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ABSTRACT

It is necessary to have unified tools and methodologies for the correct understanding and quantification of urbanization effects on watershed
hydrology. This study presents a modelling-based methodology developed on EPA SWMM to evaluate the effect of urbanization in conceptual
watersheds using meteorological data from cities in Spain and Colombia. Results show that the effect of urbanization is significant in vari-
ables such as runoff volume, peak flow and pollutant loads, increasing these indicators in all cases. Furthermore, this effect has different
dynamics for the regions evaluated. Overall, Colombian cities presented higher runoff volumes, peak flows and pollutant loads, while Spanish
cities presented higher variability in these variables due to urbanization. The analysis allowed to cluster the cities within each country, using
as criteria the modelled hydrological behaviour. A curve fitting procedure presented high performance rates for all the variables studied.
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HIGHLIGHTS

® The proposed framework proved to be efficient for predicting the effect of urbanization.

® The effect of urbanization is highly variable depending on the region and hydrological variable assessed.
® Colombian cities presented higher runoff volumes, peak flows and pollutant loads.

® Spanish cities presented higher variability in the variables assessed.
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1. INTRODUCTION

The development of industrialized economy and the social dynamics of the last decades have generated migration processes
from rural to urban areas at an accelerated pace. Over the last 60 years, urbanization rates increased significantly (Srishantha
& Rathnayake 2017) and for the first time in history, more than half of the world’s population lives in urban areas (Beecham
& Razzaghmanesh 2015).

The urbanization process brings significant challenges and environmental issues, such as air pollution, loss of natural eco-
systems, heat island phenomena, contamination of natural water sources and alterations of the natural water cycle
(Berndtsson 2010). Regarding the urban water cycle, the increase of impervious areas in urban watersheds substantially
reduces water infiltration rates, causing more frequent floods. In addition, accelerated urbanization causes sewage systems
overloads, increased water demand, water pollution, among some other problems (Berndtsson 2010).

Urbanization impacts not only the water flows and volumes at the catchment scale, but also the water quality. Runoff qual-
ity problems are caused by the wash-off of pollutants previously deposited in urban watersheds (Zafra et al. 2017a), such as
suspended solids, heavy metals (Zafra ef al. 2011), organic matter, nutrients and pathogens (Srishantha & Rathnayake 2017;
Zafra et al. 2017b). As suggested by Powell et al. (2008), the presence of these pollutants is due to changes in land-use patterns
(industrial, commercial and residential areas), as well as anthropogenic actions such as vehicle use and waste generation.
Runoff quantity constitutes another source of issues; as previously stated by multiple authors, the reduction of permeable
areas generates lower infiltration, storage and evapotranspiration rates, and in turn, this causes higher runoff volumes and
increased peak flows (Brabec et al. 2002; Brattebo & Booth 2003; Jacobson 2011; Barbosa et al. 2012; Dotto et al. 2012;
Fletcher et al. 2013, 2015; Salvadore ef al. 2015; Oudin ef al. 2018).

Different strategies have been developed to fully understand and quantify the issues caused by urbanization, and one of the
most popular is the deployment of urban water models. Urban water modelling is widely used to understand various aspects
related to the water resource management in cities, including the design of sewage systems, simulation of structures perform-
ance, scenarios analysis, among others (Jayasooriva & Ng 2014). These modelling tools take as input data the hydraulic,
hydrological, climatic and land-use variables from the study site (Temprano ef al. 2006) and offer as output hydrographs
and pollutographs (Jayasooriya & Ng 2014).

Nowadays, modelling of urban systems is widely adapted in practice. However, these models and tools strongly rely on the
study site variables and characteristics. The applicability of a model/tool to different hydroclimatic regions is a subject that
has been studied by previous authors (Salvadore ef al. 2015; Saadi ef al. 2021), in which they found that there is still a gap
regarding the study of tropical and dry areas, such as Colombia and Spain, respectively.

