25% lower than the
maximum flood volumes obtained for rainfalls with greater ratio ». Therefore, it is one of
the reasons for considering the variability of rainfall peak during the simulation of runoff
from an urban catchment.
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Fig. 4. The changes of flood volumes as a function of rainfall duration 7 and ratio r.

Regardless of the catchment characteristics, a significant relation between flood volume
Vr and rainfall parameters (» and Tp) was observed. The differences, discussed in detail in
the further part of this publication, may be the result of individual characteristics of the
catchments and their models.

For the hyetographs with a peak location at the beginning of the rainfall (» = 0) flooding
does not occur. In the initial phase of the rainfall-runoff transformation, a part of the rain is
intercepted at the catchment area as a result of surface retention. If the peak occurs at the
beginning of the precipitation, surface retention reduces the intensity peak and as a result,
the surface runoff is generated by the smaller rainfall depth. According to the accepted
hyetograph design, the shape of the synthetic rainfall for » = 0 is the same for all analyzed
rainfall duration 7p. It corresponds to the first stage of the hyetograph development (fig.
2a). With an increase in the rainfall duration, only a part of hyetograph with decreasing
intensities is prolonged. Therefore, an increase in rainfall duration does not change the
maximum outflow and, as a result, the flood volume. For short rainfall durations - up to 30
minutes (for the catchment areas A and C) a maximum value for Vr is generated by
a rainfall with » = 0.7. For rainfalls with a duration up to 60 minutes, the value of ratio r
generating a maximum outflow volume increases to 0.8. For longer rainfall durations the
maximum value for VFr is obtained for rainfalls with » = 0.9. Similarly for catchment (B) -
the rainfall durations with increasing ratio r are respectively 40 min and 80 min. For the
peak location at the end of rainfall duration (» = 1.0) there has been a slight decrease in the
flood volume. This is probably the result of the lack of a hyetograph part with decreasing
intensities and, as a consequence, the reduced runoff to the sewer after the end of the
rainfall peak in comparison with the hyetographs with a part of the decreasing intensities.

In conclusion, for a given rainfall duration a maximum flood volume is obtained for the
ratio » greater than 0.5. Mentioned in the introduction, results concerning real rainfalls
indicate that the greatest value of mean ratio » does not exceed 0.5 [11,12, 16]. Taking into
account that synthetic rainfalls should represent the parameters of real rain, for practical use
a rainfall with the highest » values for real rain, that is » = 0.5, should be recommended.

In the case of a constant value of ratio r, greater than zero, an increase of the rainfall
duration 7p causes an increase in the flood volume Vr (fig. 4). After reaching a certain
value of rainfall duration, called the threshold time Tpr, the flood volume does not change
significantly and remains almost constant. The threshold time was assumed as rainfall
duration with a specified value of ratio » for which the maximum flood volume V' has been
obtained. This maximum flood volume was determined as the real maximum value (as for
the catchment C — fig. 4 c¢) or the value which subsequent increments of the volume does
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not exceed 0.5%, of the total runoff volume (catchments A and B - fig. 4). The threshold
increment of flood volume (0.5°,) corresponds to the accuracy of the simulation results,
represented by the convergence error of a mass balance in relation to the volume of the
outflow. The values of threshold time 7pr for each catchment are presented in Table 2. In
this table rainfalls with the ratio  less than 0.3 were omitted. This value corresponds to the
basic peak location in the hyetograph of Euler type II. Rainfalls with ratio » lower than 0.3
generate relatively small flood volumes (fig. 4) and are therefore less important from
a practical point of view. The main assumption in the use of synthetic rainfall concerns
generating rain with a specified depth, the least advantageous flow conditions - the greatest
maximum outflow and the greatest flood volume. For the same reason, in the analysis the
rainfalls with the peak at the end of the rainfall duration (» = 1) were not considered. The
flood volumes obtained for these rainfalls do not reach maximum values (fig. 4).

Table 2. The values of threshold times 7Tpr and times to peak 7» in hyetographs.

Tpr [min] Tp |[min]
catchment | catchment | catchment | catchment | catchment | catchment
r[-] A B C A B C
0.3 110 - (% 170 33 - (% 51
0.4 85 180 155 34 72 62
0.5 75 160 105 37.5 80 52.5
0.6 75 145 80 45 87 48
0.7 60 130 70 42 91 49
0.8 55 120 60 44 96 48
0.9 45 110 55 40.5 99 49.5
Mean 7p [min] 394 87.5 51.4
Tr [min] (tab. 1) 34 86 53
(*) — according to assumed criteria for » = 0.3 the maximum value of flood volume was not

reached

The threshold times decrease with the increase in ratio ». For the given catchment
a value of time to peak 7p is similar for all rainfalls and comparable with the flow time
through the catchment T (tab. 2). It indicates that for obtaining the greatest outflow from
the catchment, represented in the analysis by the flood volume, it is necessary to choose the
rainfall, whose peak is located in the time corresponding to the flow time through the
catchment, regardless of the total rainfall duration. The result of the presented analysis
extends the knowledge concerning choosing the duration of design rainfall for a simulation
of runoff from the urban catchment. Recommendations available in the literature indicate
the need for the selection of the rainfall duration only as a function of flow time through the
catchment, regardless to the peak location [19]. Such an approach is not contrary to the
presented results and gives a similar result; because extending the total rainfall duration 7p
causes an increase in the time to peak 7p. However, depending on the shape of the
hyetograph and its peak location, a design rainfall with variable total rainfall duration needs
to be applied.

4 Conclusions

The results of the presented analysis allow formulating the following conclusions:
1. The maximum value of the runoff is generated by the synthetic rainfall with
a specified time to peak, regardless to the total rainfall duration.
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2. Time to peak in the hyetograph that causes maximum outflow is similar to flow
time through the catchment.

3. For practical use, a rainfall with ratio » = 0.5 should be used during the modeling
of maximum outflow from the urban catchment.
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