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In the context of the implementation of sustainable water treatment technologies for soil pollution prevention, a methodology
that try to overcome the lack of runoff quality data in Puglia (Southern Italy) is firstly tackled in this paper. It provides a tool to
obtain total suspended solid (TSS) pollutographs in areas without availability of monitoring campaigns. The proposed procedure
is based on the relationship between rainfall characteristics and pollutant wash-off. In particular, starting from the evaluation of
the observed regional rainfall patterns by using a rainfall generator model, the storm water management model (SWMM) was
applied on five case studies located in different climatic subareas. The quantity SWMM parameters were evaluated starting from
the drainage network and catchments characteristics, while the quality parameters were obtained from results of a monitoring
campaign conducted for quality model calibration and validation with reference to the pollutograph’s shape and the peak-time.The
research yields a procedure useful to evaluate the first flush phenomenon in ungauged sites and, in particular, it provides interesting
information for designing efficient and sustainable drainage systems for first flush treatment and diffuse pollution treatment.

1. Introduction

The concentration of human population near cities has
increased markedly in recent years all over the world. The
improvements in transportation, the expansion of manufac-
turing industries, and increased employment opportunities
have resulted in increased density of population in cities. Due
to this process, known as urbanization, the natural character-
istics of the land are changed by various anthropogenic activ-
ities common to urban areas. These anthropogenic activities
are among the most important pollutant sources [1]. Thus,
numerous pollutants are introduced into the urban envi-
ronment by vehicular traffic, industrial processes, building
construction, and commercial activities, which are carried by
stormwater. It is not surprising that the characterization of
quality of stormwater that washes away impervious surfaces

is assuming growing importance in the last few years [2–4].
The impact of the mentioned above activities on the water
environment includes increased risks in terms of floods,
erosion and degradation of stream habitats, and deterioration
of water quality [5, 6].

Moreover it is worth mentioning that there is a very
strong correlation between stormwater quality and soil
contamination for both anthropized and natural areas. In
natural areas a significant fraction of precipitation infiltrates
into the soil, usually covered by forest, woods, or grass.
This water infiltrates as it travels underground, allowing
the increasing of soil contamination and the alteration of
the natural porosity of the soil. In the anthropized area,
stormwater runoff increases in both rate and volume due to
increases of impervious area and soil compaction; this devel-
opment dramatically alters the hydrologic cycle by changing
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the relative percentage of precipitation that contributes to
groundwater recharge, evapotranspiration, and runoff by
adding impervious surfaces.

Starting from the seventies, several studies, based on
monitoring campaigns, have been carried out in order to
evaluate the characterization of the quality of stormwater
runoff of urbanized areas and to analyze the buildup/wash-
off and transport phenomena of pollutants during wet
periods in both separate and combined sewer systems [7–
15]. Nowadays, the quality data collected during monitoring
campaigns represent an important dataset; nevertheless the
featured Apulian urban landscapes, characterized by peculiar
socioeconomic, climatic, and geological conditions, require
further experimental assessments [16].

Measurements and monitoring campaigns are useful to
provide important information necessary to define models
and to enhance design procedures for improving the effi-
ciency of systems for water treatment. In this context, it is
necessary to ensure high cooperation betweenmeasurements
and modeling, which significantly affects an overall success
of the whole work. Regarding the equipment used for the
monitoring campaign, it is important to select measure-
ment devices with a high degree of reliability and also to
put emphasis on the interfacing of the adopted equipment
(according to the operation and maintenance). Moreover,
in order to be able to handle such amount of data, it is
necessary to have relevant and capable software tools for
data processing. Finally, it is necessary to mention that the
efficiency and success of the monitoring activities depend
on the planning and the organization of each measurement
campaign. On the base of these considerations, monitoring
campaigns are very expensive and conspicuous; therefore,
a functional database of runoff quality is quite difficult to
collect, especially in areas where the monitoring network is
characterized by lack of discharge gauged stations and low
frequency of precipitation.

In the context of stormwater treatment design, another
important topic highlighted in recent literature is the need of
deeper understanding of the relationship between pollutant
wash-off processes and rainfall characteristics [17, 18]. Past
research studies commonly consider rainfall characteristics
included in lumped parameters in numerical models used for
investigating the role of rainfall characteristics on pollutant
wash-off [17, 19–21].

Based on these considerations, in this paper, a method-
ology that try to overcome the lack of runoff quality data in
Puglia (Southern Italy) is tackled. It provides a tailored rela-
tionship between rainfall characteristics and pollutant wash-
off in the context of the implementation of water treatment
procedures for preventing the soil pollution. In particular, we
exploited the iterated random pulse (IRP) rainfall generator
model proposed by Veneziano and Iacobellis [22], by finding
climatic subareas, characterized by different rainfall features.
Time series of precipitation generated by the IRPmodel were
used as input data in the quality model, providing infor-
mation about qualitative characteristics of runoff in urban
catchments. The above-mentioned model takes into account
also the influence of catchment characteristics such as surface
area, land use, percentage of impervious surface, and slope

on pollutant wash-off process. For example, the impervious
surface area layout plays an important role in runoff routing,
controlling the time of concentration and hence influencing
the pollutant wash-off process [23].

In the previous work, Di Modugno et al. [24], a mon-
itoring campaign was carried out within a residential area
by collecting and evaluating quantity and quality data. With
reference to the buildup/wash-off processes, total suspended
solid (TSS) concentrations were used for calibration of storm
water management model (SWMM), which was validated on
the base of the pollutograph’s shape and the peak-time for a
urban basin located in Sannicandro di Bari (central Puglia,
Italy). The quality parameters identified were used in the
present work for evaluating the pollutant wash-off processes
in five urban basins of the region, located in Barletta,
Manduria, Cagnano Varano, Presicce, and Ginosa Marina,
using synthetic rainfall series generated by IRP model with
parameters accounting for regional rainfall patterns [25, 26].