To address this last aspect, this article proposes a methodological approach that allows quantifying the effect of urbaniz-
ation, depending on the meteorological conditions of two geographical regions. For this purpose, the same conceptual
model was applied to 23 different case-studies, using meteorological information from cities located in Colombia and
Spain. With these models, the effect of urbanization was assessed, using as evaluation variables the runoff volume, peak
flow and pollutant loads. The software selected to develop the analysis was EPA SWMM (Rossman 2010), as it is publicly
available and widely used by researchers in the area.

2. STUDY SITES AND DATA COLLECTION

To collect the meteorological data necessary to develop the models, two state agencies in Spain and Colombia were reached:
the ‘Agencia Estatal de Meteorologia’ (AEMET) in Spain and the ‘Instituto de Hidrologia, Meteorologia y Estudios Ambien-
tales’ (IDEAM) in Colombia. Continuous rainfall databases with a temporal resolution of 10 min were obtained, in periods
between 2009 and 2019 for 23 cities spread across these two countries. Additionally, monthly average evaporation series and
intensity-duration-frequency (IDF) curves were collected for each city.

As the main objective of the study was to assess the effect of urbanization on watersheds with different hydroclimatic con-
ditions (specifically tropical and deserted regions), a preliminary regional analysis was performed. Using the base scenario
(see Section 3.1), a different model was developed for each city, and they were run and analysed. Consequently, each of
the scenarios consisted of the same theoretical watershed (same parameters and configuration), developed using different
meteorological information.

From each scenario, the average annual runoff volume, pollutant loads and peak flow were calculated. This process
allowed to classify the cities according to their geographical location and the results’ similarity.
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As Colombia is a tropical country, rainfall regimes consist of events with high intensity and duration (Poveda 2004), while
the geographical location of Spain constitutes it in a drier region with lower rainfall intensities and depths. Regarding the
Spanish locations, it is worth clarifying that the cities assessed included islands with different geographic locations (Gran
Canaria, from the Canary Islands, and Palma de Mallorca, from the Baleares Islands). Figure 1 presents the geographical
location of the cities included in the analysis, and Table 1 presents a list of these cities, as well as the start and end date
of the rainfall databases. Because the databases had different extensions, the information from the hydrological variables
was calculated as annual averages.

Regarding the urban structure of the two regions, the cities in both Spain and Colombia are highly urbanized, with percentages
of imperviousness in the watersheds of about 90% (Torres & Eljaiek 2012). The presence of green areas is usually low, although
Spanish cities have a slightly higher index. Parking areas and road infrastructure consist mainly of paved areas. In all cases, the
regions used for extracting the meteorological information consisted of regional capitals, so it is common to find varying land uses,
but mainly residential and commercial; industrial land uses are usually located in specific and focused areas of the cities.

Another aspect to take into account when analysing the different regions is the type of sewage systems. On the one hand,
most Colombian cities have combined sewage systems (Jiang 2017). Only a few cities (mainly large cities) have certain areas
of the city with separate systems. Spanish cities also have mostly combined sewage systems, although new developments are
expected to increasingly include separate systems (AEAS 2017).

In order to verify the quality of the rainfall information, distributions, descriptive statistics and outliers were calculated from the
databases, identifying that the information for Spanish cities had no outliers or relevant missing data. However, when performing
the same procedure for Colombian cities, anomalous values of rainfall depths of up to 200 mm in 10 min were found.

Consequently, the procedure followed to manipulate the databases was to allow certain rain intensity threshold. Maximum
intensities reported for different Colombian regions were assessed from Jaramillo & Kogson (1994). This value was, on aver-
age, 20 mm/h for measuring time intervals of 10 min. Consequently, it was decided to discard all values that exceeded this
threshold. The eliminated values were less than 5% of the total database in all cases.

