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Abstract: Several cities in developing countries are challenging the permanent process of urbaniza-
tion. This generates a great disturbance on the hydrological response of the urbanized area during
rainfall events, which can cause floods. Among the disturbances that urbanized basins may suffer,
it is found that variations in rain losses (hydrological abstractions) can be estimated by the named
volumetric runoff coefficient (Cyor,) methodology. In the present study, this methodology is used in
an attempt to estimate the hydrological abstraction of two nearby urbanized basins, with different
degrees of impermeability, located in the city of Cuenca in Ecuador. The data for that analysis were
collected between April and May of 2017. The results obtained indicate that the micro-basin with the
largest impervious area presents the higher initial hydrological losses, the higher rate of decrease
in abstractions, and the higher stormwater runoff flows per unit area. In addition, the abstractions
found in the two urban micro-basins show great sensitivity to the maximum rainfall intensity and do
not relate to the antecedent soil moisture. These results demonstrate the importance of having higher
pervious surfaces in urbanized areas because they lead to reduce negative impacts associated with

increased stormwater runoff on impervious surfaces.

Keywords: urban hydrology; hydrologic response; volumetric runoff coefficient; hydrological ab-

stractions

1. Introduction

At present, according to data reported in the Sustainable Development Goal 11 [1],
around 3.5 billion people (50% of the world’s population) live in urban areas, and it is
estimated that by 2030 this quantity will increase to about 60%. This increased growth is
more pronounced in Latin America since the United Nations (UN) indicates that 77% of the
population is urban [2]. This reality contributes to the fact that cities present deficiencies like
inefficient functioning in the services that they provide and a lack of urban infrastructure [3].

The urbanization process includes several physical changes in the hydrographic
basins, among them, the imperviousness of the urban area and the construction of rain-
water drainage systems that replace natural evacuation routes to collect the runoff pro-
duced by these rainfall events. These changes have caused considerable modifications on
the hydrological response of urbanized areas to a rain event [4] and, in agreement with
Marsalek et al. [5], the water cycle can also be considerably modified. The aspects of the
hydrological response that are affected by urbanization are the peak flow, the lag time, the
frequency of the floods, and the total runoff produced in the basin [6]. This impact on the
hydrological response of a basin caused by the urbanization can generate urban floods that
lead to economic losses, pollution, and health problems [7].
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Considering this problem, it is important for cities that are in a permanent urbanization
process to undertake an estimate of the hydrological response of their urban basins to
rain-runoff events. By doing so, this could provide engineering solutions and contribute to
the management of rainwater in these areas. It has been verified that little information is
available regarding the impact on hydrological abstractions that an urbanized basin has,
which becomes a problem considering that urban drainage management currently presents
new challenges [8].

By studying and understanding the hydrological response of an urban catchment,
stormwater runoff can be analyzed which is one of the most important phenomena to
provide engineering solutions. To improve the knowledge of this process, it is essential
to know the hydrological abstractions [9,10]. Hydrological abstractions are the losses that
occur in the process of transformation of rain into runoff, which is mainly produced by
three different processes: infiltration below the ground surface, interception in vegetation
or other surfaces, and storage in depressions that exist on the surface of the hydrographic
basin [10,11]. In addition to the processes indicated, if a water balance is proposed to
analyze hydrological abstractions, evaporation and evapotranspiration should also be
considered because the evaporation may occur even when vegetation is scarcely diffused.
However, since it is an analysis in an urbanized basin where there are few green areas, these
losses are considered negligible, and therefore are not included within the abstractions [5].
Still, processes should be incorporated according to the particular characteristics of the
studied basin. Following the literature, there are several methods to identify the basin
abstractions, among them are the runoff coefficient [12,13], and specifically, the volumetric
runoff coefficient (Cyor) [14,15].