Since past researcheswere focused above all on rural areas
[27–35] and less effort has been done about anthropized areas
[36], the present work provides an important contribution to
this topic, by improving the stormwater treatment design (i.e.,
first flush capturing devices) in the context of soil pollution
prevention inMediterranean semiarid areas.Moreover it pro-
vides a deeper understanding of stormwater qualitymodeling
approaches where commonly, the pollutant wash-off process
is reproduced using only the rainfall intensity rather than
other rainfall event parameters or using a stochastic approach
without considering the characteristics of the rainfall event.

In phase A, reported in Section 2, the SWMM model
is briefly described, distinguishing between the calibrated
parameters in previous work [24] and those evaluated by
considering catchment characteristics. In phase B, reported
in Section 3, the rainfall generator model providing the syn-
thetic time series of precipitation (used as input in SWMM
model) is described. Moreover, in the same section, the
regional pattern of rainfall features is explained. In phase
C, as reported in Section 4, the catchment characteristics of
Barletta, Manduria, Cagnano Varano, Presicce, and Ginosa
Marina municipalities are described and in Section 5 the
pollutographs evaluated coupling the IRP and the SWMM
models are shown and discussed. The conclusions are pre-
sented in Section 6.

2. Phase A: Estimation of
SWMM Model Parameters

The main objective of the research presented is to improve
the stormwater quality evaluation in areas ungauged. With
this aim, the quality model parameters calibrated by Di
Modugno et al. [24] for the case study of Sannicandro di Bari,
where amonitoring campaign is available, are exported to the
catchments located in Barletta, Manduria, Cagnano Varano,
Presicce, and Ginosa Marina municipalities (described in
phase C). In this way, for each rainfall station, time series of
precipitation of suitable length may be generated in order to
be implemented in SWMMmodel to evaluate the subsequent
pollutographs.
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2.1. The StormWater Management Model (SWMM). SWMM
simulates the hydrograph and the pollutograph [37] for a
real storm event (for single and long-term event) on the
base of rainfall (hyetograph) and other meteorological inputs
and system characteristics (catchment, conveyance, and stor-
age/treatment) for developed urban and undeveloped or
rural areas. The runoff component of SWMM operates on
a collection of subcatchment areas that receive precipitation
and generate runoff and pollutant loads. The routing portion
of SWMM transports this runoff overland and underground
through a system of pipes, channels, storage and treatment
devices, pumps, and regulators. SWMM tracks the quantity
and quality of runoff generated within each subcatchment
and the flow rate, flow depth, and quality of water in each
pipe and channel during a simulation period characterized
by multiple time steps [38].

The losses taken into account in the present work are
represented by the infiltration process that was modeled
evaluating, for each subcatchment, the percentage of pervious
and impervious area obtained from the land use map. The
infiltration model used in this study is based on Horton’s
equation, whose parameters values have been chosen accord-
ing to the typical values reported in literature [39, 40], in
relation to soil type, and specifically tested in the Apulian
karstic watersheds [41].

SWMM allows evaluating the pollutants buildup process
on the basin surface, all processes involving the solid trans-
portation by runoff through the drainage system.

Pollutant buildup within a land use category is described
by a mass per unit of subcatchment area; the amount of
buildup is a function of the number of dry weather days
antecedent to the rainfall event. On the base of the assump-
tions of Alley and Smith [42], the buildup function follows an
exponential growth curve that approaches a maximum limit
asymptotically as in

𝑀
𝑎
(𝑑
𝑡𝑠
) = (

Accu
Disp
) ⋅ 𝐴 ⋅ 𝑃imp ⋅ (1 − 𝑒

−(Disp⋅𝑑
𝑡𝑠
)

) , (1)

where𝑀
𝑎
(𝑑
𝑡𝑠
) is the pollutant buildup during the antecedent

dry days [kg/ha]; Disp identifies the disappearance of accu-
mulated solids due to the action of wind or vehicular traffic
[1/d]; 𝐴 ⋅ 𝑃imp represents the impervious area percent-
age; Accu characterizes the solids buildup rate [kg/(ha⋅d)];
(Accu/Disp) ⋅ 𝐴 ⋅ 𝑃imp represents the maximum asymptotical
limit of the buildup curve.

The pollutant wash-off over different land uses takes place
during wet periods and it was described by the Jewell and
Adrian [43] exponential function:

𝑑𝑀
𝑑
(𝑡)

𝑑𝑡
= −Arra ⋅ 𝑖 (𝑡)wash ⋅ 𝑀

𝑎
(𝑡) , (2)

where 𝑑𝑀
𝑑
(𝑡)/𝑑𝑡 represents the wash-off load in units of

mass per hour; Arra is the wash-off coefficient [mm−1]; 𝑖(𝑡)
is the runoff rate; wash is the wash-off exponent, a numerical
parameter that controls the influence of rainfall intensity on
the amount of leached pollutants.

2.2. Estimation of Quantity and Quality Parameters. Several
works [44–49] report sensitivity analysis performed to assess
the importance of various parameters in SWMM equations
that most affect results in terms of runoff and water quality.

In particular, Liong et al. [45] subdivided the calibration
parameters of the Runoff block of SWMM into two groups:

(1) First group is “Traditional” calibration parameters,
which includeManning’s coefficient for overland flow
over the pervious and impervious portion of the
subcatchment (N-Perv and N-Imperv), the depth
of depression storage on the pervious and impervi-
ous portion of the Subcatchment (Dstore-Perv and
Dstore-Imperv), and the infiltration parameters.

(2) Second group is “Nontraditional” calibration param-
eters, whose values are obtained from the measures
and/or the interpretation of the available information.
Sources of information, which provide the definition
of a specific value associated with the parameter, are,
for instance, topographic maps, aerial photographs,
and land use maps. Since topographic maps may
be plotted at different scales, larger errors can be
expected for the subcatchment areas represented by a
larger map scale; these areas are in turn used to com-
pute the widths of the overland flow path; errors are
also inevitable in assigning values to slopes, from the
topographical map. Similarly, errors can be expected
in the values assigned to the fraction of impervious-
ness (% Imperv), the percentage of impervious area
with no depression storage (% Zero Imperv), and the
roughness coefficients for the channel (Roughness).