3. METHODS
3.1. Base scenario layout

The software used was EPA SWMM, which was developed by the Environmental Protection Agency of the USA. It is a
dynamic rainfall-runoff model that aims to simulate the process of runoff generation, mainly for urban areas (Rossman &
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Figure 1 | Geographical location of cities in the analysis. (a) Colombian cities. (b) Spanish cities.
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Table 1 | Cities and database extension for rainfall information

City IATA code Country Data start date Data end date
Badajoz Bjz Spain 07/10/2009 11/09/2019
Barcelona BCN Spain 09/10/2009 25/05/2019
Bilbao BIO Spain 07/10/2009 29/05/2019
Cali CLO Colombia 01/01/2009 30/10/2019
Canarias LPA Spain 09/09/2013 26/04/2019
Corufia LCG Spain 05/10/2009 27/05/2019
Cicuta CcucC Colombia 01/01/2009 12/01/2015
Granada GRX Spain 03/01/2010 02/05/2019
Inirida PDA Colombia 01/01/2009 22/05/2018
Leticia LET Colombia 31/07/2014 12/10/2018
Madrid MAD Spain 07/10/2009 16/05/2019
Medellin MDE Colombia 01/01/2009 30/11/2011
Mitd MVP Colombia 28/11/2016 31/10/2019
Murcia RMU Spain 08/10/2009 24/05/2019
Palma PMI Spain 10/10/2009 25/05/2019
Pasto PSO Colombia 01/01/2009 02/03/2010
Quibdé UIB Colombia 01/01/2009 27/01/2019
Santander SDR Spain 05/10/2009 28/05/2019
Sevilla DVQ Spain 20/10/2009 25/04/2019
Valencia VLC Spain 03/01/2009 02/02/2012
Valladolid VLL Spain 06/10/2009 16/05/2019
Yopal EYP Colombia 02/11/2009 29/01/2013
Zaragoza ZAZ Spain 08/10/2009 19/07/2017

City codes obtained from the International Air Transport Association (IATA) database.

Huber 2015). It can operate under single events or under continuous modelling with long-term databases. It consists of three
main components: The transport component of the model, which is based mainly on a collection of subcatchments with cer-
tain characteristics, which receive rainfall and consequently generate runoff and pollutants (Rossman & Huber 2015).
Subsequently, the routing module simulates the transport of runoff water and pollutants through pipes, channels, treatment
systems, pumps, among others. In parallel, the software allows monitoring the quality of runoff water during the simulation
time, making use of the processes of build-up and wash-off of pollutants (Rossman & Huber 2015). Additionally, in its latest
versions, it includes a specific sustainable urban drainage systems (SUDS) module, which allows the inclusion of this type of
structures within the urban water management framework.

As the developed watershed was theoretical, all parameters of the model were defined based on previous studies
(Temprano et al. 2006; Hood et al. 2007; Chen & Adams 2007; Chow et al. 2012; Hossain et al. 2012; Modugno et al.
2015; Rosa et al. 2015; Li et al. 2016; Tu & Smith 2018) and the user manual’s recommendations by EPA SWMM (Rossman
2010). The watershed developed (Figure 2) consisted of a rectangular area of 80 ha, distributed in eight equal subcatchments
(A1 to A8). Subcatchments A5 to A8 discharged to nodes J5 to J8, respectively, and runoff was transported to nodes J1 to J4
through conduits C1 to C4. At the same time, subcatchments Al to A4 discharged to nodes J1 to J4, and runoff was then
transported using pipes C5 to C8; the final outlet node was O1. All conduits of the sewer system consisted of circular pipelines
dimensioned using the rational method and simulating a PVC material. The mean slope defined for the watershed was 1%,
the impervious coverage was 50%, and the storage depths were 2.45 and 7.62 mm for impervious and pervious areas, respect-
ively. As the watershed used in the study was a theoretical approximation, it is not expected that the model will reproduce the
actual behaviour of the sewage systems from the different cities. On the contrary, the study proposes the same watershed for
the different models, in order to exclusively assess the effect of the meteorological information.
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Figure 2 | Base watershed.

The routing method of the dynamic wave was used, and the infiltration method was the curve number. A total duration of
10 years was modelled, in the period comprehended between 2009 and 2019. The exponential function was selected to simu-
late the pollutant build-up and wash-off, using the parameters presented in Table 2.

3.2. Scenarios analysis

Five different aspects from the base scenario were selected, as those that could have potential modification due to urbaniz-
ation processes. These aspects were (a) impervious coverage, (b) directly connected impervious area (DCIA), (c) land uses, (d)
pipe material and (e) sewage system type. For the purpose of this article, it was decided to present only the information for
scenario (a) impervious coverage, as it proved to replicate in an accurate and simplified manner the process of urbanization.
The scenarios consisted of models with varying impervious coverage percentages, ranging from 0% to 100%, with increasing
steps of 5%.