The impact that different abstractions types have on the rainfall-runoff process in
areas where the hortonian flow predominates (urbanized areas) is different from that which
occurs in natural basins. For example, in the case of evaporation and infiltration in urban
areas where it has been established that the contribution of these processes is substantially
diminished; however, it has also been shown that evaporation and infiltration persist in
urbanized areas altered by the dynamics of this environment without finding convergences
regarding the level of impact of these processes [16]. Specifically for evapotranspiration,
to understand its behavioral results is important because this abstraction is considered
a sustainable way to manage the runoff [17]. Conversely, it has been established that in
the permeable areas of urbanized watersheds, uncertainty persists about the role that
these areas play in runoff processes [17]. Likewise, when the effects of land-use change
are analyzed, this condition has a very significant influence on runoff processes when
heavy rains occur [18]. Therefore, these uncertainties can lead to errors in estimating
the hydrological response to rain events in urbanized basins, making it necessary to
study them.

The Ecuadorian Andes has shown a tendency towards increased rainfall, especially
during the rainy season due to the effects of climate change [19], which has increased the
extreme events (floods) in rivers such as the Paute River and its tributaries [20]. Climate
change could have more severe effects on rainfall-runoff processes [21]. Therefore, it is
necessary to understand the hydrological response of an urbanized catchment in the cities
located in the mountains of Ecuador.

Through this research, considering that the study areas show similar hydrologic
conditions such as antecedent soil moisture, slope, drainage density, and mean temperature,
we seek to understand the behavior of the hydrological abstractions of two urban micro-
basins with different levels of impermeability located in the city of Cuenca, Ecuador,
between April and May 2017. For this, the effect of variables such as the rainfall intensity,
antecedent, and pervious soil moisture in each micro-basin for various rainfall-runoff
events, as well as initial abstractions and runoff flow per unit area were estimated in each
micro-basin. For this, we assumed the hypothesis that the water table variation processes
do not affect the surface soil moisture based on what was found by Ragab et al. [22] and
Chen and Hu [23], since it has been verified that the rainy season water table in the area
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under study is higher than 2 m deep. With this information, we seek to improve the
knowledge of the behavior of hydrological abstractions in urban areas and contribute this
information to the urban planning and management of the urban drainage system.

2. Materials and Methods
2.1. Study Area

Two micro-basins close in proximity to each other were studied in the urban area of
the city of Cuenca, the capital of the Azuay province in Ecuador. Cuenca is a city with a
population of 407,000 inhabitants in 2020 [24]. It is located in a valley of the Andes at an
average altitude of 2500 m above sea level and is crossed by four rivers, the Tomebamba,
Yanuncay, Machangara, and Tarqui, which belong to the Paute river basin. The rainfall
season in Cuenca is bimodal and occurs between the months of February until the beginning
of July, and between September and mid-November. The rest of the year is considered
the dry season [25]. The average annual rainfall in Cuenca between 1977 and 2011 was
approximately 879 mm per year and the yearly average temperature was 16.3 °C [26].

The sanitation system of Cuenca has around 1300 km (km) of sewerage networks
and 80 km of sanitary interceptors that direct the wastewater to the Ucubamba Treatment
Plant [27].

The studied micro-basins, T2 and T3 are located on the right bank of the Tomebamba
River. Each micro-basin has an area of 19.45 and 56 ha, a similar slope of 2.2% and 2.3%, re-
spectively, and a similar drainage density of 24.1 and 21.4 km.km~2, respectively (Figure 1).
The analyzed micro-basins are urbanized areas presenting mixed characteristics, since
T3 presents commercial and residential areas, with commercial characteristics prevailing,
while T2 has characteristics that are mostly residential, and to a lesser extent commercial.
Additionally, it should be noted that these areas evacuate stormwater runoff through a com-
bined sewerage system that prior to its disposal in the river, discharges the wastewater flow
to the sanitary interceptor. This sanitary interceptor leads to its treatment through a flow
regulator structure (hydraulic structure), which for these urban catchments correspond to
the type known as transverse weir with orifice.
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Figure 1. Study area.

The impervious area in micro-basin T2 is around 60%, while in micro-basin T3, it
represents 82% of the total area. This information was calculated through the supervised
classification of land cover realized by using the orthophotos NV-F4b-F4, NV-F4b-F3, NV-
F4b-F2, NV-F4b-F1 that was made by SIGTIERRAS (Spatial resolution: 0.3 x 0.3 m, Digital
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number and 4 bands: R, G, B, NIR) between September and October of 2010. For the
analysis of orthophotos, QGIS and the open code Semi-Automatic Classification Plugin
were used (SCP) (Figure 2).
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Figure 2. Land cover on micro-basins T2 and T3.