In the present work, as well as in [24], values extracted
from the literature [41, 50, 51] were assigned to all parameters
belonging to the first group.The infiltration losses parameters
were estimated, in relation to soil type, by using values
tabulated in technical handbooks and verified by [40] for
karstic areas.The range of variation and the values chosen for
these parameters are shown in Table 1.

In Table 1, among “Traditional” calibration parameters,
the percentage of impervious area with no depression storage
(% Zero Imperv) was added, because there is not enough
information available to evaluate it for the investigated basins.
Therefore, as for as Sannicandro di Bari, a mean-low value
of % Zero Imperv was chosen, corresponding to a quite high
runoff generation potential such that it is expected in an
urban basin.

Regarding the other “Nontraditional” calibration param-
eters, area, width, slope, percentage of impervious area, and
roughness coefficients for the channel, they were evaluated
for the five case studies investigated and are reported in
Table 5.

All the parameters mentioned above are referred to the
hydraulic-hydrologicalmodel. Since themain objective of the
proposed research is to extend the stormwater quality evalua-
tion to ungauged areas, in this work the same quality param-
eter values obtained from the calibration and validation
procedure (based on monitoring campaign) in Sannicandro
di Bari [24] were considered and they are listed in Table 2.



4 Applied and Environmental Soil Science

Table 1: “Traditional” calibration parameters of the hydraulic-hydrological model.

Parameters Description Range Value
Dstore-Imperv Depth of depression storage on the impervious portion of the subcatchment [mm] 1.27–2.54∗ 1.30
Dstore-Perv Depth of depression storage on the pervious portion of the subcatchment [mm] 2.54–5.08∗ 2.60

N-Imperv Manning’s coefficient for overland flow over the impervious portion of the
subcatchment 0.011–0.024∗∗ 0.012

N-Perv Manning’s coefficient for overland flow over the previous portion of the
subcatchment 0.15–0.41∗∗ 0.15

%Zero Imperv Percent of the impervious area with no depression storage [%] — 45

Horton’s equation
Maximum infiltration rate [mm/h] 117–76∗∗∗ 76
Minimum infiltration rate [mm/h] 17–6∗∗∗ 13
Decay constant [1/h] 5.34–4.14∗∗∗ 4.14

∗Reference [50]; ∗∗reference [51]; ∗∗∗reference [41].

Table 2: Calibrated quality parameters exported in ungauged
basins.

Parameters Range Value
Buildup

Accu [kg/(ha⋅d)] 10–25∗ 13.143
Disp [1/d] 0.08∗∗ 0.08

Wash-off
Arra [1/mm] 0.11–0.19 0.18
Wash 0–3 2.35

∗For highly populated residential areas.
∗∗Italian residential basin typical values.

3. Phase B: Identification of Climatic Subareas

In this paper we subdivided the entire Puglia region in differ-
ent climatic subareas, consistently with the parametrization
of the IRP rainfall generator model proposed by Veneziano
and Iacobellis [22]. Then, time series of precipitation gener-
ated by the IRP model were used as input data of the quality
model, providing qualitative characteristics of runoff in
urban catchments.These results provide interesting informa-
tion useful to enhance treatment procedures and to improve
the efficiency of systems aimed at first flush treatment. In the
following subsections, the structure of the IRPmodel and the
approach for identification of different rainfall features are
briefly described.

3.1. IRPModel. Therainfall generator proposed byVeneziano
and Iacobellis [22] uses the classical representation of the
exterior process of the rainfall as an alternating process
with independent mean rainfall intensities for different rain-
storms, characterizing the duration and average intensity of
rainfall events at the synoptic scale. The interior process
exploits the IRP, Veneziano et al. [52], pulse representation
withmultifractal properties of location and intensity, describ-
ing the detailed fluctuations of rainfall intensity at subsyn-
optic scales. In particular the wet periods of the exterior
model are scattered through the “interior” scheme, in which
rainfall is represented as the superposition of pulses with
a hierarchically nested structure of temporal occurrences;

pulses at different scales have amplitudes with cascade-like
dependence.

The exterior process consists of an alternating sequence
of dry and wet periods with independent durations, which
characterizes the arrival, duration, and average intensity of
rainfall events at the synoptic scale; the distribution of the wet
periods is assumed to be exponentially distributed instead
of that of the dry periods which is assumed to be Weibull
distributed; the average rainfall intensities in different wet
periods are independent and identically distributed as expo-
nential distribution.

The model consists of six parameters derived from the
study of the precipitation process aggregate in the exterior
and interior processes mentioned above.The exterior process
is characterized by four parameters: the mean duration of the
wet periods (𝑚

𝜏wet), themean value (𝑚
𝜏dry), and the exponent

𝑘 of the Weibull distribution of the dry intervals and the
mean value (𝑚

𝐼
) of the average of rainfall intensity during

the synoptic events, while for the definition of the interior
process two other parameters related to its multifractality are
introduced: the parameter 𝐶

1
that controls the multifractal

properties of rainfall at small scales and the multiplicity
𝑟 which controls the quasifractal behavior of the rainfall
support at small scales; the latter assumes a value equal to 2.

3.2. Different Rainfall Patterns in Puglia. Iacobellis et al. [53]
evaluated the parameters of the IRP rainfall generator for
all the rainfall time series of the monitoring network of the
Regional Hydrographic Service reported in the Hydrological
Annals. For this purpose they used the method of estimation
from coarse data proposed by Iacobellis et al. [54], the daily
rainfall records, and the annual maxima hourly precipita-
tion intensities for 124 different sites of Puglia, Basilicata,
and Campania in Southern Italy located in the following
river basins: Candelaro, Cervaro, Carapelle, Ofanto, Lesina
and Varano Lakes, Gargano, Salso-Salpi Lakes, Celentano
marshes, Murge, Salento, Lato, and Galeso.