3.2.1. Sensitivity and statistical analysis
The sensitivity analysis consisted of performing iterative increments on the variable being analysed (impervious coverage),
and subsequently, analysing the effect of these increments in the performance variables previously defined; these results
were summarized in sensitivity graphs for the different performance variables.

In order to have a robust statistical analysis for the sensitivity curves, a fitting procedure was developed. Each curve was
first adjusted using a linear regression; if the determination coefficient R* was higher than 0.9, it was accepted as a valid

Table 2 | SWMM parameters used for water quality modelling

Pollutant Parameter Selected value
Total suspended solids (TSS) Max. build up 71.06
Constant 0.74
Coefficient 4.03
Exponent 2.45
Total phosphorus (TP) Max. build up 0.04
Constant 0.16
Coefficient 1.95
Exponent 2.05
Total nitrogen (TN) Max. build up 0.15
Constant 2.02
Coefficient 25.22
Exponent 3.96
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regression. Curves that did not meet this criteria were adjusted using a quadratic regression.

Vol(L) = b + a * impermeability

1)
Q(L/s) = ¢ + b  impermeability 4+ a * impermeability? (2)
TSSload (kg) = ¢ + b * impermeability + a * impermeability? 3)

4. RESULTS AND DISCUSSION
4.1. Preliminary geographical analysis

Figure 3(a) presents the average annual runoff volume by cities. Red bars represent the cities located in Colombia, and blue
bars represent the Spanish cities. When conducting a trans-national analysis, it was identified that Colombian cities presented
average annual runoff volumes much higher than Spanish cities.
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Figure 3 | Runoff volume (a), peak flow (b) and pollutants loads (c) for Colombian (red bars) and Spanish cities (blue bars). Please refer to the
online version of this paper to see this figure in colour: https://dx.doi.org/10.2166/wst.2023.010.
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Regarding a national analysis, results for the Spanish cities allowed to identify that Bilbao (BIO), La Coruiia (LCG) and
Santander (SDR) were the cities with the highest runoff volumes, with values above 4,000 m® per year; these are all cities
located in the oceanic coast of Spain, where precipitation events are quite recurrent. At a second level are the Mediterra-
nean-weather cities of Badajoz (BJZ), Barcelona (BCN), Seville (DVQ), Granada (GRX) and Valencia (VLC) (values
around 2,000 m® per year), which have similar hydroclimatic regimes, as they are all located in (or near) the south coastal
part of the country. Finally, the cities with the lowest runoff volumes were Madrid (MAD), Murcia (RMU), Valladolid
(VLL), Zaragoza (ZAZ) and Gran Canaria (LPA), with average yearly runoff values below 1,000 m®; the first three cities
have in common that they are all located in continental inner regions of Spain. Regarding Gran Canaria, it is located at a
subtropical level, far away from the peninsular Spanish region, where the hydroclimatic conditions are completely different
than the rest of Spain. The other island included in the analysis was Palma de Mallorca, which is located in the Baleares
Islands, in the Mediterranean sea.

For Colombian cities, the variability found within the different cities was even higher. Quibdé (UIB), Miti (MVP), Inirida
(PDA) and Leticia (LET), located in rainy forest regions, were the cities with the highest average annual runoff, with values
above 1,000,000 m® of yearly annual runoff. Subsequently, there were cities such as Cali (CLO) and Medellin (MDE), located
in Andean regions with middle rainfall averages around 5,000 m>. Finally, the cities with the lowest annual runoff rates were
Yopal (EYP), Cidcuta (CUC) and Pasto (PSO), the first one being located in the eastern plains, and the other two in inner
regions; these are all locations where the mean annual rainfall is lower than the rest of the regions (Poveda 2004).