2.2. Data Collection

The required data on stormwater runoff and rainfall for the hydrograph and hyeto-
graph of the two micro-basins were collected during the period between 8 April and
14 May 2017, which corresponds to the first rainy season phase of the year in Cuenca. The
stormwater runoff data were determined from the measured depths of the flow that is
evacuated into the river from the sanitation discharges through the submerged probe
module connected to the TELEDYNE ISCO 6712 equipment. This equipment measures and
records the data every minute through a differential pressure transducer. It was installed
in the discharge pipe of the sanitation system of each micro-basin studied (Figure 3).

To calculate the flow, the Manning equation was used. The slope and channel section
data were determined with field measurements, while the channel roughness value (n)
was obtained from the literature [28,29]. The estimation of the runoff hydrographs was
calculated from a conceptual model of the diversion system, which considers the hydraulics
of circular pipes and a balance of flows on the flow regulator structures (Equation (2)). The
rainfall data used to build hyetographs and to calculate rainfall intensity of the two micro-
basins only take into account one rain station called the UC, based on recommendations
from the Guide to Hydrological practices Volume I [30]. The rain gauge at this station is
Davis equipment with a 0.2 mm tip, and is located between the two analyzed micro-basins
very close to their discharges (Figure 3). To calculate evapotranspiration, the FAO Penman
Monteith equation was used, for which the temperature, relative humidity, net radiation,
and wind velocity was obtained from the Davis meteorological station installed in the
University of Cuenca. Finally, to obtain the moisture of the pervious soil, a CS625 Campbell
water content reflectometer was used in the area between the micro-basins. The time scale
for data recording of the equipment was 30 min (Figure 3), and calibration equations,
previously established by the manufacturer, were used which vary according to the type of
soil where the measurement was made. The hyetographs and hydrograph, which have
been used in this research, were processed with a resolution of five minutes in order to
capture the details (Figure 4).
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Figure 3. Equipment location to measure rainfall, soil humidity, flow runoff and evapotranspiration.
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2.3. Hydrological Abstractions Using a Lumped Model: Volumetric Runoff Coefficient

For the identification of excess rainfall, several models can be used, some of which
focus on losses and others on runoff [11]. The losses approach, according to Pilgrim and
Cordery [11], consists of a constant fraction of rainfall in each time period, or if the rainfall
intensity does not vary, a proportion of the total rainfall. Among the methods that consider
the loss approach is the volumetric runoff coefficient (Cyor ), which is the transformation
of the volume of rainfall to volume of runoff making it a simple method for determining
abstractions from the analysis of rainfall and storm runoff over a period of time [12].

From the above, Cyor. includes the lumped effect of all the factors that affect the
water balance of the analyzed system, which may include evaporation, infiltration, errors
in estimating flows and rainfall, and other abstractions that prevent rain from becoming
runoff [31]. Another factor included in this effect is the loss in runoff that occurs due to
the effects of the Combined Sewerage System (CSS). This is because the increase in storage
capacity due to a dense drainage network can reduce generation runoff [16], significantly
impacting the generation of surface runoff [32]. Consequently, in this research, hydro-
logical losses in urban watersheds with CSS, in addition to the loss processes commonly
established in the literature, include the effects produced by the drainage network. The
CyoL was calculated as the ratio of the total depth of runoff and the total depth of rainfall
(Equation (1)) as representing an average value of the event analyzed with the possible

values between 0 and 1 [15].
Cyor = 2K
VOL = Py

)

where:
R: total runoff from each event (mm),
Px: total rainfall of each event (mm).