The significant rain gauges considered for this study were
those with daily rainfall time series not shorter than twenty
years. Moreover, all the values characterized by a particular
uncertainty (i.e., the data obtained by interpolation and those
accumulated over a given period) have been deleted from
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Figure 1: Rain gauges stations located in Puglia.

the time series reported in the Hydrological Annals. Figure 1
shows the position of the gauged rainfall stations considered.

The values of daily precipitation, organized as a vector,
were processed in Matlab environment, in order to evaluate
the four parameters of the exterior model. Starting from this
vector, the following processes were studied:

(i) The distribution of wet periods called “wet distribu-
tion”: assuming that the variable “consecutive number
of rainy days” (𝜏wet) or “duration of a storm” is
characterized by an exponential distribution, we can
consider its mean value (𝑚

𝜏wet) as a representative
value of this distribution. The results are collected in
Table 3.

(ii) The distribution of dry periods called “dry distri-
bution”: in this case the assumption is that the
variable “consecutive number of dry days” (𝜏dry) is
characterized by a Weibull distribution; therefore, it
can be represented by its mean value (𝑚

𝜏dry) and its
exponent (𝑘). The results are collected in Table 3.

(iii) The “mean of intensities distribution”: assuming
that the variable “average intensity of each storm”
is characterized by an exponential distribution, we
can consider its mean value (𝑚

𝐼
) as a representative

value of this distribution. The results are collected in
Table 3.

In particular, to assess the average intensity in the distribution
of synoptic events, the relationship proposed by Veneziano
and Iacobellis [22] was considered:

𝑚
𝐼
= 𝑅 ⋅

𝑚
𝜏wet + 𝑚𝜏dry

𝑚
𝜏wet
, (3)

where 𝑅 is the mean annual hourly rainfall intensity over the
entire investigated period: 𝑅 = ℎtot/(365 × 24) and ℎtot is
the total annual precipitation mean value for each rain gauge
station.

Table 3 shows all the parameters of the exterior model,
obtained as mentioned above, and the total annual mean
value of precipitation (ℎtot) for each rain gauge station in
Puglia.

In thiswork,we assumed that the parameter,𝐶
1
, related to

themultifractality of the interior process of IRP, is equal to 0.1,
being the general best fit value reported in the literature (e.g.,
[22]).The seasonal variation of such parameters, investigated
by Portoghese et al. [55], was also not considered in this paper.

After identifying the parameters of the exterior process,
the correlation between𝑚

𝜏dry and ℎtot parameters, that char-
acterize respectively dry and wet intervals (Figure 2), was
found.

In order to identify the different values of these param-
eters that represent different rainfall patterns which can be
found in Puglia, the area of the plot [𝑚

𝜏dry −ℎtot]was divided
into three equiprobable classes on the base of𝑚

𝜏dry values and
into other three equiprobable classes on the base ofℎtot. In this
case nine classes were obtained, as shown in Figure 2.

Identification of nine climatic classes representing differ-
ent rainfall patterns in Puglia. The Thiessen polygons of the
investigated rainfall stations were used to trace these climatic
areas thus obtaining the map in Figure 3.

On the base of the relationship between 𝑚
𝜏dry and ℎtot

parameters, nine classes having different rainfall features
were identified, as shown in the following matrix reported
in Figure 4(a), in which each climatic class was symbolized
by different colors: red color was used to represent the class
with low ℎtot values, blue color was used to represent the class
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Table 3: Parameters of the exterior model.
Basin Number Name 𝑚dry [h] 𝑘 𝑚wet [h] 𝑚

𝐼
[mm/h] ℎtot [mm]

Lesina Lake 1 Lesina 91,0516 0,7125 24,3482 0,3159 637,9
2 Sannicandro Garganico 93,0884 0,7305 27,9399 0,3817 804,8

Varano Lake 3 Cagnano Varano 87,8152 0,7218 27,0604 0,3545 816,0

Various basins

4 Vico del Gargano 86,9864 0,7544 27,0476 0,3593 777,0
5 Vieste 104,3825 0,7205 24,0248 0,3142 570,1
6 Bosco Umbra 71,8175 0,7139 34,6593 0,3512 1160,3
7 Monte S.Angelo 77,6689 0,6978 29,7351 0,2733 774,1

Candelaro

8 Torremaggiore 90,6646 0,6641 22,8815 0,2723 585,3
9 S.Severo 91,2114 0,707 22,3729 0,2675 514,9
10 S.Marco in Lamis 74,9043 0,6723 31,0812 0,3073 905,8
11 Mass. Pidocchiara 80,8978 0,6377 22,6061 0,2479 527,4
12 Pietramontecorvino 72,4838 0,6632 27,45 0,3179 872,0
13 Pietramontecorvino (Eaap) 85,0966 0,6882 22,4847 0,2663 539,9
14 Volturino 81,9527 0,6728 24,381 0,2626 651,5
15 Alberona 69,7892 0,6669 31,085 0,2792 849,4
16 Tertiveri 82,1544 0,6585 25,7195 0,2523 559,0
17 Orto di Zolfo 57,7321 0,6339 32,8889 0,255 879,7
18 Lucera 81,526 0,6903 23,1071 0,2484 594,3
19 Biccari 80,3834 0,7105 29,1397 0,2998 791,0
20 Faeto (S.Vito) 68,2987 0,6672 33,2925 0,2618 799,0
21 Troia 89,6227 0,7368 24,79 0,2943 653,3
22 Foggia oss. 91,1316 0,7185 21,1423 0,2762 467,5
23 Foggia iac 100,6901 0,7279 20,0741 0,2675 410,6

Salso-Salpi-Celentano

24 S.Giovanni Rotondo 78,8768 0,7029 27,041 0,3245 813,3
25 Manfredonia 81,9479 0,6444 21,1135 0,2159 448,8
26 Fonte Rosa 72,3978 0,6472 20,4555 0,2189 448,4
27 Cerignola 74,9811 0,6687 22,4028 0,2584 560,9
28 Mass. S.Chiara 87,1738 0,6821 20,9691 0,2537 465,5