Results for peak flow are presented in Figure 3(b). Quibdé (UIB), Inirida (PDA), Mitd (MVP) and Palma de Mallorca (PMI)
presented the highest peak flows, with values of up to 16 m>®/s, which is a clear indicator of the high rainfall intensities that
are common in these cities (Poveda 2004). Then, cities such as Cicuta (CUC), Cali (CLO), Barcelona (BCN), Medellin
(MDE), Murcia (RMU), Seville (DVQ) or Valladolid (VLL) presented peak flows between 10 and 14 m®/s. The rest of the
cities presented values close to 6 m®/s, while Pasto (PSO) and Zaragoza (ZAZ) were the cities with the lowest peak flows,
with values below 4.5 m*/s. In this case, the regional and national patterns were not so evident as before, and the ranking
of the peak flow from Spanish and Colombian was not so clear.

The dynamics for the pollutants loads (Figure 3(c)) presented a behaviour similar to the runoff volume. In general, Colom-
bian cities showed higher loads of pollutants, with a clear correlation between the quantity of runoff and the pollutants loads.
Understanding that the parameters used for washing-off and building-up of pollutants were the same for all cities, these differ-
ences can be directly attributed to the effect of the rainfall regimes. It is worth mentioning that Figure 3(c) allowed to identify
that the dynamics for the three pollutants modelled (total suspended solids (TSS), total nitrogen (TN) and total phosphorus
(TP)) were similar, reason why it was decided to present results only for TSS from this point forward.

After this preliminary analysis, the cities were classified in different groups. The criteria used to make this classification
consisted of the similarity in results found in this analysis, which coincided with the geographical location of the cities
(see Table 3).

4.2. Urbanization effect
4.2.1. National scale

Acknowledging that the national scale had a representative effect on the hydrological values assessed, it was decided to per-
form a sensitivity analysis for the impervious areas grouping the cities into Colombian and Spanish cities. Figure 4(a) presents
the sensitivity analysis results for the average annual runoff volume for the 23 different cities, classifying the cities in Colom-
bian (red curves) and Spanish cities (blue curves). The model used for the present, and the subsequent analyses consisted of
the same theoretical base catchment (Figure 2), with an area of 80 ha.

As expected, increases in the impervious coverages led to higher runoff volumes, confirming one of the negative effects of
urbanization stated by numerous authors (Brattebo & Booth 2003; Barbosa et al. 2012). Figure 4(a) allowed to identify sub-
stantial differences between the cities analysed; at a broad scale, it could be noticed that for low levels of impermeability
(below 20%), the majority of Colombian cities presented higher runoff volumes, with values of up to three orders of magni-
tude higher than the Spanish cities. Furthermore, the effect of increasing the impervious coverage was different for the
different scenarios; cities with lower initial runoff volumes presented higher increase ratios, and consequently, cities with
higher initial runoff volumes were not so sensitive to changes in the impervious coverage. For high impermeability coverage
(higher than 80%), the difference between the Spanish and the Colombian cities was less perceptible, with differences of up to
one order of magnitude (comparing them with the initial three levels of magnitude differences). It is clear that the magnitude
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Table 3 | Climatic classification for Spanish and Colombian cities

Spain
Oceanic BIO. LCG, SDR
Continental MAD, RMU, VLL, ZAZ
[editerranean BJZ. BCN, GRX, SVQ, VLC
[slands LPA, PMI
Colombia
Andean CLO, MDE

Rain forest-jungle PDA, LET, MVP, UIB
East lains and im CUC, PSO, EYP

The color of the text of each group indicates the legend in Figures 5 and 6.

of the urbanization effect is different for the two countries analysed; regions with water scarcity, such as the Spanish cities,
presented higher sensitivity to the urbanization processes. In turn, cities with higher initial runoff volumes also proved to be
sensitive to changes in the impervious coverages, but in lower magnitude. Overall, it could be identified that the most sensitive
range was for values from 0 to 30% of impervious coverages.