To determine the Pk values, the total rain height of each event was calculated, while to
obtain the Ry, the volume generated by the runoff (integration of the area under the curve
of the hydrographs of each event) was divided by the area of the contributing micro-basin.
To construct the hydrographs due to rain runoff (Qram), a balance equation was proposed
that responds to the system studied (Figure 5):

QraiN = QintER + QovER — Qsan: ()

where:

QinTER: flow to the interceptor sewer,
Qover: combined sewerage system overflow,
Qsan: sanitary flow.

o

TO WASTEWATER
TREATMENT PLANT

Figure 5. Balance scheme for the studied basin.
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The Qovrr Was obtained by using the flow depths measured during the monitoring
period, while the Qgsan was determined from parameters such as water demand, return
factor [33], and the population of the micro-basin. The latter was determined from infor-
mation published by the Ecuadorian Institute of Statistics and Census (INEC) [34]. For the
QINTER estimation, due to the characteristics of the flow regulator structure, its estimate
depends on the flow depth that occurs during each overflow.

To estimate the flow depth, it was determined that the most realistic approximation of
the operation of the weir corresponds to one with a short-crested weir. The formulation
of the discharge equations for this type of weir with a non-rectangular control section
is similar to that for broad-crested weirs [35]. Consequently, it can be assumed that the
hydraulic head that occurs at the crest of this type of weir is equal to the critical depth. As
stated by Clemmens et al. [36], an expression in terms of dimensionless relationships for
the flow in circular channels can be obtained from the valid expressions for broad-crested
weirs with critical flow from which the value of depth of the weir’s upstream water can
be estimated. This is the value with which the QynTgr Will be calculated using submerged
orifices expressions [37].

Once the Qran (Equation (2)) was obtained, the hydrographs were constructed.
However, since the Qpygr measures were done downstream from the water of the weir,
the hydrographs were incomplete because the information from both the beginning and
ending of the hydrographs was not recorded. This was because at those moments, the
depth flow did not exceed the height from the weir. To complete this information, the data
from the recession and concentration curves of each event were extrapolated.

To analyze individual rainfall-runoff events, it was necessary to establish the criteria
to define the events by selecting the minimum inter-event time (MIT) method. This method
has not been standardized, but a range of between 10 and 60 min is recommended [38].
For this study, it was established that the MIT is 30 min and to complement it, the hydro-
graphs were also analyzed. Finally, once the Cyor, was achieved for each event, the value
corresponding to the hydrological abstractions (Abs) that occurred was calculated through
Equation (3):

Abs =1— CVOL (3)

3. Results

During April 8 and May 14 of 2017, 12 and 15 rain runoff events were determined
for the T2 and T3 micro-basins, respectively. The time series of the abstractions recorded
for the micro-basins under study, and the rainfall intensities produced in this period are
presented in Figure 6.

UL M /A AN TN

¢
Rainfall Intensitys (mm/h)

Time

Figure 6. Variation of rain intensity and abstractions in the T2 and T3 micro-basins.
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Figure 6 shows that the tendency of hydrological loss is higher in the micro-basin with
the highest permeability. In addition, sudden variations in abstractions were observed in
the two micro-basins because of the increase in rainfall intensity, which is more noticeable
in T3 (more impervious micro-basin). In the same way;, it was registered that the proximity
of the events also affects the value of hydrological losses. It was noted that the closer the
events are to each other, the greater the losses of the micro-basin, despite the fact that the
events that produce them have low rainfall intensities. Furthermore, the value obtained on
24 March in T2 was identified as incongruous (Figure 6); therefore, for subsequent analyses,
these data were discarded.

To begin the search for the relationships between the hydrological response of the
micro-basins and their abstractions, information such as the rainfall runoff of each event,
the initial abstraction, and the hydrological reduction factor for each micro-basin were
quantified (Figure 7).

T2 T3
8 25
7 runoff = 0.5064rainfall - 0.2745
Rt=0981 20 runoff = 0.8587rainfall - 0.8244
6 R*=0.9602
E 5 é 15
=4 =
) S
- £ 10
z’ g
2
S
1
0 o L
0 5 10 15 20 0 5 10 15 20 25
Rainfall (mm) Rainfall (mm)

Figure 7. Determination of initial abstractions and hydrological reduction factors for micro-basins T2
y T3.