Cervaro, Carapelle

29 Savignano di Puglia 70,3321 0,6726 28,9864 0,262 733,3
30 Monteleone di Puglia 58,7039 0,6668 31,8446 0,2462 819,5
31 Orsara di Puglia 72,7858 0,6694 29,7488 0,3103 878,0
32 Bovino 63,9046 0,6573 27,8255 0,2952 819,2
33 Castelluccio dei Sauri 89,1752 0,7275 22,6852 0,2933 528,5
34 Bisaccia 59,2551 0,6322 29,0387 0,2539 530,5
35 S.Agata di Puglia 86,2517 0,6858 22,5079 0,2583 531,4
36 Ascoli Satriano 77,7202 0,6621 23,5389 0,283 619,6
37 Ortanova scalo 98,4128 0,708 19,8689 0,2774 446,0

Ofanto

38 Nusco 57,0676 0,579 36,0346 0,2994 820,6
39 Lioni 26,4681 0,4782 32,4311 0,1738 948,5
40 S.Angelo dei Lombardi 53,0217 0,5726 32,5761 0,256 952,0
41 Teora 49,6926 0,5937 36,3906 0,2752 1012,8
42 Andretta 54,0938 0,6216 32,0935 0,2185 821,4
43 Pescopagano 66,308 0,6851 35,3984 0,3222 1091,9
44 Calitri 61,3074 0,6515 29,8333 0,2498 769,8
45 S.Fele 61,3794 0,6295 37,7991 0,2634 925,0
46 Castel Lago Pesole 56,2687 0,6242 32,1645 0,2761 905,6
47 Atella 52,6494 0,587 27,3338 0,1989 661,0
48 Lacedonia 70,4878 0,7031 28,463 0,2689 780,4
49 Monticchio Bagni 55,9144 0,6263 31,5205 0,2537 820,3
50 Rocchetta S.Antonio scalo 80,627 0,6756 23,5446 0,2903 673,4
51 Ripacandida 73,4722 0,7075 27,0046 0,2611 656,6
52 Melfi 61,6199 0,652 28,4248 0,2884 843,5
53 Forenza 66,7412 0,6813 29,2743 0,2338 683,4
54 Venosa 74,0361 0,674 26,8496 0,2788 710,5
55 Diga sul Rendina 74,6143 0,6763 24,0994 0,2668 585,4
56 Lavello 80,952 0,6991 22,8191 0,2833 598,2
57 Loconia 75,1722 0,6582 20,9225 0,2476 506,2
58 Borgo Libertà 85,8346 0,6979 22,9415 0,2718 563,3
59 Spinazzola 69,4975 0,6555 25,1559 0,2521 655,4
60 Montemilone 82,8718 0,6575 23,4572 0,2769 596,5
61 Minervino Murge 81,175 0,6653 23,7927 0,2792 584,0
62 Canosa di Puglia 89,0553 0,6814 22,1361 0,2995 542,2
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Table 3: Continued.
Basin Number Name 𝑚dry [h] 𝑘 𝑚wet [h] 𝑚

𝐼
[mm/h] ℎtot [mm]

Murge

63 Barletta 94,0299 0,6835 21,3386 0,2885 522,2
64 Andria 82,7299 0,6608 22,6215 0,2715 577,4
65 Castel del Monte 59,5571 0,5816 26,2625 0,2022 640,2
66 Corato 86,5411 0,6884 21,7316 0,3073 538,5
67 Bisceglie 88,0699 0,6865 22,5811 0,2732 578,5
68 Ruvo di Puglia 82,6408 0,6514 22,7895 0,2726 599,1
69 Giovinazzo 96,5196 0,688 22,713 0,2966 536,8
70 Quasano 70,8268 0,6391 21,9957 0,2369 560,1
71 Bitonto 80,5965 0,6217 22,2512 0,2827 585,4
72 Altamura 63,6599 0,6249 25,0068 0,2056 549,1
73 Grumo Appula 72,9712 0,6009 22,5292 0,2677 571,7
74 Bari sez. idrografica 86,7493 0,6384 21,6093 0,2921 514,2
75 Bari osservatorio 91,2586 0,652 22,2619 0,2829 532,7
76 Bari fac. ingegneria 85,9745 0,6054 24,3858 0,2342 520,1
77 Mercadante 53,8352 0,5726 27,4403 0,2035 645,2
78 Cassano delle Murge 85,0081 0,6569 24,8709 0,2878 658,9
79 Adelfia Canneto 88,6833 0,6604 25,1834 0,2765 589,8
80 Casamassima 83,569 0,6284 24,3611 0,2539 562,6
81 Santeramo in Colle 77,145 0,6174 23,4071 0,2627 636,7
82 Gioia del Colle 63,9207 0,5979 24,4868 0,2559 628,1
83 Turi 74,1393 0,62 23,8318 0,2553 604,3
84 Conversano 79,9444 0,6242 23,9081 0,2839 625,6
85 Polignano a Mare 86,8408 0,6304 25,0996 0,2772 583,3
86 Castellana Grotte 54,4983 0,5488 26,109 0,2017 657,3
87 Noci 59,7421 0,57 24,2529 0,2232 662,6
88 Fasano 95,8643 0,6718 24,809 0,3179 593,5
89 Locorotondo 58,3498 0,5541 28,2275 0,2188 682,4
90 Ceglie Messapico 84,1875 0,6335 25,15 0,285 659,9
91 Ostuni 68,4693 0,59 27,9963 0,2737 705,2
92 Massafra 101,113 0,7134 22,1631 0,3251 517,3
93 Crispiano 96,3672 0,6822 22,4204 0,3056 546,0