Regarding the peak flow, Figure 4(b) allowed to identify that urbanization processes caused higher peak flows. In this case,
the difference in sensitivity between Spanish and Colombian cities was sharper than the difference observed for the runoff
volume. In most of the cases, Spanish cities presented initial peak flows of 2 m3/s or lower, and consequently, they increased
significantly, reaching levels above 10 m>/s. At the same time, Colombian cities that had initial peak flows above 10 m®/s did
not suffer drastic changes due to urbanization. As a general fact, it could also be noticed that all curves tended to flatten, but at
different impermeability values (varied from 20 to 60%) regardless of the country; this is a clear indicator that the sensitivity
of the peak flow might be dealing with multiple other variables besides the region, such as the sewer system capacity and the
study site characteristics.

Finally, the analysis for pollutant loads (Figure 4(c)) presented a similar behaviour than the runoff volume. In all
cases, urbanization processes caused higher pollutant loads; for Spanish cities, the changes ranged from less than
10%10° kg of TSS loads for low levels of impermeability to values up to 100¥10° kg. At the same time, Colombian
cities with initial loads above 100*10° kg presented increases of up to 400%*10° kg. In all cases, two different stages
in the curves were identified: for impermeability coverages between 0 and 25%, the increases in the TSS load were
sharp; from this point forward, the increase rates in the pollutant load decreased substantially, which was represented
by the flattening of the curve.

As a general fact, it was possible to confirm some negative effects of urbanization stated by previous studies (Berndtsson
2010; Zafra et al. 2011; Barbosa et al. 2012; Srishantha & Rathnayake 2017), such as increased runoff volumes, peak flows
and pollutants loads. These effects proved to have complex dynamics depending on the different regions assessed. For that
reason, it was decided to perform a regional analysis in greater depth.

4.2.2. Regional scale

In order to include a smaller geographical scale on the analysis, different colour labels were used to cluster regions described
in Table 3. The objective of this analysis was to evaluate the hydrological similarities within the cities that were located in the
same region, in order to count with solid evidence to differentiate the effect of urbanization depending on the region.
Figure 5(a) presents the total runoff volume for the 14 Spanish cities, which allowed identifying similar patterns within
the cities from each group; at the same time, differences between the groups could be clearly identified, leading to the con-
clusion that the regions were well defined, and that they are an important aspect to have under consideration when analysing
the effect of urbanization.

A particular case occurred with the Spanish islands (cyan label); in this case, the two cities presented different behaviours;
Palma de Mallorca (PMI) presented a behaviour similar to the Mediterranean group, as it is located in this region, while Gran
Canaria’s (LPA) behaviour is closer to the continental group. This fact can be attributed to the fact that the islands have
unique and specific hydroclimatic conditions, which is why it is difficult to find similar patterns between them.
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Figure 4 | National scale analysis of impervious coverage effect over runoff volume (a), peak flow (b) and TSS loads (c). Please refer to the
online version of this paper to see this figure in colour: https://dx.doi.org/10.2166/wst.2023.010.

Colombia |
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Furthermore, Figure 5(c) presents the results for TSS loads. The regional scale yielded a similar pattern than in Figure 5(a),
with the exception that the differences between the Mediterranean and the continental cities is less perceptible. Regarding the
peak flow analysis (Figure 5(b)), the regional differences are not evident, as it is not possible to identify clear patterns for each
group of cities.

Figure 6 presents the results for the regional analysis in Colombia. The patterns identified are very similar to the analysis for
Spanish cities. Runoff volume and TSS loads behaviour presented a high correlation with the region, with clear patterns
identified along the different groups of cities. Similarly, this regional effect of the urbanization processes is neglected
when analysing the peak flow.

Once again, the relevance of the region becomes evident when modelling the effect of urbanization in the watersheds. In
this case, it was shown that, specifically for runoff volume and pollutant loads, the dynamics of variation largely depend on
the region where the case study is located.

4.3. General dynamics for the hydrological variables assessed

Regardless of the regional scale of the meteorological information, it was found that, depending on the hydrological variable,
there were more sensitive ranges to changes in the imperviousness. For runoff volumes and peak flows, this range was
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Figure 5 | Spanish Regional scale analysis of impervious coverage effect over runoff volume (a), peak flow (b) and TSS loads (c). Blue labels
correspond to the Oceanic cities, red to Mediterranean, green to Continental and cyan to Islands. Please refer to the online version of this
paper to see this figure in colour: https://dx.doi.org/10.2166/wst.2023.010.

between 0 and 50%, while for TSS pollutant loads, it was between 0 and 30%. Inquiring into the reasons for these dynamics, it
is theorized that the reason behind each variable may be different, since the nature and structure of the watershed may affect
each variable differently.