Corresponding the initial abstraction to the value of the rainfall in the regression line
when the runoff is null, values of 0.54 mm and 0.95 mm, respectively, were found for T2
and T3. These values indicate that the micro-basin with the highest pervious area, (T2),
corresponds to the lowest initial abstraction and vice versa. Additionally, the micro-basin
with the largest impervious area (T3) shows a greater slope (hydrological reduction factor)
in the regression line.

However, as previously indicated, the moisture of the pervious soil was measured as
between 0 and 0.30 m (Figure 8). This shows the behavior of hydrological losses over time
for the two micro-basins as well as the variation in measured soil moisture. In Figure 8, the
moisture of the pervious soil increases, while the values of the hydrological losses in the
two micro-basins show a decrease as the rainy stage passes. Conversely, in the case of T3
(higher impermeability) the losses decrease at a higher rate and its last value of registered
abstraction is smaller than the corresponding T2 value.

To study the behavior of the T2 and T3 micro-basins, coincidental rainfall-runoff
events were analyzed. Based on the total number of events recorded in each micro-basin,
seven coincidental events were analyzed. Table 1 presents the statistical results found
for each micro-basin. Regarding hydrological losses, for T3, it was determined that the
maximum value recorded was 0.55 mm and the minimum was 0.13 mm, while for T2,
which has a pervious surface 1.36 times higher, the maximum value reached was 0.69 mm
and its minimum was 0.45 mm. Regarding the evapotranspiration, it was found that for
T2, the incidence of evapotranspiration in the context of total losses of the micro-basin
varies between 3% and 12%, while for T3, the incidence of this abstraction was between
10% and 33%.
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Figure 8. Variation of soil moisture (0-0.30 m) and abstractions in the T2 and T3 micro-basins.
Table 1. Results of the hydrological abstractions of coincidental events in the two micro-basins studied.
Max Soil Evapo T2 T3
Rainfall Moisture Transpirati
. piration  painfa]]  Runoff Rainfall Runoff
Date Intensity (0-30 cm) (ET) T2 & T3 ET Abstraction ET Abstraction
T2 & T3 T2 & T3 Depth Depth Depth Depth
(mm/h) (%) (mm) (mm) (mm) (%) ) (mm) (mm) (%) )
4/18?;ig17 16.80 23.00 - 4.40 1.37 - 0.69 5.60 2.54 - 0.55
4/131.2(2)017 4.80 25.00 - 3.20 1.10 - 0.66 3.20 1.50 - 0.53
7 6/, 2o 21.60 31.00 0.13 7.40 358 3 052 7.40 617 10 0.17
5/ fé/ i 33.60 30.00 0.11 5.60 283 4 0.50 6.80 58 12 0.13
5/191/75217 2.40 31.00 - 1.40 0.68 - 0.51 1.40 1.15 - 0.18
5/ by 43017 12.00 34.00 0.42 7.60 417 12 0.45 7.80 652 33 0.16
5/;2./220017 12.00 - 0.02 9.80 4.50 0 0.53 9.80 8.45 1 0.14

Additionally, the individual behavior of the seven coincidental rainfall-runoff events
in the micro-basins was studied (Figure 9). It was observed that the largest abstractions
occurred in T2, and that their decreasing rate was lower than that obtained for T3. More-
over, this figure shows the sensitivity that occurs in abstractions to a sudden change in
rainfall intensity in both micro-basins. This implies that before an increase in intensity, the
hydrological losses decrease again or decrease at a higher rate. This sensitivity is noted to
be greater in the case of T3.

In the same way as in Figures 8 and 9, it was observed that as the rainy season
progresses, the lower limit of the hydrological losses in each event does not tend to show a
fixed value, but decreases in both micro-basins as the rainy season continues. Furthermore,
during the study period, an analysis of the variation in soil moisture was measured as
0-0.3 m (Figure 8). The behavior of the humidity in three rainfall-run-off events was
obtained, and the results are shown below in Figure 10.
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From the analysis of soil moisture behavior (0-0.3 m) with the intensity of rainfall
(Figure 10a), it was concluded that the soil moisture reflects a sensitivity to variations
in the intensity of rainfall, as occurs with abstractions. While, in Figure 10b, taking into
account that the antecedent soil moisture corresponds to the first humidity data in the
analyzed event, it was found that for the event of 4 August, the measured antecedent
humidity was 22% while for the remaining events, it was around 31%. In the first case, it
was observed that the abstractions for the T3 micro-basin reached an approximate value
of 0.6 mm, while for T2, it measured around a value of 0.75 mm. For the remaining two
events, the abstractions for T3 reached a value of 0.15 mm, and 0.6 mm for T2. Moreover,
from the values presented in Table 1, it can be determined that in the events studied, the
lowest antecedent soil moisture also corresponds to the highest abstractions.