Salento

94 Latiano 49,8272 0,5118 25,0408 0,1951 632,8
95 Brindisi 82,4609 0,6109 24,072 0,2739 600,2
96 S.Pancrazio Salentino 59,3335 0,5466 23,8694 0,2427 639,9
97 S.Pietro Vernotico 65,7885 0,5479 25,9981 0,2352 632,5
98 Novoli 57,5226 0,542 28,5556 0,2137 643,2
99 Lecce 65,0108 0,5575 24,9573 0,252 649,4
100 Melendugno 58,2878 0,4957 25,8149 0,2177 599,9
101 Maglie 44,9812 0,5099 28,9804 0,2055 762,9
102 Otranto 58,0359 0,5765 27,4795 0,2512 787,5
103 Minervino di Lecce 52,1476 0,5234 28,4833 0,2456 826,6
104 Vignacastrisi 42,8536 0,5003 30,9247 0,2016 783,8
105 Ruffano 61,7285 0,5466 25,591 0,2786 773,5
106 S.Maria di Leuca 51,7732 0,4824 25,1729 0,2297 691,1
107 Presicce 57,1893 0,5352 26,2804 0,2684 794,0
108 Taviano 68,846 0,5572 24,6328 0,2502 604,7
109 Collepasso 63,6108 0,5369 25,7089 0,2487 626
110 Gallipoli 79,4586 0,5756 22,503 0,2782 563,7
111 Galatina 52,8941 0,5133 28,5291 0,2193 692,2
112 Nardo’ 69,2597 0,5553 25,1713 0,2412 596,2
113 Copertino 76,4832 0,5776 25,7796 0,2675 629,5
114 Mass. Monteruga 44,6302 0,5079 25,9965 0,1839 615,6
115 Avetrana 86,3732 0,6812 23,0938 0,3007 600,6
116 Manduria 77,4516 0,6252 22,469 0,2852 620,8
117 Lizzano 98,8352 0,6858 21,0276 0,3244 556,5
118 Grottaglie 84,3978 0,6246 22,1172 0,2761 529,0
119 S.Giorgio Jonico 86,2638 0,6117 21,4668 0,2953 561,9
120 Taranto 106,3039 0,6766 20,4759 0,3378 471,6
121 Talsano 82,1817 0,6126 20,9189 0,2432 421,3

Lato and Galeso
122 Castellaneta 90,1218 0,7498 22,7253 0,3095 556,8
123 Ginosa 104,3585 0,7044 22,3677 0,3253 597,9
124 Ginosa Marina 61,2166 0,569 22,8324 0,2099 545,5
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Table 4: Rain gauges belonging to five climatic subareas with their characteristics.

Area Number
1 34 72 124

2 5 9 13 22 23 28 33 35 37 58 62 63 64 66 67 69 74 75 76 80 85 92
93 117 118 119 120 122

3 14 18 36 51 55 56 59 61 71 81 83 84 95 108 112 113 116
4 2 3 4

5 17 30 32 38 39 40 41 42 43 44 45 46 49 52 53 89 101 102 103 104 105 106
107 111
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Figure 2: Identification of nine climatic classes representing differ-
ent rainfall patterns in Puglia.

with high ℎtot values, and green color was used to represent
the class with mean values of ℎtot. Then different shades of
these three colors were used in order to better identify the
nine classes; for instance, dark red symbolizes the least rainy
areas (low values of ℎtot and high values of𝑚𝜏dry), while dark
blue represents the most rainy areas (high values of ℎtot and
low values of𝑚

𝜏dry).
In order to reach the aim of this work, that is, to extend

the stormwater quality to ungauged areas, a smaller number
of classes can be considered. Therefore, among these nine
classes, four classes that represent the four extreme conditions
and one that represents the central condition were taken into
account and they are reported in Figure 4(b):

Area 1 (light red): characterized by a low value of total
annual precipitation (ℎtot) and a low value of mean of
consecutive number of dry days (𝑚

𝜏dry);

Area 2 (dark red): characterized by precipitation with
a low ℎtot and high𝑚

𝜏dry; this is a typical arid zone;

Area 4 (dark blue): characterized by precipitation
with a high ℎtot and low 𝑚

𝜏dry; this is a typical wet
zone;

Area 5 (light blue): characterized by precipitationwith
a high ℎtot and high𝑚

𝜏dry.

And finally

Area 3 (green) was considered, in order to have a
central condition, characterized bymean values of ℎtot
and𝑚

𝜏dry.

All the other classes excluded from the current work repre-
sent other average conditions that reveal information which
can be located among the results obtained from the classes
considered.

In both matrices, the numbers 1, 2, and 3 represent low,
medium, and high value of each parameter, respectively.

For each of five classes, we considered only the rain
gauge station characterized by the longest time series of
precipitation (44 years) and that represents the centroid of the
cluster of each climatic subarea, being, in this way, the most
representative station of its own class (Figure 3):

(i) Ginosa Marina for Area 1;

(ii) Barletta for Area 2;

(iii) Manduria for Area 3;

(iv) Presicce for Area 4;

(v) Cagnano Varano for Area 5.

It is well known that the representative point of a cluster, or
cluster center for the 𝑘-means algorithm, is the component-
wise mean of the points in its cluster, chosen for minimizing
the within cluster variances (minimizing within the cluster
the squared Euclidean distance).

In Table 4 the rain gauges belonging to each of five
classes are reported. They are represented with the same
correspondent numbers of Table 3.

Since the main objective of the proposed research is
to evaluate stormwater quality including pollutographs and
their characteristics in ungauged basins, synthetic scenarios
of precipitation were generated in Matlab environment and
then input to SWMM model. The characteristics of the
rainfall data were reproduced using series with time step of 15
minutes of aggregation (which is the reference time provided
by Italian Legislation [56] for first flush analysis) and length
of 10 years. In order to provide information about qualitative
characteristics of runoff, it was necessary to introduce in
the model the characteristics of the catchments and of the
drainage network. For this purpose, in the following phase
C, the different case studies are presented.
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Table 5: “Nontraditional” parameters of ungauged basins.