For peak flow and total volume, it is considered that these dynamics are mainly explained by the runoff conveyance infra-
structure. For changes in the impervious cover between 0 and 50%, it is highly probable that the sewage system has not
reached its maximum capacity, which is reflected in gradual increases in the flow that it transports, and consequently in
the water flow and amount that is discharged into the outlet. When the capacity of the sewage system begins to be exceeded,
it is likely that CSO events, or flooding (depending on the type of sewage system) will begin to occur (St-Hilaire ef al. 2016).
This means that part of the runoff does not reach the final outlet of the basin, which is reflected in the fact that the increases in
peak flow and runoff volume are increasingly smaller.

In turn, the results indicate that the sensitivity range for TSS loads is up to 30%. The first reason attributable to this dynamic
is the pattern of land use in the basin. As the watershed becomes impermeable, these are modified, which generates changes
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Figure 6 | Colombian Regional scale analysis of impervious coverage effect over runoff volume (a), peak flow (b) and TSS loads (c). Blue label
corresponds to Rainy Forest-Jungle, red to Andean, and green to Eastern Plain and Inner Regions. Please refer to the online version of this
paper to see this figure in colour: https://dx.doi.org/10.2166/wst.2023.010.

in the dynamics of surface build-up and wash-off. It is highly probable that the maximum accumulation and flushing rates of
pollutants in rainfall events are reached when the watershed has percentages of imperviousness around 30%, which would
explain why after this point the increases in pollutant loads are lower.

4.4. Proposed model

Regression and fitting models were developed for each curve, in order to propose a simplification that would allow to easily
quantify the effect of urbanization on runoff volume, maximum flow and pollutants loads for each city analysed. All curves for
runoff volumes presented a linear behaviour, following Equation (1), while peak flow and TSS loads presented a quadratic
behaviour following Equations (2) and (3), respectively. In all cases, R? resulted to be higher than 0.95.

The coefficients a, b and ¢ found for each curve are presented in Table 4. Although this information should not be con-
sidered as strictly predictive, it is worth presenting, in order to find expected reference values in each city for changes in
the percentages of impermeability.
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Table 4 | Regression coefficients for runoff volume (Equation (1)), peak flow (Equation (2)) and TSS loads (Equation (3)) by cities

Volume (L) Peak flow (L/s) TSS load (kg)
city a b a b c a b c
BJZ 2'436,776 17'384,296 —0.32 94 2,069 —33.30 4,830 19,974
BCN 2'360,175 25'246,789 -141 190 4,746 —28.38 4,207 21,789
BIO 5'297,336 146'470,418 —0.06 83 1,403 —48.86 7,255 53,175
LCG 5'620,179 103'120,956 -0.57 123 1,653 —54.80 7,836 61,411
LPA 703,594 5'380,462 -0.23 86 1,789 —10.46 1,670 6,078
GRX 2'364,105 13'905,122 —0.78 141 449 —29.84 4,346 19,666
MAD 1'911,626 6'981,428 —0.88 146 270 —27.88 4,190 14,578
RMU 1'300,124 16'460,510 -1.34 219 1,696 -16.53 2,509 11,101
PMI 2'398,369 27'814,280 —2.04 320 4,822 —27.63 4,100 21,328
SDR 5'009,518 62'685,176 -0.91 168 736 -51.94 7,586 45,766
SvQ 2'862,491 27'674,670 -1.08 177 1,352 -31.99 4,506 24,900
VLC 2'670,286 13'660,878 —0.08 154 879 —25.89 3,911 21,860
VLL 2'087,889 6'593,228 -1.27 172 1,116 -30.85 4,701 14,457
ZAZ 1'231,484 4'089,810 —-0.07 85 419 —20.74 3,256 10,311
CLO 6'340,573 74'273,809 -1.43 233 3,672 -62.91 9,079 64,855
CcucC 2'529,218 43'096,313 -1.16 204 4,617 —31.96 4,746 24,175
PDA 9'910,225 522/095,883 —0.85 133 12,673 —69.65 10,099 155,338
LET 8'907,696 189'175,992 -1.24 186 11,127 —80.28 11,396 100,144
MDE 8'161,506 131'029,965 —-1.24 186 11,127 —85.65 12,395 100,188
MVP 16'623,972 581'318,950 -1.25 187 11,114 —-107.76 15,464 205,133
PSO 2'328,292 3'861,111 -1.25 187 11,114 —-30.65 4,835 13,654
UIB 11'237,499 2.162'218,963 -0.53 78 14,965 -53.15 8,410 300,868
EYP 4'189,073 68'256,260 —-1.61 226 10,211 —46.01 6,593 40,847