To complement this micro-basin analysis, the normalized flow duration curve was
constructed with respect to each contribution area (Figure 11) for the events in common,
finding that the curve of T2 is more flattened with respect to T3. Additionally, there
was evidence that the flows per hectare of runoff produced in T3 were higher than those
observed in T2.

60 |
707 T2
an
= 40 1 T3
3
g 30 -
=t
Z 20 |
S
[
10 4
0 . . , . . : T : : —
0 10 20 30 40 50 6 70 8 90 100

% of time flow is exceeded

Figure 11. Normalized flow duration curve for the T2 and T3 watersheds.

4. Discussion

It is important to indicate that for the analysis of the abstractions in the two micro-
basins, the influence of evapotranspiration was studied because there exist contrary posi-
tions about the role of evapotranspiration in abstractions of urban areas. According to the
results, there exists a low incidence of evapotranspiration for the micro-basin with a higher
pervious area. This is explained because the generation of total losses that occur for this
area due to other phenomena such as interception and infiltration are much higher. There-
fore, it could be concluded that this phenomenon for the micro-basin with higher pervious
areas is less important than the others. Therefore, in such a case, evapotranspiration would
be negligible, coinciding with what was indicated by Marsalek et al. and Ogden et al. [5,38].
Conversely, the high incidence of evapotranspiration for the micro-basin with the smallest
pervious areas is considerable compared to the total abstractions mainly due to evaporation.
Therefore, the evapotranspiration would not be negligible, which is concomitant with that
indicated by Ragab et al. [22].

The rainfall-runoff relationship of all analyzed events for each micro-basin shows that
the highest initial abstractions, corresponding to losses that were due to depression storage
and surface wetting [5]. This happened for the micro-basin with the most impervious area
(T3), and the value found for this micro-basin was within the range of initial losses for
impervious areas of residential use (0.7 mm—2.5 mm) [39]. Regarding the T2 micro-basin,
the value obtained in this work was lower than the values for residential areas given by
Geiger et al. [39] (Figure 7).

Regarding the slope of the regression line from the rainfall-runoff data, this represents
a fraction of the rain that reaches the impervious area and runs off to the sewer [40].
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When comparing the results obtained, it confirmed that in the impervious area of the T3
micro-basin, there was greater runoff than in the impervious portion of the T2 micro-basin.
Therefore, the least abstractions occurred in the impervious zone of the T3 micro-basin,
which is possibly due to the type and condition of impervious surfaces.

The hydrological abstractions in the micro-basin with the higher pervious area (T2)
caused an important attenuation on the runoff volume, because T2 registered an abstraction
of up to 0.69, which represented 25% more than the maximum registered for the micro-basin
with the smallest pervious area. These values are concurrent with what was determined by
Guan et al. and Ramier et al. [10,41]. For the minimum values of abstractions, this tendency
was also evident. However, the relationship between these values was much greater than
that recorded for the maximums (3.15 times), obtained in this study.

However, when the flow duration curve of the micro-basin’s hydrological performance
was analyzed, it showed that T3 produced runoff flows among 1.3 and 1.9 times per unit
area with respect to T2. This may have occurred in T3 due to lower hydrological losses
produced by the impermeability level that it presented, which was similar to that found in
the study carried out by Sun et al. [42] (Figure 11).

As rainfall intensity is a variable to which the hydrological response of a hydrographic
basin is very sensitive [43], the relationship this has with respect to the abstractions analyzed
in Figures 6 and 9 suggests that there is a sensitivity in the two micro-basins concerning to
the variation of the maximum intensity of the rainfall. When analyzing this relationship in
each coincidental event, it was determined that, in the presence of relatively high rainfall
intensities, the abstractions suddenly elevated their rate of decrease. This effect is noticeable
when several intensity peaks occur within the same event. Conversely, when there is rainfall
with lower and constant maximum intensities, the abstractions tend towards a uniform
rate of decrease.