Parameters Ungauged basins
Barletta Manduria Cagnano Varano Presicce Ginosa Marina

Area [ha] 30.18 31.5 20.11 30.78 31.45

Width [m]

Sub. 1 519.88
Sub. 1 531.26 Sub. 2 522.08

Sub. 1 379.88 Sub. 1 318.06 Sub. 2 130.18 Sub. 3 38.1
Sub. 2 1001.68 Sub. 2 815.4 Sub. 3 453.7 Sub. 1 527.1 Sub. 4 324.78
Sub. 3 728.08 Sub. 3 581.5 Sub. 4 550.52 Sub. 2 845.36 Sub. 5 232.6

Sub. 5 236.48 Sub. 6 327.92
Sub. 6 550.88 Sub. 7 194.46

Sub. 8 1567.68
Slope [%] 0.16 0.97 0.5 0.08 0.09
% Imperv [%] 93 81.69 74.95 30.73 48.98
Roughness [s/m1/3] 0.013 0.013 0.013 0.013 0.013

Barletta

Cagnano Varano
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Presicce

Area 1
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Figure 3: Representation of the climatic subareas identified on the base of the correlations between parameters of IRP model:𝑚
𝜏dry and ℎtot.
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Figure 4: (a) Matrix of nine climatic subareas. (b) Matrix of five climatic subareas chosen.
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Figure 5: Barletta basin and representation of sewer system.
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Figure 6: Manduria basin and representation of sewer system.

4. Phase C: Exporting Calibration Parameters
in Ungauged Basins: The Case Studies
of Barletta, Manduria, Cagnano Varano,
Presicce, and Ginosa Marina

In Barletta the total area of the drainage basin is equal
to 30.18 ha with a percentage of impervious surface equal
to 93% (28.17 ha). The average slope of the basin is 0.16%.
In particular, the land use thematic map, extracted from
the regional geographical information system (SIT Puglia),
shows that the entire area is exclusively residential.

The sewage system, used exclusively for the collection of
rainwater, has a total length of 1054.85m.

Figure 5 shows the SWMMscheme of the basin including
3 subcatchments and a drainage networkwith 10 nodes (black
dots) and 10 channels (black solid lines).

The sewer system in Manduria has a total drainage basin
of 31.85 ha with a percentage of impervious surface equal to
81.69% (25.73 ha).The average slope of the basin is 0.97%; the
land use map shows that the entire area is residential.

In this basin the sewage system, used exclusively for the
collection of rainwater, is composed by circular concrete
conduits for a total length of 857.48m.

Figure 6 shows the SWMMscheme of the basin including
3 subcatchments and a drainage network with 5 nodes (black
dots) and 5 channels (black solid lines).
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Figure 7: SWMM depiction of Cagnano Varano basin with its drainage network.

The total contributing area of CagnanoVarano catchment
above the gauging station is 20.11 ha, and 74.95% (15.07 ha)
of the total area is residential with impervious surface. The
average slope of the basin is 0.5%. A total of 6 subcatchments
are delineated within the watershed. All surface flow is
collected at the watershed outlet after routing through 7
conduits, whose total length is equal to 1326.51m.

Figure 7 illustrates the SWMM depiction of the Cagnano
Varano watershed.

In Presicce the catchment has a total surface of 30.78 ha
with 30.73% (9.45 ha) of impervious area characterized by
residential land use like the previous basins.The average slope
of the basin is equal to 0.08%. The catchment area is covered
by a main sewer which is circular and has a diameter of
2.2m in the initial section and 2.4m in the final section.
The estimated length of this sewer is 306.23m up to the
downstream point.

Figure 8 illustrates the SWMM depiction of the basin
including 2 subcatchments and a drainage network with 3
nodes (black dots) and 3 channels (black solid lines).

The basin located inGinosaMarina has total contributing
area equal to 31.45 ha, of which the 48.98% (15.40 ha) is
impervious and destined to residential use.The average slope
of the watershed is equal to 0.09%. The discretization of
the catchment provides 8 subcatchments. The surface runoff
flows through a drainage network of 1695.09m long.

In Figure 9, the SWMM depiction of the subcatchment is
shown.

As already explained in Section 2.2, we considered these
five catchments, because they are characterized by values of
“Nontraditional” calibration parameters that may be consid-
ered similar to those estimated for Sannicandro di Bari in
[24]. In Table 5, these parameters catchment are listed.

5. Coupling IRP with SWMM Model for
Pollutograph Evaluation and Discussion

In this section a pollutographs evaluation in all the investi-
gated ungauged sites by coupling IRP and SWMM model is
reported. In particular, by using the IRPmodel, time series of
precipitation of a given length were generated in order to be
implemented in SWMM. The estimated parameters used in
SWMMmodel were

(i) the “Traditional” and qualitative parameters already
evaluated for the case study of Sannicandro di Bari,
where a monitoring campaign is avalaible;

(ii) the “Nontraditional” parameters, calculated for the
investigated case studies of Barletta, Manduria,
Cagnano Varano, Presicce, and Ginosa Marina, start-
ing from the catchment characteristics.

As already explained in Section 3.1, the IRP model consists
of six parameters derived from the study of the precipitation
process aggregate in the exterior and interior processes. The
exterior process is characterized by four parameters, the
average of the intervals of rain (𝑚

𝜏wet), the mean and the
exponent of the Weibull distribution for the dry intervals (𝑘
and 𝑚

𝜏dry), and the average of rainfall intensity (𝑚
𝐼
), while

for the definition of the interior process two other parameters
related to its multifractality are introduced, 𝐶

1
and 𝑟. For

Barletta, Manduria, Cagnano Varano, Presicce, and Ginosa
Marina basins, the values of these parameters are listed in
bold in Table 3.

Figure 10 shows, for the case study of Barletta, the gener-
ated synthetic scenarios of precipitation; a series of 15minutes
of aggregation and length of 10 years was used.
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Figure 8: SWMM depiction of Presicce basin with its drainage network.
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Figure 9: SWMM depiction of Ginosa Marina basin with its drainage network.