Results found in this section allowed quantifying some of the dynamics identified in Figures 4 and 5. For example,
the runoff volume base point (b in the regressions for Equation (1)) for Colombian cities was, on average, higher than
for Spanish cities (4.19%10° m>® and 3.41*10* m>, respectively), confirming that the runoff volume for low imperme-
ability rates is higher for Colombian cities. Furthermore, when comparing the slope (coefficient a) of the two
different curves, it could be noticed that, proportionally to the base point, the curves for Spanish cities presented
higher slopes than Colombian cities. This finding confirms that these are more sensitive to changes in the imperme-
ability coverage.

5. CONCLUSIONS, RECOMMENDATIONS AND LIMITATIONS

The regional analysis allowed identifying clear differences between the models with meteorological information from Spain
and Colombia. Furthermore, each country presented differences between the cities, which allowed to cluster them based on
their geographical location. The clusters defined proved to be adequate, as results confirmed the hydrological similarities
for the cities in the same clusters, and at the same time, the differences for each cluster. The overall analysis allowed iden-
tifying that Colombian cities have higher rainfall depths, which in turn generates higher runoff volumes, and pollutant
loads for these cities; regarding the peak flow, no clear differences could be noticed between the Colombian and the Span-
ish cities.
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Regarding the effect of impermeability, the negative effect of urbanization over runoff volumes, peak flows and pollutant
loads could be quantified. Furthermore, these effects were variable depending on the region and variables analysed. At a
trans-national scale, cities with low rainfall averages (mostly Spanish cities) presented higher sensitivity, with increased
rates in the hydrological variables between 10 and 30%. Colombian cities presented increase rates lower than 20%.

Curve fitting procedures allowed to quantify the behaviour of each hydrological variable analysed. The equations presented
could be used as guidelines when predicting the potential effect that changes in the impervious coverages will have on the
different regions analysed.

It is important to understand that the information presented in this manuscript is a discussion of the effect of meteorolo-
gical information on the hydraulic and hydrological consequences of urbanization. As mentioned in the section on study sites,
in real-life cases, there will be fundamental variables that mediate this process, such as urban structure, land uses or the type
of sewage system in the cities. For future studies, it is proposed to adapt the models so that they work, not on a theoretical
basin, but replicate as adequately as possible the dynamics that occur in the stormwater management system of the cities.
However, it is considered that the present study is valuable as a first approximation, which evaluates at a detailed level
and with real information the effect of rainfall regimes.

For future studies, is it highly recommendable to take into consideration the strong effect that the region has when studying
and analysing the effect of urbanization on urban watersheds. As this was a study based on conceptual watersheds, it is highly
recommendable to adopt the same methodology, using calibrated models with real watersheds. Also, more cities from differ-
ent countries and regions should be included, in order to identify clear national, regional and global patterns. Furthermore, it
is highly advisable to include other types of pollutants in the water quality analysis, which would allow to adequately assess
the effect of chemical and biochemical processes and transformation that take place during the runoff transportation. Finally,
the representation of urbanization in this study was modelled only by increments in the impervious coverage, but other par-
ameters should also be taken into consideration to effectively model urbanization processes, such as changes in land-use
patterns, infiltration rates and water quality parameters.
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