In the less urbanized micro-basin (T2), the abstractions are also sensitive to the max-
imum intensity of the rainfall, despite the existence of factors for abstractions. This was
produced because the rainfall intensity exceeds the infiltration rate, the rapid decrease in
interception, because the surfaces were wet [16] and the storage capacity varied. The latter
had a very low impact on the abstractions for these rainfall intensities [32]. Meanwhile,
in the more urbanized micro-basin, this sensitivity was similar to that found by Ogden
et al. [44] because when high intensity events occur, the hydrological response of the micro-
basin developed in a short time caused two kinds of variations. The first was higher flow
peaks, which can increase to a range of between 5 and 50 times, and the second was the
time reductions response which was between 20 and 50% [5].

Analyzing coincidental events, a gradual decrease in the final values of hydrological
losses in both micro-basins (Figure 9) was observed; similar results have been found at
Harry’s Brook [43]. It is possible that this decrease in pervious surfaces was due to the
variation of the infiltration capacity of the surfaces, which was determined by the increase
in pervious soil moisture. This variation is also explained because the pervious areas
act as semi-impervious areas due to the compaction processes undergone at the time of
urbanization [4,16], which increases with the maximum intensity of the rainfall. Meanwhile,
in the impervious areas, the decrease in hydrological losses was due to the diminishing
storage capacity in the superficial depressions (Figure 8).

In this research, the behavior of the abstractions with respect to the antecedent humid-
ity was also analyzed. In this regard, Miller et al. and Yang et al. [43,45] found that the
antecedent moisture in urban areas did not play a determinant role in generating runoff.
This statement was confirmed by the evidence recorded in this study of the events of 8 April
and 7 May 2017, since, for the antecedent moisture conditions of pervious soils (variation
of up to 35%), the decreasing rate of change of the abstractions is very pronounced and
similar during two humid conditions (—0.010 and —0.006 for T3 and T2, respectively).
Therefore, this variable did not have a decisive influence on the generation of runoff in the
studied watershed (Figure 10b).
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5. Conclusions

The main purpose of this research has been to contribute to the knowledge of the
hydrological response of urban basins, through the determination of hydrological abstrac-
tions in two contiguous urban micro-basins with similar drainage density and mean slope
but with different levels of impermeability. The results show that the rainfall intensity
is a key factor that determines the behavior of the processes of abstractions. It is this
parameter that controls the stormwater runoff in urbanized micro-basins. Conversely, it
was found that for the analyzed micro-basins, the urban micro-basin with impervious areas
that were 1.36 times higher experienced an increase in runoff per unit area between 1.3
to 1.9 times higher. This shows the advantage of generating less impervious urban areas.
Based on these results, the importance of having higher pervious surfaces in urban areas is
demonstrated, because while the hydrological abstractions increase, their rates decrease
when the rainy season passes. These pervious surfaces improve their hydrological response
to rain events, reducing negative impacts associated with increased stormwater runoff on
impervious surfaces, and become essential tools for the planning and management of urban
drainage systems. Additionally, it was found that for the studied area, evapotranspiration
in the urban micro-basin with a higher pervious area can be omitted while that which
occurs in the micro-basin with a smallest pervious area should be included.

It is important to note that the present research has been limited by not having field
data related to the roughness coefficient n, QSAN, and the flow corresponding to the
infiltration of the CSS. This information would have allowed a better representation of the
behavior of the study areas. However, it is considered that, with the guidelines established
in the applied methodology, the indicated limitations and any error that may have been
derived from the system used to measure the Qovygr causes the results to be considered
reliable. In addition, due to the flooding from the river, several events with rainfall runoff
were not able to be recorded in the micro-basins.

It is important to note that with the information found in the present work, it is also
possible to generate research that, through simulations, compares the magnitude of the
effect of an urbanization process with scenarios that consider aspects that affect, to a lesser
extent, the hydrological responses of urban areas.
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