The hyetographs shown in Figure 10 was implemented
in SWMM model for the TSS pollutographs evaluation
(Figure 11). Due to the high affinity of many contaminants
with solidmatter, in the present study only the TSS prediction
was taken into account. In fact, several works in literature
[57, 58] consider TSS as a synthetic index of the general level
of pollution in urban areas. For this reason, TSS are often
used in mathematical models that simulate the dynamics of
polluttants in urban runoff.

The analysis of the distribution of pollutant mass versus
volume in stormwater discharges in dimensionless terms by
using the so-called “𝑀(𝑉) curves” [59] was performed on the
five case studies investigated.This representation provides the
variation of the cumulative pollutantmass divided by the total
pollutant mass in relation to the cumulative volume divided
by the total volume. If the concentration remains constant
during the storm event, the pollutant mass is proportional to
the volume and the𝑀(𝑉) curve is merged with the 1 : 1 line.
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Figure 10: Hyetopgraph generated using IRP model for Barletta
basin.
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Figure 11: Pollutograph generated with SWMMmodel for Barletta
basin.

When the𝑀(𝑉) curve is above the 1 : 1 line, the first flush is
noticed and the extent of the phenomenon increases with the
slope of the curve for small values of volume.

The𝑀(𝑉) curves obtained from the predicted TSS data
of Barletta,Manduria, CagnanoVarano, Presicce, andGinosa
Marina basins are shown in Figure 12. In particular, for
each basin the 𝑀(𝑉) curve was obtained from the TSS
pollutograph simulated starting from the generated synthetic
series of precipitation, obtained by selecting a maximum
annual rainfall event of duration equal to 15 minutes, with a
return period equal to that associated with the design rainfall
event (generally equal to 5 years for stormwater network
design in Italy).

The 𝑀(𝑉) curves in Figure 12 indicate that the first
flush phenomenon is occurring in all five catchments. Vari-
ous hydrologic and sewer system characteristics are usually
investigated to determine their influence on the first flush
effect [60]. In a combined storm/sanitary sewer system, the
first flush load for total suspended solids was shown to
correlate well with the event maximum rainfall intensity,
storm duration, and antecedent dry weather period [61].
Similar results were also shown in a study involving separate
storm and sewer systems [24, 62]. In the current work,
from Figure 12, it is worth noting the site dependence of
𝑀(𝑉) curves or, in other words, the influence that catchment
characteristics have on this phenomenon. In fact, the first
flush effect is the most pronounced for the sites that are
characterized by high values of impervious surface and slope,
and it is much weaker at lower levels of imperviousness and

cum Vi/Vtot
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Figure 12: 𝑀(𝑉) curves for Barletta, Manduria, Cagnano Varano,
Presicce, and Ginosa Marina basins.

Table 6: Percentage of impervious surface and slope of five catch-
ments.

Basins % Imp % slope
Barletta 93.33 0.16
Cagnano Varano 74.95 0.50
Ginosa Marina 48.98 0.09
Manduria 81.69 0.97
Presicce 30.73 0.08

slope too (Table 6). In particular, we can see that the 10% (for
Manduria) and 20% (for Barletta andCagnanoVarano) of the
volume of washed-off water carry the total quantity of TSS
from concrete surfaces, while, on the base of the definition
of the 30/80 first flush by Bertrand-Krajewski et al. [59],
for Ginosa Marina and Presicce, the two cities characterized
by the lowest values of slope and percentage of impervious
surface, the first 30% of the volume carries a quantity of TSS,
respectively, equal to 50% and 60%.

6. Conclusions

This paper proposes a procedure for evaluating the quality
and the quantity characteristics of stormwater runoff in
ungauged areas, providing useful information for the design
of efficient and sustainable stormwater treatment systems
(i.e., first flush capturing devices) and, in general, in the
context of the implementation of water treatment procedures
for soil pollution management and prevention. In this work
a methodology that tries to overcome the lack of runoff
quality data in Puglia (Southern Italy), by coupling a rainfall
generator model with a storm water management model
for evaluating TSS pollutographs, is proposed. The SWMM
model uses quantity parameters evaluated using catchments
and drainage network characteristics and quality information
extracted from observed data obtained by monitoring cam-
paigns.

Five selected ungauged sites, located in the region as
the most representative of the evaluated rainfall patterns at
regional scale, were used to apply the proposed procedure.
In particular, exploiting the IRP rainfall generator model
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proposed by Veneziano and Iacobellis [22], different climatic
subareas, characterized by different rainfall features,were
identified. By using time series of precipitation generated by
the IRP model as input data in the quality model, it was pos-
sible to obtain, from the latter, information about qualitative
characteristics of runoff in urban catchments, exploiting the
data collected during a brief monitoring campaign described
in a previous work [24].

Finally, the distribution of pollutant mass versus volume
in stormwater discharges, using the so-called “𝑀(𝑉) curves,”
was provided for the investigated study cases. These curves
show that a significant first flush phenomenon is occurring
in all five catchments; in particular the first flush effect is the
most pronounced for the sites that are characterized by high
values of impervious surface and slope, and it is much weaker
at lower levels of imperviousness and slope too. Furthermore,
a strict correlation between the first flush phenomenon and
basin characteristics was found. The characteristics of the
𝑀(𝑉) curves depend on the pollutant, the rainfall event, and
the overall operation of the sewer system. The possibility
of reproducing in a synthetic way the TSS pollutographs in
ungauged river basins represents the originality of this paper,
with respect to the recent literature in this field. Further
improvements may be conducted by new monitoring cam-
paigns focused on the evaluation of the different pollutants
present in the water that washes away impervious surfaces.
In this way it is possible to improve the performances of the
quality models in the context of evaluation and prediction of
pollutants for proper and efficient design of sustainable sewer
systems in order to prevent soil pollution.

In the next works, the analysis will be extended, in order
to assess the relative importance of different parameters and
evaluating the role of climate with respect to other features of
the sewer system.
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